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Abstract 

Background Individuals with non-celiac gluten/wheat sensitivity (NCGWS) experience improvement in gastrointes-
tinal symptoms following a gluten-free diet. Although previous results have indicated that fructo-oligosaccharides 
(FOS), a type of short-chain fructans, were more likely to induce symptoms than gluten in self-reported NCGWS 
patients, the underlying mechanisms are unresolved.

Methods Our main objective was therefore to investigate whether FOS-fructans and gluten affect the composi-
tion and diversity of the faecal microbiota (16S rRNA gene sequencing), faecal metabolites of microbial fermentation 
(short-chain fatty acids [SCFA]; gas chromatography with flame ionization detector), and a faecal biomarker of gut 
inflammation (neutrophil gelatinase-associated lipocalin, also known as lipocalin 2, NGAL/LCN2; ELISA). In the ran-
domised double-blind placebo-controlled crossover study, 59 participants with self-reported NCGWS underwent 
three different 7-day diet challenges with gluten (5.7 g/day), FOS-fructans (2.1 g/day), and placebo separately (three 
periods, six challenge sequences).

Results The relative abundances of certain bacterial taxa were affected differently by the diet challenges. After 
the FOS-fructan challenge, Fusicatenibacter increased, while Eubacterium (E.) coprostanoligenes group, Anaerotruncus, 
and unknown Ruminococcaceae genera decreased. The gluten challenge was primarily characterized by increased 
abundance of Eubacterium xylanophilum group. However, no differences were found for bacterial diversity (α-diversity), 
overall bacterial community structure (β-diversity), faecal metabolites (SCFA), or NGAL/LCN2. Furthermore, gastro-
intestinal symptoms in response to FOS-fructans were generally not linked to substantial shifts in the gut bacterial 
community. However, the reduction in E. coprostanoligenes group following the FOS-fructan challenge was associated 
with increased gastrointestinal pain. Finally, correlation analysis revealed that changes in gastrointestinal symptoms 
following the FOS-fructan and gluten challenges were linked to varying bacterial abundances at baseline.

Conclusions In conclusion, while FOS-fructans induced more gastrointestinal symptoms than gluten 
in the NCGWS patients, we did not find that substantial shifts in the composition nor function of the faecal microbiota 
could explain these differences in the current study. However, our results indicate that individual variations in baseline 
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bacterial composition/function may influence the gastrointestinal symptom response to both FOS-fructans and glu-
ten. Additionally, the change in E. coprostanoligenes group, which was associated with increased symptoms, implies 
that attention should be given to these bacteria in future trials investigating the impact of dietary treatments on gas-
trointestinal symptoms.

Trial registration Clinicaltrials.gov as NCT02464150.

Keywords Non-celiac gluten/wheat sensitivity (NCGWS), Gluten, FODMAP, Fructan, Fructo-oligosaccharides (FOS), 
Gut microbiota, Gastrointestinal symptoms, Short-chain fatty acids (SCFA), Neutrophil gelatinase-associated lipocalin 
(NGAL), Lipocalin-2 (LCN2)

Background
Although the first cases of gluten sensitivity in the 
absence of celiac disease (CeD) were reported 40  years 
ago [1], the aetiology and underlying mechanisms 
remain elusive, leading to ongoing debates regarding its 
definition, diagnostic criteria, and the estimation of its 
prevalence [2, 3]. Today, the condition is often labelled 
non-celiac gluten/wheat sensitivity (NCGWS). Individu-
als afflicted by NCGWS report a diverse range of gas-
trointestinal (GI) and extraintestinal symptoms when 
consuming gluten- and/or wheat-containing foods, with-
out the diagnosis of CeD or wheat allergy (WA) [3, 4]. 
In contrast to CeD and WA, which are characterized 
by a well-defined pathophysiology [5, 6], NCGWS lacks 
clear diagnostic markers [2]. The clinical presentation of 
NCGWS with respect to GI symptoms shares common 
features with other disorders of gut–brain interaction, 
notably irritable bowel syndrome (IBS) [7].

According to the Salerno criteria (2015) [4], the diag-
nosis of NCGWS is confirmed through the improvement 
of symptoms upon adherence to a gluten-/wheat-free 
diet, followed by the reappearance of symptoms dur-
ing a double-blind placebo-controlled rechallenge with 
gluten. However, the results from rechallenge studies 
have shown that the majority of self-reported NCGWS 
patients did not display gluten-specific symptoms [8]. 
The challenges in replicating the patients’ alleged sen-
sitivity to gluten have raised questions whether other 
components of gluten-/wheat-containing foods could be 
a culprit for problems in NCGWS patients [8, 9]. These 
components include α-amylase/trypsin inhibitors, agglu-
tinin, and importantly, fructans [10].

Fructans are major carbohydrate components of 
plant foods and are composed of fructose oligomers 
or polymers [11]. Although several types of fructans 
exist, inulin-type fructans are the most studied due to 
their use as prebiotics, serving as substrates for ben-
eficial gut microbes. For instance, inulin-type fructans 
can stimulate the colonic growth of health-promoting 
Bifidobacteria [12]. However, while generally consid-
ered beneficial for gut health, fructan oligosaccharides 

belong to the broader category of compounds known as 
fermentable oligosaccharides, disaccharides, monosac-
charides, and polyols (FODMAP) [13], which have been 
extensively studied for their ability to cause GI symp-
toms in IBS patients [14].

Depending on their degree of polymerization (DP), 
i.e. the length of the fructose chain, the inulin-type 
fructans are often categorized as inulins with DPs 
between 2 and 60 or as fructo-oligosaccharides (FOS) 
which exclusively consist of low-DP molecules (DP 
2–8) [15]. Low-DP fructans are particularly enriched in 
certain plant foods, such as wheat, onions, and garlic 
[13]. Since fructans are nondigestible in the small intes-
tine, they are subject to fermentation by gut microbes, 
particularly in the colon. Following fructan intake, the 
ensuing production of gases by gut microbes, such as 
hydrogen and methane, and short-chain fatty acids 
(SCFA), in addition to osmotic effects, may cause 
abdominal discomfort, bloating, and altered bowel hab-
its [16]. However, susceptibility to fructan-induced GI 
discomforts may depend on the initial state of the gut 
microbiota, as shown in children with IBS [17].

Based on the results from a randomised double-blind 
placebo-controlled crossover study, we previously con-
cluded that FOS-fructans were more likely to induce 
IBS-like GI symptoms than gluten in individuals self-
reporting sensitivity to gluten-/wheat-containing foods 
[18] and the involvement of FODMAP, such as FOS-
fructans, as a contributing factor in NCGWS has also 
been implicated by others [19]. Recent advances into how 
the gut microbiota can affect the gut–brain axis point to 
possible microbial involvement in food-induced GI prob-
lems in various populations including NCGWS [20–22].

To our knowledge, the effects of FOS-fructan sup-
plementation on the gut microbiota have not previ-
ously been investigated in self-reported NCGWS 
populations, apart from those investigating restrictions 
in total FODMAPs [23]. The aim of the current work 
was therefore to explore whether FOS-fructan and glu-
ten affect the faecal microbiota and related variables 
of gut health differently and to investigate the possible 
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involvement of the faecal variables in the GI symptom 
response to FOS-fructans and gluten in NCGWS.

Methods
Participants
The present study is part of a clinical trial conducted from 
October 2014 to May 2016 at Oslo University Hospital, 
Rikshospitalet, Oslo, Norway. The study population has 
been described previously by Skodje et  al. [18]. Briefly, 
to be eligible for participation, adults (age 18–80  years) 
were required to have experienced relief of GI symptoms 
when adhering to a gluten-free diet (GFD). The exclusion 
criteria were CeD or WA, pregnancy or lactation, use of 
immunosuppressive agents, inflammatory bowel disease 
(IBD) or other gastrointestinal comorbidities, signifi-
cant infection, childbearing potential without adequate 
contraception, residing a considerable distance from the 
study site, or allergy to nuts or sesame seeds. IBS was not 
an exclusion criterion. All participants were required to 
follow a strict GFD for at least 6 months before the start 
of the study and to continue with GFD throughout the 
study period.

Study intervention and design
The study followed a randomised double-blind placebo-
controlled crossover design, as previously described [18] 
(Fig.  1). The diet challenges consisted of three different 
50-g muesli bars with added gluten, FOS-fructans, or no 
additives (placebo). The ingredients for the three different 

muesli bars are presented in Additional file  1: Table  S1. 
The FOS-fructan muesli bar was added 2.1  g FOS-
fructans (Orafti; Oligofructose, Beneo, Tienen, Belgium) 
while the gluten bar was added 5.7 g gluten (Vital Wheat 
Gluten; Manildra Group, Gladesville, New South Wales, 
Australia) which was equivalent to the FOS-fructan and 
gluten content of four slices of wheat bread, respectively. 
All three muesli bars were composed to be approxi-
mately energy equivalent (~ 220  kcal per 50  g), with a 
similar balance between protein, carbohydrates, fat, and 
fibre [18]. All participants underwent three consecutive 
7-day challenge periods consuming one muesli bar daily 
with gluten, FOS-fructans, or placebo. Each 7-day chal-
lenge period was followed by a washout period of at least 
1 week or until GI symptoms returned to baseline levels.

To address potential carry-over effects in the crossover 
study, participants were randomised to follow one of six 
diet challenge sequences (GFP, GPF, FGP, FPG, PGF, or 
PFG, where G = gluten, F = FOS-fructan, and P = placebo) 
(Fig. 1). The randomisation sequences were prepared by 
a statistician with no clinical involvement in the study 
(web-based service at http:// rando mizat ion. com/, sec-
ond generator, balanced permutations, accessed Septem-
ber 26, 2014). The block size was equal to the trial size. 
The allocation sequence was concealed for participants 
and the involved researchers throughout the study (see 
details in Skodje et  al. [18]). The researchers who were 
responsible for assigning participants to the challenge 

Fig. 1 Timeline and data collection during the randomised double-blind placebo-controlled crossover study. FOS fructo-oligosaccharides, GSRS-IBS 
gastrointestinal symptom rating scale IBS version, IBS irritable bowel syndrome

http://randomization.com/


Page 4 of 19Herfindal et al. BMC Medicine          (2024) 22:358 

sequences were not involved in generating the sequence 
randomisation.

GI symptom data were recorded and stool samples 
were collected at baseline and at follow-up after each of 
the three diet challenges (four stool samples from each 
participant in total). Other baseline assessments included 
recording medical background, gastroscopy, blood tests, 
7-day food recordings, and evaluation of diet adherence 
to the GFD by trained dietitians [18]. Adherence during 
the study was not re-evaluated, but the participants were 
asked to keep their diet consistent with the baseline diet 
throughout the study.

Outcomes
The present study reports on the secondary outcomes of 
a clinical trial that was designed to investigate the effects 
of gluten and FOS-fructan intake on GI symptoms in 
individuals with self-reported NCGWS [18]. The results 
of the primary outcome of the clinical trial (i.e. GI symp-
toms) have been reported previously [18]. The main aims 
of the present study were to compare the effects of the 
gluten, FOS-fructan, and placebo challenges on faecal 
microbiota (β-diversity, α-diversity, and bacterial abun-
dances), SCFA, and human neutrophil gelatinase-associ-
ated lipocalin, also known as lipocalin 2 (NGAL/LCN2). 
Specifically, we investigated whether the diet challenges 
induced different changes in the faecal outcomes. More-
over, we investigated whether baseline levels and changes 
in the faecal outcomes were associated with GI symptom 
responses following the different diet challenges.

Gastrointestinal symptoms
As previously described [18], GI symptoms were meas-
ured using the IBS version of the Gastrointestinal Symp-
tom Rating Scale (GSRS-IBS), a questionnaire developed 
for self-evaluation of GI symptoms in patients with IBS 
[24]. The questionnaire consists of 13 items that cover 
symptoms related to satiety (two items), abdominal pain 
(two items), diarrhoea (four items), constipation (two 
items), and bloating (three items). All 13 items have a 
Likert scale ranging from 1 (no discomfort at all) to 7 
(very severe discomfort). Thus, the total GSRS-IBS score 
ranges from 13 to 91. GSRS-IBS scores were retrospec-
tively recorded to reflect the last 7 days.

Collection and preparation of stool samples
The collection and preparation of stool samples for 
the different laboratory analyses were carried out as 
described elsewhere [25]. Briefly, the stool samples 
were collected in 13-mL tubes by the study participants 
in their own home and stored in their freezers. On the 
day of the clinic visits, the samples were transferred to 
Oslo University Hospital under cold conditions (~4  °C), 

followed by storage at −80  °C. During transfer between 
collaborating institutions, the samples were kept on dry 
ice. Semi-frozen stool samples were divided into smaller 
aliquots which were subsequently weighed and logged. 
Aliquots designated for DNA extraction (for assessment 
of microbiota composition) were added Stool Transport 
and Recovery Buffer (cat. no. 03335208001, Roche) and 
vortexed. All aliquots were stored at −80 °C until further 
processing.

Assessment of faecal microbiota composition
Gene sequencing of 16S rRNA has been described in 
detail previously [25]. A brief description follows. The fae-
cal aliquots in Stool Transport and Recovery Buffer were 
homogenized and subjected to mechanical lysis using the 
FastPrep 96 (MP BioMedicals). Supernatants from pro-
cessed samples were treated with protease, and DNA was 
extracted using the Mag Midi LGC kit (cat. No. NAP40420, 
LGC Genomics) on the KingFisher Flex DNA extraction 
robot (Thermo Fisher Scientific). 16S rRNA genes (V3–V4 
region) were amplified by PCR (prokaryote-targeting prim-
ers: forward 5’-CCT ACG GGRBGCASCAG-3’, reverse 
5’-GGA CTA CYVGGG TAT CTAAT-3’ [26]). After puri-
fication of amplicon PCR products using AMPure XP 
(Beckman-Coulter), PCR with index primers modified with 
Illumina adapters (Additional file 1: Table S2) [27] was per-
formed. The resulting products were quantified, normal-
ized, and pooled. After being purified using AMPure XP 
and diluted to 6 pM, the pooled library was sequenced with 
the MiSeq Reagent Kit V3 (Illumina, cat. No. MS-102–
3003, Illumina) on the Illumina MiSeq. PhiX (20%, Illu-
mina, cat. No. FC-110–3001) served as internal control.

Forward and reverse paired-end reads (300  bp) were 
assembled, split into their respective samples, and qual-
ity-filtered using  Quantitative Insights Into Microbial 
Ecology (QIIME) [28]. The resulting dataset included in 
total 7,790,257 sequences from the 227 faecal samples, 
ranging from 12,420 to 115,287 sequences per sample. 
The mean (SD) sequencing depth was 34,318 (14,255) 
sequences per sample. The closed-reference USEARCH 
algorithm (version 8) [29, 30] was used against the SILVA 
database (release 128) [31] to cluster the sequences into 
taxonomically assigned operational taxonomic units 
(OTUs) with ≥ 97% identity. The OTU counts for each 
sample were normalized by down-sampling (rarefying) 
to an even library size of 10,000 sequences per sample 
in QIIME (core_diversity_analyses.py). In total, 1096 
OTUs were identified in the normalized dataset. The 
OTUs were taxonomically binned into 13 phylum (p_)-, 
25 class (c_)-, 41 order (o_)-, 68 family (f_)-, and 237 
genus (g_)-level taxa when excluding OTUs with no taxo-
nomic assignment below kingdom level (i.e. OTUs clas-
sified as ‘unassigned’ or ‘unknown bacteria’). The taxon 
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abundances are presented as relative abundances (%) 
where the lowest detectable abundance was 0.01% (1 out 
of 10,000 sequences).

Bacterial between-sample diversities (β-diversity) 
and within-sample diversities (α-diversity) were calcu-
lated based on the normalized OTU table(s) using the 
default QIIME script (core_diversity_analyses.py). Three 
measures of β-diversity (binary Jaccard, Bray–Curtis, 
and weighted UniFrac) and five indices of α-diversity 
(observed number of OTUs, Chao1, Shannon–Wiener, 
Simpson, and phylogenetic diversity [PD] whole tree) 
were calculated. Rarefaction curves for the α-diversity 
indices are shown in Additional file  1: Fig. S1. While 
β-diversity aims to quantify the overall dissimilarity (‘dis-
tance’) between two bacterial communities, α-diversity 
describes the bacterial diversity within a given commu-
nity. A higher value indicates less similarity and greater 
diversity, respectively. The different α-diversity indices 
are meant to capture the species richness (observed num-
ber of OTUs, Chao1), the combination of richness and 
evenness (Shannon–Wiener, Simpson), and phylogenetic 
diversity (PD whole tree). Ordination of β-diversities 
was performed using nonmetric multidimensional scal-
ing. Additional details regarding the α- and β-diversity 
analyses are provided in Additional file 1: Supplementary 
method description [32, 33].

Faecal short‑chain fatty acid measurements
The method for quantification of faecal SCFA has been 
described elsewhere [25]. Briefly, faecal aliquots were 
homogenized in distilled water containing internal 
standard (2-ethylbutyric acid) and sulfuric acid. The 
homogenates were vacuum distilled [34, 35] and formic 
acid was added. The distillates were analysed with gas 
chromatography (Agilent 6850, Agilent) using an HP-
FFAP WAX capillary column (part No. 19091F-112E, 
serial number USE400345H, Agilent J&W GC columns; 
Agilent). Concentrations of acetic, propionic, butyric, 
iso-butyric, valeric, iso-valeric, caproic, and iso-caproic 
acid were determined using internal standardization 
employing flame ionization detection. All SCFA results 
were adjusted for faecal wet weight and are expressed as 
mmol/kg faeces and proportional levels (% of total SCFA 
concentration). The SCFA caproic and iso-caproic acid 
were not included in the statistical analyses due to low 
detectability.

Faecal neutrophil gelatinase‑associated lipocalin 
measurements
Faecal NGAL/LCN2 was quantified by enzyme-linked 
immunosorbent assay (ELISA) as described elsewhere [25]. 
Briefly, faecal aliquots were added Dulbecco’s phosphate-
buffered saline (L0615, Biowest) with Tween20 (P1379, 

Sigma-Aldrich) and vigorously mixed using an MM2 mixer 
mill (Retsch), followed by centrifugation. The supernatants 
were diluted 1:50 in Dulbecco’s phosphate-buffered saline. 
ELISA was performed using the Human lipocalin-2/NGAL 
Duoset ELISA (DY1757, R&D Systems). Samples were ana-
lysed in duplicate. The results were adjusted for faecal wet 
weight and are expressed as ng/g faeces.

Statistics
Sample size estimation was based on paired t-test of dif-
ferences in the GSRS-IBS total score (the primary out-
come of the clinical trial) between two challenges within 
the same subject, as previously reported [18]. The total 
level of significance was set to 0.05 (two-sided), and we 
used 0.02 for the pairwise comparisons (0.05/3, Bonfer-
roni multiple comparison correction). With a power of 
80% and anticipated drop-out of 30%, it was estimated 
that 66 participants were needed to detect a mean differ-
ence in the GSRS-IBS total score of 1.5 points (SD, 3.2).

All the statistical analyses were conducted in the R 
programming environment (version 4.2.3) [33]. Addi-
tional details regarding the statistical analyses, including 
specific use of packages and functions in R, can be found 
in Additional file 1: Supplementary method description 
[33, 36–43]. A P value < 0.05 was considered statistically 
significant. The Benjamini–Hochberg (BH) method was 
in some cases (specified in the text) used to control the 
false discovery rate (FDR level 5%).

The responses to the gluten, FOS-fructan, and pla-
cebo challenges were evaluated for the faecal outcomes 
(α-diversity, taxa abundances, SCFA, and NGAL/LCN2) 
using linear mixed models in which change values were 
used as the response variable. The change values for 
each of the three diet challenge periods were calculated 
for each participant by subtracting the baseline value 
from the follow-up value (after gluten, FOS-fructan, or 
placebo challenge). Hence, each participant had three 
change values, one for each diet challenge. Baseline val-
ues  (continuous), period (categorical; period 1, 2, 3), 
sequence (categorical; GFP, GPF, FGP, FPG, PGF, PFG), 
and diet challenge (categorical; gluten, FOS-fructan, pla-
cebo) were used as fixed effects. A random intercept for 
participant was included. Interactions between the fixed 
effects were not included in the models. Significant dif-
ferences in the mean change across the diet challenges 
(P < 0.05) were followed by post hoc pairwise compari-
sons of the three diet challenges (FOS-fructan vs. gluten, 
FOS-fructan vs. placebo, and gluten vs. placebo). The 
three P values from pairwise comparisons for each fae-
cal response were adjusted using the Bonferroni method. 
For each faecal outcome, only participants with available 
data from baseline and at least one of the challenge peri-
ods were included in the linear mixed model analysis. As 
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IBS status, age, gender, duration of gluten-free diet, body 
mass index, HLA-DQ status nor thyroid disease had no 
effect on the GI symptom response in the linear mixed 
model [18], we did not include these variables as explana-
tory variables in the analyses in the current manuscript. 
Furthermore, since positive wheat-specific IgE levels 
were an exclusion criterion in the study, adjustment for 
wheat allergy status was not applicable.

Differences in the overall bacterial communities 
between diet challenges based on the β-diversity meas-
ures were assessed using global permutation-based mul-
tivariate analysis of variance (PERMANOVA).

Spearman’s rank correlation coefficients (Rho) and cor-
responding P values were calculated to assess the asso-
ciations between the changes in GI symptoms (GSRS-IBS 
scores) and faecal outcomes (taxa abundances, 
α-diversity, SCFA, and NGAL/LCN2). For the faecal out-
comes, both change and baseline values were used in the 
analyses. Rho values between 0 and (−) 0.3 are described 
as negligible, between (−) 0.3 and (−) 0.5 as low, between 
(−) 0.5 and (−) 0.7 as moderate, between (−) 0.7 and (−) 
0.9 as high, and between (−) 0.9 and (−) 1 as very high 
[44]. Rho values for the correlations between GI symp-
toms and the faecal outcomes were visualized in correlo-
grams with hierarchical clustering (Euclidean distances, 
complete linkage).

For statistical procedures involving the relative abun-
dances of bacterial taxa, only taxa with a certain average 
abundance and detectability were included. Specifically, 
when performing linear mixed model analysis and cor-
relation analysis using changes in relative abundances, 
a taxon was excluded if the median relative abundance 
was less than 0.1% for at least one time point (baseline 
or after a challenge) or if the taxon was detected in less 
than 50% of the samples from all time points (baseline 
and after each challenge). When performing correlation 
analysis using baseline abundances only, a taxon was 
excluded if it was detected in less than 50% of the base-
line samples. Furthermore, in cases where a taxon at a 
given taxonomic level (e.g. family) included only one 
lower-level taxon (e.g. family Bacteroidaceae and genus 
Bacteroides), the results for the higher-level taxon are 
not presented. Using the described filtering, 81 taxa were 
included in the analyses involving change values, and 
123 taxa were included in the analyses involving baseline 
values only. The 0.1% abundance limit was considered a 
suitable threshold to filter the taxa for statistical analy-
ses, since 0.1% in our dataset equals a read count of 10 
(10 out of 10,000 reads equals 0.1%). The 50% presence 
limits were used to exclude taxa that were present in few 
samples to assure that the data was more suitable for the 
linear mixed model and correlation analyses.

Results
Participants, data collection, and baseline characteristics
The study population was described in detail by Skodje 
et al. [18]. A graphical representation of participant/sam-
ple inclusion and exclusion can be found in Fig. 2. Initially, 
232 individuals were subjected to eligibility assessment, 
164 of whom were deemed ineligible either because they 
did not meet the specified inclusion criteria or because 
they fulfilled at least one exclusion criterion (see details 
in Fig.  2). Consequently, the final cohort comprised 68 
eligible participants who were randomised to the 6 diet 
challenge sequences (11 to each challenge sequence, in 
addition to 2 surplus subjects). Subsequently, nine partici-
pants were excluded: two due to redundancy in participa-
tion, one due to loss to follow-up, three due to withdrawal, 
and three due to protocol violations. This culminated in a 
subset of 59 participants for whom both GSRS-IBS data 
and stool samples were available (challenge sequence 
GFP: n = 10, GPF: n = 9, FGP: n = 10, FPG: n = 9, PGF: 
n = 11, PFG: n = 10). However, stool samples/faecal out-
comes were not obtained from all participants at every 
designated time point. Specifically, the baseline stool sam-
ple was missing for one participant (sequence order PGF), 
the samples for both gluten and placebo challenges were 
missing for two participants (challenge sequence FGP and 
FPG), one participant was missing the gluten challenge 
sample (challenge sequence GPF), and one participant 
was missing the samples from all diet challenges (chal-
lenge sequence FPG). Additionally, for the SCFA analysis, 
the amount of stool material obtained from baseline was 
insufficient for two participants (challenge sequence GFP 
and FGP). Finally, the NGAL/LCN2 results from the FOS-
fructan and placebo challenges for one participant were 
excluded due to technical issues in the laboratory (chal-
lenge sequence FGP). Thus, in cases where the faecal out-
come was missing from baseline, the participant had to be 
excluded from all the statistical analyses, and participants 
had to be excluded from the statistical analyses involving 
changes in faecal outcomes in cases where outcomes were 
missing from all diet challenges (Fig. 2).

Table  1 provides an overview of the baseline charac-
teristics pertaining to the 58 participants whose faecal 
outcomes were included in the subsequent statistical 
analyses. The demographic was dominated by females 
(90%), predominantly within the age range of 35 to 
55  years, with a body mass index distribution primarily 
categorized as normal or overweight. Prior to the inter-
vention, participants had embraced a GFD for an aver-
age duration of approximately 2  years, driven by their 
experiences of GI symptoms such as bloating, diarrhoea, 
constipation, and/or nausea while on a gluten-containing 
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diet. A notable majority (75%) had also experienced 
extraintestinal symptoms, including manifestations such 
as joint and muscle pain, and headaches, prior to their 
adoption of GFD. Furthermore, it should be acknowl-
edged that the participants’ baseline state was not devoid 
of GI symptoms, as evidenced by the average GSRS-IBS 
total score of 30. Nevertheless, only 30% of the partici-
pants were formally diagnosed with IBS as per the Rome 

III criteria. It is also worth noting that the average fructan 
intake at baseline was 2 g per day, a quantity that doubled 
during the subsequent FOS-fructan challenge period. 
Additional baseline information has been reported by 
Skodje et  al. [18, 45]. None of the participants experi-
enced severe adverse effects from the diet challenges. 
Mean (SD) duration of the first and second washout peri-
ods were 13 (8.3) days and 16 (13) days, respectively.

No differences in overall faecal microbiota profiles 
(β‑diversity) across diet challenges
To evaluate potential differences in the overall bacterial 
communities after the gluten, FOS-fructan, and placebo 
challenges, we constructed ordination plots utilizing 
nonmetric multidimensional scaling based on three dis-
tinct measures of between-sample diversity (β-diversity): 
binary Jaccard, Bray–Curtis, and weighted UniFrac. 
The three β-diversity measures were selected based on 
their capacity to capture various types of dissimilarities 

Fig. 2 Flow chart of the population selection process and overview 
of analysed samples/data. IBD Inflammatory bowel disease, NGAL 
Human neutrophil gelatinase-associated lipocalin, SCFA Short-chain 
fatty acids, WA Wheat allergy

Table 1 Participant characteristics at baseline (n = 58)

Values are presented as the means ± SDs for normally distributed variables, 
medians [25th,75th percentiles] for nonnormally distributed variables, or n (%) 
for categorical variables. Additional baseline information has been reported by 
Skodje et al. [18, 45]

BMI Body mass index, GFD Gluten-free diet, IBS Irritable bowel syndrome, GSRS-
IBS Gastrointestinal symptom rating scale IBS version, FODMAP Fermentable 
oligosaccharides, disaccharides, monosaccharides, and polyols
a > 25 intraepithelial lymphocytes per 100 epithelial cells
b n = 56 (two missing)
c n = 57 (one missing)

Characteristic Value

Female/male 52/6 (90/10)

Age (years) 44 ± 12

BMI (kg/m2) 25 ± 4

BMI category

 Underweight (< 18.5) 1 (2)

 Normal weight (18.5–24.9) 31 (53)

 Overweight (25.0–29.9) 20 (35)

 Obese (> 30.0) 6 (10)

Symptoms before GFD

 Gastrointestinal symptoms 58 (100)

 Extraintestinal symptoms 42 (75)b

 Duration on GFD (months) 22 [10, 49]

 IBS by Rome III 17 (30)c

 Allergy/intolerance 14 (25)c

 Other food exclusions 37 (64)

 Study gastroscopy 47 (81)

 Marsh 0 42 (89)

 Marsh  1a 5 (11)

 GSRS-IBS total score 30 [21, 37]

Total FODMAP intake (g/day) 10 [5,  15]c

Total fructan intake (g/day) 2 [1,  3]c
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between bacterial community structures, including pres-
ence/absence, abundance, and phylogenetic relation-
ships. However, regardless of β-diversity measures, visual 
inspection did not reveal any evident clustering based 
on the diet challenges (Bray–Curtis in Fig. 3, binary Jac-
card and weighted UniFrac in Additional file 1: Fig. S2B, 
Fig. S3B), as confirmed by PERMANOVA (P ≥ 0.99). This 
high degree of overlap of samples collected following the 
gluten, FOS-fructan, and placebo challenges suggests that 
the diet challenges involving gluten and FOS-fructans 
did not give rise to substantial and discernible system-
atic alterations in the faecal microbiota compared to pla-
cebo. To corroborate this observation, we extended our 
analysis by constructing ordination plots encompassing 
both baseline and challenge follow-up samples, as well 
as pairwise comparisons. Notably, these additional plots 
(Additional file 1: Fig. S2, S3, and S4) also failed to reveal 
distinctive clustering patterns among the samples, as 
confirmed by PERMANOVA (P ≥ 0.92).

No differences in faecal bacterial α‑diversity across diet 
challenges
To assess the potential impact of the gluten, FOS-
fructan, and placebo challenges on faecal bacterial rich-
ness and evenness, we employed five distinct indices of 
within-sample diversity (α-diversity): observed number 
of OTUs, Chao1, Shannon–Wiener, Simpson, and PD 
whole tree. However, through linear mixed model anal-
yses, no significant differences in the mean change in 

α-diversity across the gluten, FOS-fructan, and placebo 
challenges were found for any of the α-diversity indices 
(P ≥ 0.11, Additional file 1: Table S3). Summary statistics 
for the five α-diversity indices at baseline and after each 
diet challenge are given in Additional file 1: Table S4.

Differences in faecal bacterial abundances across diet 
challenges
Linear mixed model analyses were performed to assess 
whether the gluten, FOS-fructan, and placebo challenges 
induced different changes in faecal bacterial abundances 
(%) at various taxonomic levels (phylum, class, order, 
family, and genus). Of the 81 taxa included in the analysis 
(see method Sect. ‘Statistics’), significant differences in 
the mean change across the diet challenges were found 
for 12 taxa (Table 2). The significant effects of diet chal-
lenge were followed by pairwise comparisons (i.e. FOS-
fructan vs. gluten, FOS-fructan vs. placebo, and gluten 
vs. placebo) while applying Bonferroni corrections for 
multiple testing (Table 2).

Following the FOS-fructan challenge, the mean change 
for four taxa belonging to the Clostridiales order tended 
to be different or was significantly different compared 
to the gluten and placebo challenges. These genera 
included Fusicatenibacter, Eubacterium coprostanoligenes 
group  (E.  coprostanoligenes), Anaerotruncus, and unknown 
Ruminococcaceae genera (Table  2). While the abundance 
of Fusicatenibacter increased with the FOS-fructan chal-
lenge, the abundances of the genera E. coprostanoligenes, 
Anaerotruncus, and unknown Ruminococcaceae decreased. 
For these four taxa, no differences in the mean change were 
found between the gluten and placebo challenges.

Following the gluten challenge, the mean changes 
for four taxa were significantly different from the mean 
changes for both the FOS-fructan and placebo chal-
lenges: the genera Eubacterium xylanophilum group, 
Ruminococcus torques group, and Bilophila, as well as 
the family Desulfovibrionaceae (primarily driven by the 
genus Bilophila) (Table  2). The differences in the mean 
change in the Eubacterium xylanophilum group between 
the diet challenges were driven by increase in abundance 
with the gluten challenge. For the Ruminococcus torques 
group and Bilophila/Desulfovibrionaceae, the differences 
in mean change were due to increased and decreased 
abundance following the gluten and FOS-fructan/pla-
cebo challenges, respectively.

For the Clostridiales-families Christensenellaceae and 
Family XIII, along with the genera Ruminococcaceae 
NK4A214 group and Ruminococcaceae UCG-002, the 
changes from baseline to follow-up tended to be or were 
significantly different between the gluten (increased 
abundance) and FOS-fructan challenge (decreased abun-
dance) (Table 2). However, no significant differences were 

Fig. 3 Ordination plots from nonmetric multidimensional 
scaling (NMDS) of Bray–Curtis distances. Each symbol represents 
one follow-up sample from one participant after a given 7-day 
challenge (gluten, FOS-fructan, or placebo), in total 169 samples. 
Stress values indicate the goodness-of-fit of the NMDS. FOS 
fructo-oligosaccharides
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observed between the placebo and gluten challenges or 
between the placebo and FOS-fructan challenges for 
these four taxa.

In addition to the 12 taxa described above, 22 taxa 
displayed notable changes from baseline to follow-up 
for at least one of the three diet challenges but did not 
significantly differ across challenges (Additional file  1: 
Table  S5). These included increased abundance of the 
genera Bifidobacterium, Anaerostipes, Faecalibacterium, 
and Sutterella, and decreased abundance of Subdoligran-
ulum following the FOS-fructan challenge. For the glu-
ten challenge, the abundances of the genera Streptococcus 
and Phascolarctobacterium were found to be decreased 
and increased, respectively.

When examining the average (median) relative abun-
dances at the phylum- and family levels across all sam-
ples, the phyla Firmicutes (60%), Bacteroidetes (34%), 
Proteobacteria (2.0%), and Actinobacteria (1.3%) exhib-
ited the highest relative abundances, along with the 
families Lachnospiraceae (28%), Ruminococcaceae (27%), 
Bacteroidaceae (21%), and Rikenellaceae (4.1%). However, 
substantial variations were observed among the samples, 

as shown by the abundance distributions in Fig.  4. For 
instance, the ratio of Firmicutes to Bacteroidetes (%:%) 
ranged from 35:60 to 91:4, and the abundances of Proteo-
bacteria and Actinobacteria ranged from < 0.1% to 26% 
and 9%, respectively. The variation among samples at the 
genus level is shown in Additional file  1: Fig. S5. Sum-
mary statistics for bacterial relative abundances at base-
line and after each diet challenge are given in Additional 
file 1: Table S6.

It should also be noted that if the statistical tests of the 
main effects of diet challenge were to be adjusted for the 
number of taxa subjected to linear mixed model analy-
sis (81 taxa, see method Sect. ‘Statistics’) using the BH 
method for multiple adjustments, the 12 taxa in Table 2 
would not attain significance. Furthermore, to check 
whether the 50% presence and 0.1% abundance limit 
would lead to the exclusion of important taxa influenced 
by the dietary challenges  (see method Sect. ‘Statistics’), 
we also performed a filtration based on a 25% presence 
limit and a 0.05% abundance limit. Using these limits, 11 
additional taxa were included in the mixed model analy-
sis (92 taxa in total instead of the original 81). However, 

Table 2 Changes in faecal bacterial abundances following the 7-day gluten, FOS-fructan, and placebo challenges (n = 57)

Only taxa with significant differences across diet challenges are included in the table. Changes in bacterial relative abundances from baseline to diet challenge 
follow-ups are presented as estimated marginal means (EMM) (95% confidence intervals (CI)) from linear mixed models with change values as the response variable 
and baseline values, period, sequence, and diet challenge as explanatory variables. The change values for each diet challenge were calculated for each participant 
by subtracting the baseline value from the follow-up value (i.e. positive value: increased, negative value: decreased). Follow-up and baseline values were sqrt-
transformed, i.e. a change value is the sqrt-transformed follow-up value minus the sqrt-transformed baseline value for a given participant/challenge. Among the 57 
participants included in the analyses, two participants had abundance data only from the FOS-fructan challenge, and one participant was missing abundance data 
from the gluten challenge

FOS Fructo-oligosaccharides, F FOS-fructan, G Gluten, P Placebo
a  P value for the main effect of diet challenge from linear the mixed model (not adjusted for the total number of taxa subjected to mixed model analysis)
b Bonferroni-adjusted P values from pairwise comparisons between diet challenges
*  P < 0.05

Gluten FOS‑fructan Placebo Effect of 
challenge

F vs. G F vs. P G vs. P

EMM (CI) EMM (CI) EMM (CI) P  valuea P 
 valueb

P 
 valueb

P 
 valueb

g_Fusicatenibacter 0.044 (−0.048, 0.14) 0.16 (0.072, 0.25) 0.029 (−0.063, 0.12) 0.02* 0.07 0.03*  > 0.99

g_Eubacterium coprostanoli-
genes group

 −0.014 (−0.085, 0.058)  −0.11 (−0.18, −0.039)  −0.032 (−0.10, 0.039) 0.03* 0.04* 0.13  > 0.99

g_Anaerotruncus 0.020 (−0.028, 0.069)  −0.047 (−0.094, −0.000) 0.030 (−0.018, 0.077) 0.01* 0.05* 0.02*  > 0.99

g_Unknown Ruminococcaceae 0.025 (−0.10, 0.15)  −0.16 (−0.28, −0.035) 0.037 (−0.091, 0.16) 0.02* 0.05 0.03* > 0.99

g_Eubacterium xylanophilum 
group

0.100 (0.037, 0.16)  −0.033 (−0.095, 0.028) 0.000 (−0.062, 0.063) < 0.001* < 0.001* > 0.99 0.02*

g_Ruminococcus torques group 0.072 (−0.003, 0.15)  −0.063 (−0.14, 0.010)  −0.067 (−0.14, 0.007) 0.005* 0.02*  > 0.99 0.01*

f_Desulfovibrionaceae 0.025 (−0.018, 0.068)  −0.037 (−0.078, 0.005)  −0.040 (−0.082, 0.003) 0.01* 0.04*  > 0.99 0.03*

g_Bilophila 0.017 (−0.024, 0.058)  −0.043 (−0.084, −0.003)  −0.035 (−0.076, 0.006) 0.009* 0.01*  > 0.99 0.04*

f_Christensenellaceae 0.044 (−0.053, 0.14)  −0.074 (−0.17, 0.021) 0.018 (−0.078, 0.11) 0.04* 0.05 0.19  > 0.99

f_Family XIII 0.008 (−0.023, 0.038)  −0.043 (−0.073, −0.013)  −0.024 (−0.054, 0.006) 0.02* 0.02* 0.90 0.26

g_Ruminococcaceae NK4A214 
group

0.061 (−0.025, 0.15)  −0.061 (−0.14, 0.023)  −0.007 (−0.092, 0.078) 0.04* 0.03* 0.73 0.45

g_Ruminococcaceae UCG-002 0.068 (−0.017, 0.15)  −0.050 (−0.13,0.032) 0.015 (−0.069, 0.099) 0.05* 0.04* 0.50 0.80
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no differences across diet challenges were found for any 
of these 11 additional taxa (data not shown).

No differences in faecal short‑chain fatty acids across diet 
challenges
Faecal SCFA were examined to discern potential dif-
ferential effects of the gluten, FOS-fructan, and placebo 
challenges on bacterial fermentation. Utilizing linear 
mixed model analyses, no differences in the mean change 
in total SCFA concentration (mmol/kg faeces) or in 
the concentrations or proportional levels (% of total) of 
individual SCFA (acetic, propionic, butyric, iso-butyric, 
valeric, and iso-valeric) were found across the diet chal-
lenges (Table  3). However, we observed that the faecal 
SCFA concentrations generally increased from baseline 
to follow-ups, regardless of diet challenge (see the posi-
tive estimated marginal means in Table 3). Summary sta-
tistics for SCFA at baseline and after each diet challenge 
are given in Additional file 1: Table S7.

No differences in faecal neutrophil gelatinase‑associated 
lipocalin across diet challenges
Faecal NGAL/LCN2 concentrations (ng/g faeces) were 
quantified to explore potential changes in low-grade 
intestinal inflammation induced by the gluten, FOS-
fructan, and placebo challenges. Using linear mixed 
model analysis, the estimated marginal mean change 
(95% confidence interval) for the diet challenges were 
17 (−52, 87), 31 (−37, 99), and 25 (−45, 95), respectively, 
with no significant differences across challenges (P = 0.96, 
n = 57). Among the 57 participants included in the linear 
mixed model analysis, two participants had only NGAL/
LCN2 data from the FOS-fructan challenge, one par-
ticipant had missing NGAL/LCN2 data from the gluten 
challenge, and one participant had only NGAL/LCN2 
data from the gluten challenge. Summary statistics for 
NGAL/LCN2 at baseline and after each diet challenge are 
given in Additional file 1: Table S8.

Fig. 4 Faecal bacterial abundances (%) at baseline and following the 7-day gluten, FOS-fructan, and placebo challenges. A Bacterial phyla (all 
detected) and B abundant families. Only participants with 16S sequencing data from all four time points are included in the figure (n = 54). One 
bar represents one participant at a given time point. Participant bars for baseline and after each challenge are ordered according to the abundance 
of Firmicutes (in A) and Lachnospiraceae (in B) at baseline. Taxa are ordered according to mean overall abundance. Families with a mean overall 
abundance ≤ 1% are displayed as ‘Others’. FOS fructo-oligosaccharides
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Associations between changes in gastrointestinal 
symptoms and faecal outcomes
The principal investigations concerning the faecal out-
comes showed that the diet challenges with FOS-fructans 
and gluten induced different changes in certain bacterial 
taxa, but that no differences were found for the remain-
ing outcomes (α-diversity, SCFA, NGAL/LCN2). We 
next examined whether the 12 bacterial taxa that were 
differentially affected by the diet challenges (see results 
Sect.  ‘Differences in faecal bacterial abundances across 
diet challenges’  and Table  2) were associated with the 
changes in the IBS-like GI symptoms (assessed via GSRS-
IBS total, pain, bloating, constipation, diarrhoea, and 
satiety dimension scores). To examine these associations, 
we employed Spearman’s rank correlation analysis, and 
the results are graphically depicted in correlograms fea-
turing hierarchical complete linkage clustering (Fig.  5). 
As shown in Fig. 5, correlation coefficients for the differ-
ent GSRS-IBS dimensions clustered mostly according to 
diet challenges, i.e. exacerbation of GI symptoms follow-
ing the FOS-fructan and gluten challenges was associated 
with different types of changes in bacterial abundances. 
However, few significant associations were found (not 
adjusted for multiple testing), and all were considered 
negligible or low in strength (−0.36 < Rho < 0.32).

For the three taxa that increased and decreased follow-
ing the gluten and FOS-fructan challenge, respectively 

(Christensenellaceae, Ruminococcaceae UCG-002, and 
Ruminococcaceae NK4A214 group), the changes in bac-
terial abundance were not associated with increased 
GI symptoms. There was also no association between 
increased GI symptoms and the FOS-related decrease in 
Anaerotruncus, unknown Ruminococcaceae genera, or 
Clostridiales Family XIII, or for the FOS-fructan-related 
increase in Fusicatenibacter. However, the decreased 
abundance of the E. coprostanoligenes induced by the 
FOS-fructan challenge was associated with increased GI 
symptoms, significantly for the GSRS-IBS pain dimension. 
For the Eubacterium xylanophilum group and Ruminococ-
cus torques group, which both increased following the glu-
ten challenge, increased abundances were associated with 
exacerbation in GI symptoms, however not significantly.

Correlograms depicting the correlations between 
changes in GI symptoms and the remaining faecal out-
comes (bacterial taxa not described above, α-diversity, 
SCFA, and NGAL/LCN2) can be found in Additional 
file  1: Fig. S6. Interestingly, increased faecal concentra-
tions of SCFA were associated with less exacerbation 
of the GSRS-IBS constipation dimension following the 
FOS-fructan challenge (significantly for total  SCFA, 
butyric-, and propionic acid). If adjusted for multiple 
testing using the BH method, all correlations depicted in 
Additional file 1: Fig. S6 were considered nonsignificant.

Table 3 Changes in faecal SCFA following the 7-day gluten, FOS-fructan, and placebo challenges (n = 55)

Changes in SCFA concentrations (‘conc’, mmol/kg faeces) and proportional levels (‘%’, of total SCFA concentration) from baseline to diet challenge follow-ups are 
presented as estimated marginal means (EMM) (95% confidence intervals (CI)) from linear mixed models with change values as the response variable and baseline 
values, period, sequence, and diet challenge as explanatory variables. The change values for each diet challenge were calculated for each participant by subtracting 
the baseline value from the follow-up value (i.e. positive value: increased, negative value: decreased). Among the 55 participants included in the analyses, 2 
participants had SCFA data only from the FOS-fructan challenge, and 1 participant was missing SCFA data from the gluten challenge

FOS Fructo-oligosaccharides, SCFA Short-chain fatty acids
a  P value for the main effect of diet challenge from the linear mixed model. Since no significant differences were found across diet challenges (P ≥ 0.05), pairwise 
comparisons between the three diet challenges were not performed

Gluten FOS‑fructan Placebo Effect of 
challenge

EMM (CI) EMM (CI) EMM (CI) P  valuea

Total SCFA, conc 5.5 (−0.3, 11) 6.0 (0.4, 12) 4.8 (−0.9, 11) 0.95

Acetic acid, conc 2.6 (−0.9, 6.0) 3.0 (−0.4, 6.4) 1.9 (−1.5, 5.4) 0.86

Butyric acid, conc 1.2 (−0.4, 2.7) 1.7 (0.2, 3.2) 1.3 (−0.2, 2.8) 0.86

Propionic acid, conc 1.4 (0.3, 2.5) 1.1 (0.1, 2.2) 1.3 (0.2, 2.4) 0.93

Valeric acid, conc 0.2 (0.0, 0.3) 0.1 (−0.1, 0.2) 0.1 (−0.0, 0.3) 0.67

Iso-valeric acid, conc 0.1 (−0.1, 0.4) 0.0 (−0.2, 0.3) 0.1 (−0.2, 0.4) 0.76

Iso-butyric acid, conc 0.1 (−0.1, 0.2) 0.0 (−0.1, 0.2) 0.1 (−0.1, 0.2) 0.94

Acetic acid, %  −2.0 (−3.8, −0.3)  −1.6 (−3.3, 0.1)  −2.2 (−4.0, −0.5) 0.84

Butyric acid, % 1.1 (−0.1, 2.3) 1.7 (0.6, 2.9) 1.6 (0.4, 2.8) 0.69

Propionic acid, % 0.8 (−0.0, 1.7) 0.4 (−0.4, 1.2) 0.8 (−0.0, 1.6) 0.57

Valeric acid, % 0.2 (0.0, 0.4)  −0.0 (−0.2, 0.1) 0.1 (−0.1, 0.3) 0.09

Iso-valeric acid, % 0.0 (−0.4, 0.4)  −0.3 (−0.7, 0.1)  −0.1 (−0.5, 0.3) 0.37

Iso-butyric acid, %  −0.0 (−0.3, 0.2)  −0.2 (−0.4, 0.1)  −0.1 (−0.3, 0.1) 0.57
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Associations between baseline gut microbiota 
and inflammation status, and changes in gastrointestinal 
symptoms
As previously reported by Skodje et al. [18], it was evident 
that the participants in the study did not exhibit uniform 
GI symptom responses to the diet challenges. This led us 
to postulate that variations in the faecal microbiota and 
related variables at baseline might underlie the diversity 
in symptom responses. To explore this proposition, we 

employed Spearman’s rank correlation to evaluate poten-
tial associations between faecal outcomes at baseline (i.e. 
bacterial abundances, bacterial α-diversity, SCFA, and 
NGAL/LCN2) and changes in IBS-like GI symptoms 
(assessed via GSRS-IBS pain, bloating, constipation, diar-
rhoea, and satiety scores) following the diet challenges. 
The results of this analysis are visually represented using 
correlograms featuring hierarchical clustering (Fig. 6). It 
should be noted that only correlations between NGAL/

Fig. 5 Correlations between changes in faecal outcomes and changes in GI symptoms. Correlograms illustrating Spearman’s rank correlation 
coefficients (Rho) between changes (‘∆’) in gastrointestinal symptoms (GSRS-IBS total, pain, bloating, constipation, diarrhoea, and satiety dimension 
scores) and changes in faecal taxa abundances following the 7-day gluten, FOS-fructan, and placebo challenges. The change values for each diet 
challenge were calculated for each participant by subtracting the baseline value from the follow-up value. The colour scale indicates the strength 
and direction of the correlations (–0.36 < Rho < 0.32). Significant correlations (not adjusted for multiple testing) are marked with asterisks (*P < 0.05, 
**P < 0.01). A positive correlation indicates that increased taxon abundances are associated with increased GSRS-IBS scores, while a negative 
correlation indicates that reduced taxon abundances are associated with increased GSRS-IBS scores. Only the taxa that had changed differently 
across the diet challenges (see ‘Results’ Sect. ‘Differences in faecal bacterial abundances across diet challenges’ and Table 2) were included 
in the analysis. The arrows indicate the direction of change that was observed for the taxon following the different diet challenges, in accordance 
with results shown in Table 2 (upwards arrow indicates increased abundance, downwards arrow indicates decreased abundance). FOS 
fructo-oligosaccharides, GSRS-IBS gastrointestinal symptom rating scale IBS version, IBS irritable bowel syndrome
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LCN2 and GI symptoms remained significant if adjusted 
for multiple testing using the BH method.

Complete linkage clustering of the correlation coef-
ficients between baseline bacterial abundances and 
changes in GI symptoms revealed that the coefficients 
were organized into diet challenge clusters to a certain 
extent (Fig.  6A, −0.37 < Rho < 0.39; negligible or low in 
strength). Notably, the changes in GSRS-IBS total, bloat-
ing, pain, and diarrhoea scores following the FOS-fructan 
and gluten challenges were found to be linked to varying 
bacterial abundances at baseline. Following the FOS-
fructan challenge, low abundances of several taxa were 
associated with increased GI symptoms (negative asso-
ciations). For instance, exacerbation of diarrhoea symp-
toms was associated with low abundances of the order 
Clostridiales (including the genera Coprococcus1 and 
Lachnospiraceae FCS020 group and the Ruminococcaceae 
family) and the genera Dialister and Bilophila. In con-
trast to these negative associations between taxa and GI 
response to the FOS-fructan challenge, high abundances 
of the order Bacteroidales (including the abundant genus 
Odoribacter) and the Lachnospiraceae NK4A136 group 
were associated with increased symptoms. For the GSRS-
IBS bloating dimension, which was of particular interest 
[18], negative associations were found only for the gen-
era Ruminiclostridium9 and Coprococcus2 and positive 
associations were found only for the genera Odoribacter 
and Lachnospiraceae NK4A136 group following the FOS-
fructan challenge. Baseline abundances of several taxa 
were also associated with symptom exacerbation follow-
ing the gluten challenge. Among others, these included 
the family Coriobacteriaceae, Clostridiales-genus Eubac-
terium hallii group, genus Streptococcus, and Erysipel-
otrichaceae UCG-003, for which high abundances were 
associated with increased GI symptoms. The association 
patterns described above were mainly present for the 
specified challenge. See Fig. 6A for details.

When investigating the correlations between 
α-diversities at baseline and the GI symptom responses 

(Fig. 6B), we found that increased total and satiety symp-
toms following the FOS-fructan challenge were associ-
ated with low α-diversity, particularly for the indices 
Shannon, Simpson, and observed number of OTUs. 
However, the correlation coefficients did not cluster 
according to diet challenge, and all correlations were neg-
ligible or low in strength (−0.32 < Rho < 0.12).

Only baseline concentrations of the low-abundant 
SCFA valeric, iso-valeric-, and iso-butyric acid were 
found to be associated with changes in GI symptoms fol-
lowing the gluten and FOS-fructan challenges (Fig. 6C). 
For the FOS-fructan challenge, low concentrations of 
valeric acid and proportional levels of iso-valeric acid 
were associated with exacerbated bloating and satiety 
symptoms, respectively. Following the gluten challenge, 
low concentrations of iso-butyric acid were associated 
with increased constipation. The correlation coefficients 
did not cluster according to diet challenges, and all cor-
relations were negligible in strength (−0.28 < Rho < 0.27).

No significant associations were found between base-
line concentrations of faecal NGAL/LCN2 and symp-
tom responses to the gluten and FOS-fructan challenges 
(Fig. 6D, −0.05 < Rho < 0.26; negligible or low in strength). 
However, high NGAL/LCN2 concentrations at baseline 
were significantly associated with increased GSRS-IBS 
total, satiety, bloating, and pain scores following the pla-
cebo challenge (0.34 < Rho < 0.38; low in strength).

Discussion
While low FODMAP diets have been shown to reduce 
GI problems in individuals with NCGWS [23, 46], the 
causal mechanisms remain unclear. Potential expla-
nations include changes in the gut microbiota due 
to reduced bacterial fermentation and reduction in 
osmotic active components which may alleviate intes-
tinal distention associated with bloating and abdomi-
nal pain [20–22]. The current work adds knowledge as 
to how the gut microbiota community and biomarkers 
of gut health respond to changes in the intake of one 

(See figure on next page.)
Fig. 6 Correlations between faecal outcomes at baseline and changes in GI symptoms. Correlograms illustrating Spearman’s rank correlation 
coefficients (Rho) between changes (‘∆’) in gastrointestinal symptoms (GSRS-IBS total, pain, bloating, constipation, diarrhoea, and satiety dimension 
scores) following the 7-day gluten, FOS-fructan, and placebo challenges and baseline (‘Bas’) faecal A taxon abundances (−0.37 < Rho < 0.39) 
B α-diversity (−0.32 < Rho < 0.12), C SCFA (–0.28 < Rho < 0.27), and D NGAL/LCN2 (ng/g faeces; –0.05 < Rho < 0.38). The change values for each diet 
challenge were calculated for each participant by subtracting the baseline value from the follow-up value. The colour scales indicate the strength 
and direction of the correlations. Significant correlations (not adjusted for multiple testing) are marked with asterisk (*P < 0.05, **P < 0.01). 
A positive correlation indicates that higher baseline values of the faecal outcome are associated with increased GSRS-IBS scores, while a negative 
correlation indicates that lower baseline values of the faecal outcome are associated with increased GSRS-IBS scores. A A taxon was excluded 
from the correlation analysis if it was detected in less than 50% of the baseline samples. Only taxa with significant correlations are shown 
in the figure (not adjusted for multiple testing). C Both SCFA concentrations (‘conc’, mmol/kg faeces) and proportional levels (‘%’, of total SCFA 
concentration) were used in the analysis. FOS fructo-oligosaccharides, GSRS-IBS gastrointestinal symptom rating scale IBS version, IBS irritable bowel 
syndrome, NGAL/LCN2 neutrophil gelatinase-associated lipocalin/lipocalin 2, SCFA short-chain fatty acids
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specific FODMAP, namely FOS-fructans, compared 
to gluten and placebo. The effects of FOS-fructans 
on the gut microbiota have not previously been stud-
ied in self-reported NCGWS. Although we previously 
showed that the 7-day FOS-fructan challenge was more 

likely to induce IBS-like symptoms than gluten in the 
current randomised  double-blind placebo-controlled 
crossover  trial [18], we found no prominent differen-
tial impacts of gluten versus FOS-fructan on the faecal 
microbial diversity, SCFA, or NGAL/LCN2. However, 

Fig. 6 (See legend on previous page.)
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some interesting differences across the diet challenges 
were found for certain bacterial taxa, which could be 
relevant to the GI problems experienced by the partici-
pants. Additionally, associations were found between 
the baseline microbial composition and responses to the 
FOS-fructan and gluten challenges, potentially influenc-
ing individual symptom responses.

No significant differences were detected in bacterial rich-
ness and diversity (α-diversity) or in overall bacterial com-
munity structure (β-diversity) between the diet challenges, 
suggesting no prominent impact on the microbiota com-
position. This finding aligns with previous studies using 
short-term FOS-fructan supplementation [17, 47], gluten 
supplementation [48], or low/high gluten diets [49, 50]. 
However, the use of low-dose FOS-fructan supplementa-
tion in our study leaves the possibility of more pronounced 
effects resulting from the use of higher doses or longer 
intervention periods. Indeed, long-term intervention with 
FOS-fructan supplementation increased the α-diversity in 
healthy individuals [51]. Conversely, in a separate study, 
2 weeks of supplementation with inulin and FOS-fructans 
separately led to decreased α-diversity in healthy individu-
als [52].

Although most bacterial taxa did not exhibit differen-
tial effects from the diet challenge, certain changes were 
observed at the family and genus levels. With respect to 
the FOS-fructan challenge, the most evident changes 
were found for the Firmicutes genera Fusicatenibacter 
and E. coprostanoligenes, which increased and decreased, 
respectively.

The increase in Fusicatenibacter following FOS-
fructan intake may be attributed to enhanced bacterial 
growth due to FOS-fructan availability. Fusicatenibac-
ter, a SCFA-producing genus [53, 54], has shown nega-
tive associations with diseases such as Parkinson’s disease 
[55], colon cancer [56], non-alcoholic fatty liver disease 
[57], Clostridioides difficile infection [58], and chronic 
kidney disease [59]. Fusicatenibacter has also been 
shown to decrease with age [60]. Although few studies 
have explored its role in IBS symptoms, one small clini-
cal trial (18 participants) noted increased Fusicatenibac-
ter abundance alongside constipation relief after faecal 
microbiota transplantation [61]. Conversely, increased 
Fusicatenibacter abundance after a high FODMAP diet 
was indirectly associated with increased abdominal pain, 
possibly mediated by an increase in the bacterial metabo-
lite 3-indolepropionic acid (IPA) [62, 63]. Additionally, 
in overweight young adults, Fusicatenibacter was asso-
ciated with unhealthy eating patterns [64]. In our trial, 
we observed weak, nonsignificant correlations between 
Fusicatenibacter and GI symptoms post-FOS-fructan 
challenge, but a significant negative association was 
noted with diarrhoea symptoms post-placebo challenge, 

suggesting a potential role in alleviating IBS-like 
symptoms.

The decrease in E. coprostanoligenes after increasing 
the intake of FOS-fructans aligns with a study in young 
undergraduate students showing that a high-fibre diet 
decreased the abundance of E. coprostanoligenes [65]. 
Furthermore, a recent study by Nordin et  al. showed 
a lower abundance of these bacteria with a high FOD-
MAP diet than with low FODMAP [62]. Nordin et  al. 
also reported that lower E. coprostanoligenes was weakly 
associated with increased frequency of abdominal pain 
[62], which suggests a potential role for E. coprostanoli-
genes in mitigating IBS-like symptoms. In line with these 
findings, the present study also found a significant nega-
tive correlation between changes in pain symptoms and 
E. coprostanoligenes following the FOS-fructan chal-
lenge (i.e. reduced abundance associated with increased 
symptoms). We also found convincing negative correla-
tions between E. coprostanoligenes and several GI symp-
toms during placebo and gluten challenge. In contrast to 
Nordin et al. and our findings, one study in children with 
autism found E. coprostanoligenes to be positively associ-
ated with high GSRS scores [66]. Apart from its choles-
terol-reducing abilities, little is known about the role of 
E. coprostanoligenes in health in general [67].

The abundances of some bacteria, including those 
in the Eubacterium xylanophilum group, increased in 
response to gluten intake compared to the placebo and 
FOS-fructan challenge, a novel finding with uncertain 
implications. However, an experimental trial demon-
strated increased Eubacterium xylanophilum group 
abundance when culturing human faeces with wheat 
bran [68], suggesting a possible association with glu-
ten intake. For the other bacteria affected by the gluten 
challenge compared to FOS-fructan and placebo (Rumi-
nococcus torques group, Desulfovibrionaceae, Bilophila), 
the impact of gluten was less clear. The minor effects of 
gluten on the gut microbiota composition are consistent 
with results from previous studies [48, 62].

No differences were found in faecal SCFA concen-
trations or proportional levels across the gluten, FOS-
fructan, and placebo challenges. The lack of difference 
between the FOS-fructan and placebo challenge may 
be due to the low dose and short duration of the FOS-
fructan supplementation, consistent with findings from 
studies using higher doses but similar durations [52, 69, 
70]. Longer durations of fructan supplementation have 
been associated with increased SCFA concentrations 
[71–73], although one study reported reduced levels [74]. 
It is worth noting that the studies showing increased 
SCFA used a mix of FOS-fructans and inulin, unlike our 
study which used only FOS-fructans. With gluten chal-
lenge, earlier studies have yielded mixed results on faecal 
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SCFA [49, 50, 62, 75]. Despite no significant differences 
between the diet challenges, we observed a general 
increase in SCFA concentrations from baseline to follow-
up for all challenges, possibly influenced by the fibre-con-
taining ingredients in the muesli bars.

Changes in GSRS-IBS total, bloating, pain, and diar-
rhoea scores following the FOS-fructan and gluten chal-
lenges were associated with certain bacterial abundances 
at baseline. This finding may explain the variable GI 
symptom responses previously reported by Skodje et al. 
[18]. Additionally, lower faecal concentrations of the 
SCFA valeric and iso-valeric acid were associated with 
greater increases in GI symptoms following the FOS-
fructan challenge, supporting the hypothesis of a poten-
tial link between baseline microbial function and the 
response to FOS-fructans.

Since there are no available biomarkers for NCGWS 
[76], the response of faecal NGAL/LCN2 to the differ-
ent diet challenges was investigated due to its potential 
role in low-grade intestinal inflammation [77–79], which 
could be relevant in NCGWS [80–82]. However, in 
accordance with the previously reported plasma cytokine 
results [83], no differences in  faecal NGAL/LCN2  were 
found across the diet challenges. Nevertheless, the sig-
nificant correlations found between baseline NGAL/
LCN2 concentrations and changes in several GI symp-
toms following the placebo challenge might indicate that 
the inflammatory state of the gut is important for fluc-
tuations in GI symptoms in general (regardless of diet 
challenge), consistent with the tendency for higher fae-
cal NGAL/LCN2 concentrations in IBS patients than in 
healthy controls [84].

A key strength of the current trial is the strong crosso-
ver design with a placebo-controlled diet challenge. To 
address potential carry-over effects, different challenge 
sequences were employed, and Skodje et al. also reported 
no influence of sequence order on the GI symptoms [18]. 
However, one challenge in interpreting the results is that 
the participants’ background diets were not controlled for 
FOS-fructans or other types of FODMAP. To improve the 
protocol, a low FODMAP GFD could have served as the 
background diet throughout the challenge and wash-out 
periods, particularly since it previously was shown that 
FODMAP intake varies significantly between individuals 
with IBS [85]. Furthermore, because the dietary record-
ings from baseline were not re-evaluated during the other 
study periods, we cannot rule out that changes in macro-/
micronutrients might have impacted the changes in the 
microbiota. However, since the participants were asked to 
keep their diet consistent with the baseline diet through-
out the study, we have hopefully avoided dietary changes 
to influence the microbiota results. Also, as the muesli 
bars were not analysed for ‘background’ FOS-fructan/

FODMAP content, we cannot rule out that there might 
be a low level of FOS-fructans present in the placebo and 
gluten bar. However, as the ingredients used in the muesli 
bars are reported to contain very low levels of FODMAPs, 
we argue that these levels will not be clinically relevant 
compared to the amount of FOS-fructans added to the 
FOS-fructan bars. Additionally, it is possible that NCGWS 
is too wide of an umbrella term, forcing different patient 
cohorts under the same definition [8], potentially limiting 
the generalizability of our results. This was indicated by the 
evident heterogeneity in the current study population with 
respect to which challenge that had the highest GI symp-
tom score [18]. Thus, this heterogeneity can have con-
tributed to heterogeneous microbiota responses, making 
it challenging to detect uniform effects on the gut micro-
biota following the different diet challenges. Finally, it is 
crucial to recognize that the gut microbiota is a complex 
community influenced by cohabitants and cross-feeding 
dynamics [86], meaning that the total impact of a dietary 
intervention on microbial metabolic outcomes depends on 
individual variability within the microbial ecosystems.

Conclusions
In the first randomised double-blind placebo-controlled 
crossover study examining the impact of FOS-fructan 
and gluten on the faecal microbiota in self-reported 
NCGWS patients adhering to a gluten-free background 
diet, we found no noteworthy differences in how the diet 
challenges impacted the gut microbiota composition and 
related variables of gut health. However, both gluten and 
FOS-fructans induced changes in certain bacteria. In 
particular, a reduction in E. coprostanoligenes was most 
prominently associated with an increase in GI symptoms, 
suggesting that attention should be given to these bac-
teria in future trials investigating the impact of dietary 
treatments on GI symptoms. Additionally, while the base-
line composition of the microbiota seems to influence the 
variation in the individual GI symptom responses to the 
FOS-fructan challenge, the symptoms experienced when 
consuming FOS-fructans does not seem to be explained 
by large changes in the microbiota. This study also pro-
vides evidence suggesting that the GI symptoms induced 
by FOS-fructan are not driven by inflammation.
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