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Abstract

Background Crohn’s disease (CD) is characterized by chronic intestinal inflammation. Diet is a key modifiable fac-
tor influencing the gut microbiome (GM) and a risk factor for CD. However, the impact of diet modulation on GM
function in CD patients is understudied. Herein, we evaluated the effect of a high-fiber, low-fat diet (the Mi-IBD diet)
on GM function in CD patients. All participants were instructed to follow the Mi-IBD diet for 8 weeks. One group of CD
patients received one-time diet counseling only (Gr1); catered food was supplied for the other three groups, includ-
ing CD patients (Gr2) and dyads of CD patients and healthy household controls (HHCs) residing within the same
household (Gr3-HHC dyads). Stool samples were collected at baseline, week 8, and week 36, and analyzed by liquid
chromatography-tandem mass spectrometry.

Results At baseline, the metaproteomic profiles of CD patients and HHCs differed. The Mi-IBD diet significantly
increased carbohydrate and iron transport and metabolism. The predicted microbial composition underlying

the metaproteomic changes differed between patients with ileal only disease (ICD) or colonic involvement: ICD

was characterized by decreased Faecalibacterium abundance. Even on the Mi-IBD diet, the CD patient metaproteome
displayed significant underrepresentation of carbohydrate and purine/pyrimidine synthesis pathways compared

to that of HHCs. Human immune-related proteins were upregulated in CD patients compared to HHCs.

Conclusions The Mi-IBD diet changed the microbial function of CD patients and enhanced carbohydrate metabo-
lism. Our metaproteomic results highlight functional differences in the microbiome according to disease location.
Notably, our dietary intervention yielded the most benefit for CD patients with colonic involvement compared

to ileal-only disease.
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Background

Crohn’s disease (CD) is an inflammatory bowel disease
(IBD) that is characterized by transmural inflammation
of the gastrointestinal tract, most commonly affecting
the terminal ileum and colon [1]. Development of CD
involves genetic susceptibility, a dysregulated immune
response, epithelial barrier dysfunction, and an altered
microbiome [2]. Diet is another epidemiologic risk fac-
tor, with a higher amount of ultra-processed foods and
animal fats linked to increased CD risk [3-5]. Diet also
impacts the microbiome and represents a point of inter-
vention to potentially deter the development of CD [6].
Importantly, treatment of CD has been revolutionized by
the advent of biologic and small molecule (JAK inhibitor)
therapies, which heal intestinal ulcerations and improve
clinical symptoms yet do not fully restore quality of life
(7, 8].

Unfortunately, we still lack the ability to translate
microbiome findings into an actionable treatment strat-
egy. As many as 80—-89% of patients seek dietary advice
to alleviate their CD symptoms [9]. Several recent studies
have carefully studied the impact of a therapeutic diet on
clinical symptoms of CD with parallel examination of the
microbiome [10]. They demonstrated that consumption
of certain diets (the specific carbohydrate diet (SCD),
exclusive enteral nutrition (EEN), or the CD treatment-
with-eating diet (CD-TREAT)) alters the abundance of
bacteria, reduces levels of fecal calprotectin (a marker
of intestinal inflammation), and can reduce symptoms
or even achieve remission [11, 12]. Notably, the various
bacterial taxa influenced by these dietary interventions
included species from the Firmicutes phylum—a phylum
that contains many bacteria that produce short-chain
fatty acids (SCFAs), such as Faecalibacterium praus-
nitzii and species that are known pathobionts, such as
Escherichia coli. In an earlier diet intervention study, we
provided a high-fiber, low-fat diet (the Mi-IBD diet) to
ulcerative colitis (UC) patients [13]. UC patients demon-
strated more improvements in biochemical parameters
following the Mi-IBD diet than after following a standard
American diet. Our microbiome data demonstrated that
the Mi-IBD diet increased the abundance of Prevotella, a
commensal bacteria.

While the gut microbiota is altered in CD, the exact
nature of the complex host-microbiota relationship
remains unclear. Earlier studies using 16S rRNA gene
sequencing as well as metagenomic sequencing of stool
have reported lower diversity of the bacterial community
in patients with CD than in healthy individuals, includ-
ing a lower abundance of Firmicutes [14—17]. Several
studies have examined differences in mucosa-associated
bacteria by region of the bowel. In healthy individu-
als, there is substantial spatial heterogeneity in the
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mucosa-associated microbiota throughout the intestine
(biopsies taken from sites including the terminal ileum,
four different regions of the colon, and rectum) [18]. This
spatial heterogeneity is shaped by oxygen, pH, and gly-
can gradients [19]. Thus, the location affected by IBD in
patients likely has differential effects on the microbiome.
Indeed, CD patients were found to exhibit alterations
of the mucosa-associated microbiome in the ileum and
colon that predicted subsequent ileal inflammation [20].
However, the functional differences in the microbiome
between healthy individuals and people with CD have
not yet been fully characterized.

Whereas proteomics describes all proteins produced
by one organism, metaproteomics characterizes all pro-
teins produced by a microbial community containing
a multitude of organisms (e.g., the gut microbiome).
Thus, metaproteomic analyses provide a window into the
function of the gut microbiota, revealing key changes in
metabolic and cellular functions as well as interactions
between the gut metaproteome and the host proteome
[21, 22]. Although multi-omic analyses are relatively new
in the field of CD, with only a dozen such publications to
date, a principal finding emerging from these studies is
that the gut microbial signature of CD includes a deple-
tion of Firmicutes and decreases in their related functions
[23-32]. Dietary interventions have also been shown to
influence the metaproteome in a pediatric CD population
[11]. However, few metaproteomic studies of CD patients
have been longitudinal and conducted in a protocol-
ized way and none have included comprehensive dietary
information to permit analysis of the functional microbi-
ome effects.

In the current study, we wanted to examine the
metaproteome of patients with CD in the context of a
controlled diet intervention. To date, no diet intervention
studies in CD have examined the effect on the metapro-
teome. We aimed to assess how the metaproteome diet-
induced changes varied between patients with CD versus
healthy household controls (HHCs) eating the same diet.
Finally, we were interested in longitudinal shifts in the
metaproteome of CD patients, since little is known about
the stability of the metaproteome over time in this popu-
lation. To achieve these aims, we leveraged stool samples
collected from CD patients and HHCs who participated
in a previous dietary intervention. CD patients and
HHCs were given catered high-fiber, low-fat meals for
8 weeks or simply given dietary advice. Samples were col-
lected at baseline, immediately following the catered por-
tion of the study (week 8) and then again when patients
had returned to eating their baseline diets (week 36). Our
study allows us to look at the relationship between diet
and changes in the metaproteome while accounting for
inflammatory state, disease phenotype (fibrostenotic,
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inflammatory, perforating), and disease location. The
results of our study provide foundational information
for understanding the functional deficits of the metapro-
teome in CD and the ability to mold this through a care-
fully designed diet.

Materials and methods

Study design

The present study involved an analysis of data col-
lected during a study that evaluated the effect of a
short-term diet intervention (the Mi-IBD diet) on the
outcomes of CD patients [33]. Recruitment and study
completion occurred between January 7, 2020, and July
10, 2023. Adult CD patients (aged 18-70 years) were
eligible for inclusion if they had mild/moderate or inac-
tive disease (score on the Short Crohn’s Disease Activity
Index (sCDAI) of less than 400), stable medication for
2—-4 weeks prior to baseline (depending on the medica-
tion used), and no antibiotic or probiotic use within
2 weeks prior to screening. Notably, the affected location
can vary across CD patients and is associated with differ-
ential risks, microbiome alterations, and health outcomes
[34-38]; thus, we also recorded details regarding disease
phenotype (Montreal classification, disease location;
Fig. 1).

Subjects were divided into four main groups, with three
groups consisting of CD patients and one group consist-
ing of HHCs. Group 1 (Grl) received a one-time diet
counseling session describing the recommended Mi-IBD
diet but selected food for themselves thereafter. Group
2 (Gr2), group 3 (Gr3), and the HHC group received the
catered Mi-IBD diet for 8 weeks. Subjects from Gr3 and
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the HHC group additionally received dyadic psychosocial
support during the intervention. Further details about
the exclusion criteria and the dyadic psychosocial sup-
port intervention are provided in Additional file 1. Stool
samples were collected at baseline, week 8, and week 36
and stored at — 80 °C until processing.

Diet intervention

The Mi-IBD diet included breakfast, lunch, dinner, and
snacks and was provided by national catering companies
that used minimally processed, high-quality ingredients.
The catered meals and snacks met 100% of the partici-
pants’ nutritional needs considering their body mass
index, age, gender, and physical activity levels. Catered
meals had approximately 20% calories from fat, a target
omega-6/omega-3 fatty acid ratio of 1:1, and 25-35 g of
fiber per day. Further details have been provided else-
where [33].

Sample processing and LC-MS/MS analysis

Stool samples were processed as follows. Protein extrac-
tion and tryptic digestion were performed with 300 mg
of fecal material as previously described [39]. In brief,
the bacterial pellet was isolated through differential cen-
trifugation and proteins were extracted by resuspending
it in 300 pL of lysis buffer (4% SDS, 100 mM dithiothrei-
tol in 50 mM Tris—HCI, at pH 8) and performing sonica-
tion with a probe (VCX 130 VibraCell Ultrasonic Liquid
Processor, Sonics & Materials Inc, Newtown, CT, USA),
applying 25% amplitude for 3 cycles of 30 s. The protein
content was measured with the 2D QuanKit (GE Health-
care, Chicago, Illinois, USA), and enzymatic digestion

Crohn’s disease by location
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Fig. 1 Differences in CD phenotype according to disease location. Numbers reflect the distribution of patients in the current study
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of 50 ug of proteins was conducted with the filter-aided
sample preparation procedure [40]. Sequencing-grade
trypsin (Promega, Milan, Italy) was used as a proteolytic
enzyme at a 1:50 ratio with respect to the proteins. The
recovered tryptic peptide solution was dried by speed-
vac, and the pellet was suspended in a 2% acetonitrile,
1% trifluoroacetic acid aqueous solution. The total pep-
tide concentration was measured by spectrophotom-
etry (NanoDrop 2000, Thermo Fisher Scientific), using a
standard curve of E. coli digest (Waters, Milford, USA).
Peptides (3.2 pg) were desalted and focused on line
with a C18 p-precolumn cartridge and then separated by
nanoHPLC using a 500-mm packed C18 column on an
UltiMate3000 RSLCnano system, as previously described
[39]. A linear gradient was applied, ramping from 5 to
25% acetonitrile (ACN) in H,O (0.1% formic acid was
present in the mobile phases) over 150 min, followed by
a second 5-min step up to 95% ACN, which was main-
tained for 5 min, to clean the column. Eluted compounds
were ionized on the EASY-Spray NG source of a Tribrid
Orbitrap Fusion mass spectrometer (Thermo Fisher Sci-
entific, USA). The acquisition method was set as a data-
dependent analysis for label-free quantification (LFQ). In
the present study, data acquisition was performed using
the Orbitrap analyzer (120 K resolution) for precur-
sor ion detection (MS1) and the linear ion trap to scan
HCD fragments (MS2), setting a dynamic exclusion of
10 s after a single MS2 scan on a selected precursor. Two
technical replicates were recorded for each sample.

Metaproteomic bioinformatics pipeline

Raw data were processed with MetaLab software (desk-
top version 2.3) and MaxQuant (version 2.1.3, not
embedded in the application) to build a sample-specific
database (SSDB). We started from the “integrated ref-
erence catalog of the human gut microbiome” data-
base (IGC DB; http://meta.genomics.cn/), which is
the best available option for stool metaproteomics in
the absence of a metagenomics-derived database (DB)
[41]. An automated bioinformatics pipeline was applied
as illustrated in Fig. S1, modifying the version already
employed elsewhere [39]. In brief, a first SSDB was
obtained by MetaLab via preliminary spectra cluster-
ing, followed by application of the MetaProlQ itera-
tive strategy [42, 43]. The resulting SSDB was further
reduced by removing less represented accession codes
(ACs) from the IGC fasta file. Namely, a search was
performed on the SSDB for each sample using Pro-
teome Discoverer 2.5 (Thermo Fisher Scientific) to
retrieve the lists of ACs detected, without filtering the
identification entries. ACs not detected in at least 5% of
the whole sample set were subsequently filtered out to
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reduce the SSDB size from 419 MB (68,4081 entries) to
219 MB (43,2056 entries). The reduced SSDB was then
used to perform the final protein identification (ID) and
LFQ in MaxQuant. Carbamidomethylation of cysteine
was set as a fixed modification, while protein N-term
acetylation and oxidation of methionine were set as
variable modifications. Output files were returned into
MetaLab and merged together to yield a single inform-
ative matrix reporting the normalized MaxLFQ inten-
sity values for each protein group (PG), the functional
annotation, and the taxonomy, as assigned by the low-
est common ancestor (LCA) algorithm.

The resulting PG list was reduced by excluding PGs not
identified by at least two unique peptides and those shar-
ing peptides with host proteins. The matrix was refined
by removing PGs with valid values in<50% of the whole
dataset or within a subject group, depending on the anal-
ysis performed. Data were further normalized by a log,
transformation [44]. Missing values were replaced using
an imputation strategy based on a statistical model, com-
bining missing-at-random and missing not-at-random
values [45].

Host proteins were identified by searching against
the UniProtKB/Swiss-Prot “Homo sapiens” DB (version
2022_01) and analyzed separately. In this analysis, we
included only proteins detected in>25% of all samples
before imputing values due to the low number of entries
and the presence of more missing values in the HHC
group. Using a higher threshold (e.g., 50%) could have
lost inflammatory proteins not present in the HHCs.

Statistical analyses
Analyses were performed with R version 4.3 (R Core
Team, 2021). B-diversity was calculated with the Bray—
Curtis index, and principal coordinate analysis plots were
generated to display the results. Permutational multi-
variate analysis of variance (PERMANOVA) was used
to evaluate the association between p-diversity and con-
founding factors using the “vegan” R package. First, data
normality was evaluated with the Shapiro—Wilk test.
Comparisons of bacterial PGs involved a ¢ test to detect
significant differences in the LFQ-intensity ratio. For
dependent data (e.g., comparisons of groups across time
points), paired ¢ tests were applied. Only PGs with fold-
change values>1.60 and<0.63 were included. Signifi-
cance was determined with a p value threshold of <0.05.
For comparisons of human proteins, the Wilcoxon-
Mann—-Whitney test (a non-parametric, two-tailed
test) was used to detect significant differences in the
abundance ratio (calculated in the LFQ analysis) when
comparing two groups. Functional annotation and
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enrichment analysis were performed with the Metascape
web application [46].

Results

Study design

Stool samples from 70 participants (48 CD patients and
22 HHCs) that were collected at baseline, week 8 (at the
end of catering), and week 36 (after an ad libitum diet),
were analyzed by liquid chromatography-tandem mass
spectrometry (LC-MS/MS). A total of 209 stool sam-
ples were processed because a CD patient in Grl had a
missing stool sample at week 36. Samples that yielded
fewer than 2000 identified bacterial PGs were excluded
from the subsequent analyses. Individuals missing
results for baseline or week 8 were discarded because
those two time points were the primary focus, whereas
those missing results for week 36 were retained (Fig. 2).
The final number of subjects included in the analysis
was reduced to 63 (34 males and 29 females, aged 21 to
66 years; Table 1).
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Demographic and clinical characteristics

Data from a subset of participants (#=62) from our
original study ([33], n=95) were included in the pre-
sent analysis. There were approximately equal numbers
of men and women, Hispanic and non-Hispanic indi-
viduals, and participants born in the USA or in another
country (Table 1). The majority of participants were
white. Among the CD patients, over half had a history
of gastrointestinal surgery and most were in remission,
contributing to the low mean Harvey-Bradshaw index
(HBI) score.

Dietary intake

Our dietary intervention was designed to increase fiber
intake and reduce the percentage of calories derived from
fat. Further details are available elsewhere [33]. Here, we
present only the dietary intake data of the participants
included in the present analysis (Fig. 3). The catered
diet increased fiber and protein intake and reduced
the percentage of calories derived from fat. However,

70 subjects:
CD patients (n=48) + HHCs (n=22)
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Table 1 Demographic and clinical characteristics of participants analyzed (n=62)
Group 1 Group 2 Group 3 HHCs
(n=9) (n=13) (n=19) (n=21)
Age, median (range) 33 (23-57) 27 (22-66) 34 (23-64) 37 (25-68)
Female, n (%) 7 (77.8%) 6 (46%) 8 (42.1%) 12 (57.1%)
Race, n (%)
White 9 (100%) 11 (84.6%) 17 (89.5%) 16 (76.2%)
Black 0 1 (4.8%)
Asian 2 (15.4%) 2 (10.5%) 4 (19%)
Ethnicity, n (%)
Hispanic 4 (44.4%) 8(61.5%) 7 (36.8%) 6 (28.6%)
Non-Hispanic 5 (55.6%) 5(38.5%) 11 (57.9%) 15 (71.4%)
Birth country, n (%)
USA 5 (55.6%) 7 (53.8%) 12 (63.2%) 9 (42.9%)
Other 4 (44.4%) 6 (46.2%) 7 (36.8%) 12 (57.1%)
Age at diagnosis, median (range) 20 (9-40) 22 (16-35) 24 (12-57) -
History of Gl surgery, n (%) 5 (55.6%) 9 (69.2%) 11 (57.9%) -
HBI score, mean+SD 267+2.12 246+2.26 2.89+281 -
?Remission, n (%) 8 (88.9%) 11 (84.6%) 17 (89.5%) -
2Active disease, n (%) 1(11.1%) 2 (15.4%) 2 (10.5%) -
Disease location
L1-terminal ileum 2 (22.2%) 3(23.1%) 9 (47.4%) -
L2—colon 1(11.1%) 2 (15.4%) 2 (10.5%) -
L3-ileocolon 6 (66.7%) 9 (69.2%) 8 (42.1%) -
L4—-upper Gl 1(7.7%) 1(5.3%) -
Montreal classification
B1-inflammatory 5 (55.6%) 8 (61.5%) 11 (57.9%) -
B2-fibrostenotic 4 (44.4%) 3(15.4%) 4(21.1%) -
B3-perforating 0 3(23.1%) 4(21.1%) -

CD Crohn’s disease, HBI Harvey-Bradshaw Index, G/ gastrointestinal, SD standard deviation

? Disease activity was assessed with the modified HBI: an HBI score <5 indicates remission, while an HBI score > 5 indicates active disease

participants had largely returned to their baseline dietary
patterns by week 36.

Protein identification and filtering

Overall, the metaproteomic analysis generated a total
identification list consisting of 63,338 bacterial PGs
and 703 human proteins. Among the 334,160 peptide
sequences identified in the SSDB, 168,507 were unique
to bacterial PGs and only 784 were shared with the
5621 sequences identified in the host DB. The bacterial
PGs and human proteins were reduced to 29,175 and
307, respectively, after excluding IDs with less than two
unique peptides and those containing peptide sequences
detected in both microbial and human DBs. We included
only entries with at least two unique peptides to make
our LFQ analysis more robust, as this approach reduces
bias due to shared peptides, especially for PGs identified
with low sequence coverage. All details about peptides
and protein IDs in each sample included in the analysis
are shown in Table S1.

Taxonomic analysis returned the association of numer-
ous identified peptide sequences with a bacterial taxon
(n=256,991), with 122,597 at the genus level and 60,877
at the species level, which falls within the expected range
for such studies. This depth of peptide characterization
allowed us to explore the associations of metabolic func-
tions with bacteria at more specific taxonomic levels. To
the best of our knowledge, the final cohort (including
data from three time points) represents the largest cohort
of CD patients studied in a diet intervention to date.

CD patients have a higher proportion of immune
response-related human proteins in stool samples

than HHCs

The number of human proteins detected in this dataset
was limited because the fecal-sample preparation pro-
tocol focused on the retrieval of microbial proteins. The
percentage of human proteins (i.e., the number of human
proteins/the number of human and bacterial proteins)
was 5.2%, 5.2%, 5.6%, and 3.3% in Grl, Gr2, Gr3, and
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Fig. 3 Mean daily macronutrient intake. A Fiber intake, B fat intake,
and C protein intake of participants in each group at the three time
points (baseline, after consuming the catered food for 8 weeks,

and at the end of the study period). Catered food was provided
before week 8 data collection. Lighter colors reflect increased intake;
darker colors reflect decreased intake

HHCs, respectively. This percentage was significantly
higher in CD patients than in HHCs (permutational
test; p<0.001). Moreover, a higher percentage of human
proteins was observed in samples that produced a bac-
terial PG count lower than 3000 (Table 2). The overall
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percentage of human peptides (number out of all pro-
teins) was low (~2%), but the quantitative abundance of
these human peptides was high, accounting for 11% of
the overall intensity of all peptides in HHC samples and
25% of peptides in CD patient samples (Fig. S2).

Quantitative analysis of human proteins was per-
formed to identify human proteins upregulated in CD
patients compared to HHCs. The results showed upregu-
lated proteins associated with immune response, defense
mechanisms against bacteria, and response to inflam-
mation in CD patients (Fig. S3). Across groups or dis-
ease location, analyses designed to reveal the influence
of the dietary intervention yielded very few differentially
expressed proteins at each time point. In other words, it
was not possible to identify any diet-induced effects on
human proteins. The differentially expressed human pro-
teins identified in each of the performed comparisons are
shown in Additional file 2. These data suggest patients
with CD exhibit greater shedding of mucosal cells (i.e.,
epithelial cells, inflammatory cells) than healthy people.
Our finding further suggests that the more inflammation
(and thus mucosal cell shedding) there is, the lower the
bacterial protein diversity.

Disease location influences beta-diversity between CD
patients and healthy household controls

In our preliminary evaluation of the LC-MS/MS data,
we counted the taxon-specific peptides identified and
plotted the relative abundance of their summed intensity
at baseline (data are shown in Table S2). Before the diet
intervention, we did not observe specific features with
substantial differences between the CD patient groups.
Grouping CD patients by disease phenotype (Mon-
treal classification) did not reveal shared characteristics
between individuals of the same group (Fig. S4). Most
patients were in clinical remission; therefore, we did not
stratify by active disease versus remission during our
analyses.

In contrast, stratifying CD patients by disease location
revealed significant differences between ileal only disease
(L1) and ileocolonic (L2) or colonic disease (L3) (Fig. 4).
Specifically, the relative abundance of taxon-specific pep-
tides associated with Bacteroidetes (t test; p=0.03), Pro-
teobacteria (p=0.028), and Akkermansia (p=0.021) was
higher in patients with ileal Crohn’s disease (ICD) (L1),
while those associated with Faecalibacterium (p=0.018)
were higher in patients with colonic involvement (L2/L3).

A Kruskal-Wallis test did not reveal any significant dif-
ferences in mean age among the groups (p=0.284). No
significant Bray—Curtis B-diversity was observed when
grouping subjects by sex at any time point (baseline:
p=0.225, week 8: p=0.528; week 36: p=0.314; Fig. 5A).
Significant p-diversity was observed between HHCs
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Table 2 Identified bacterial protein groups (PGs) and human proteins

Group Bacterial PGs (mean+SD) Human proteins % of human proteins,>3000 % of human
(mean+SD) PGsID proteins, <3000
PGs ID
1 42125+£12206 229.7+432 4.6% 8.5%
2 42249+929.7 233.1+£536 5.1% 7.8%
3 44304+891.9 12.0+40.1 4.5% 7.9%
HHC 5068.7 £828.9 1753+40.2 3.3% 9.3%°
Total 4,573.9+993.4 206.5+49.5 4.1% 8.2%
The percentages of human proteins are reported for samples with > 3000 identified PGs and < 3000 identified PGs
2 Only one sample in the HHC group had less than 3,000 identified PGs
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Fig. 4 Summed intensity of taxon-specific peptides identified in Crohn's disease (CD) samples at baseline. Bars are grouped according
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:ileal CD, L2: ileocolonic CD, L3: colonic CD. To simplify the figure, if the algorithm assigned the LCA at the species level,

the corresponding genus is displayed. Colors indicate the LCA assigned to the peptide sequence

and CD patients at all time points, both when pool-
ing data from all CD patients (baseline: p=0.005, week
8: p=0.006; week 36: p=0.001; Fig. 5B) and when com-
pared to each CD patient group (baseline: p =0.007, week
8: p=0.024; week 36: p=0.002; Fig. 5C). In CD patients
who received the catered diet (Gr2 and Gr3), there
was no significant p-diversity (baseline: p=0.29, week
8: p=0.121; week 36: p=0.414; Fig. 5D). In contrast,
among these same CD patients, grouping by location

revealed significant B-diversity between L1 and L2/L3
at baseline (p=0.005) and at week 8 (»p=0.003) (Fig. 5E).
There was no significant [-diversity between disease
location groups by week 36 (p=0.613). This absence of
B-diversity at week 36 is not surprising given that the
diet intervention ceased after week 8, with a subsequent
loss of dietary adherence. Significant -diversity was also
observed at all time points (baseline: p=0.003, week 8:
p=0.004, and week 36: p=0.008) in comparisons of CD
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Fig. 5 Principal coordinate plots displaying data from stool samples collected at each time point. The PERMANOVA was performed on a Bray—Curtis
dissimilarity matrix calculated on the LFQ intensity for each protein group (significance: p < 0.05). A CD patients categorized by sex. B All CD patients
compared with all HHCs. C All participants, categorized by group. D CD patients who received the catered diet, categorized by the presence (Gr2)
or absence (Gr3) of dyadic psychosocial support. E CD patients who received the catered diet, categorized by disease location (L1 =ileal only; L2/

L3 =colonic involvement)

patients consuming the catered diet (Gr2 and Gr3) with
HHCs (Fig. S5). Overall, these findings demonstrate that
at a high level, CD patients and healthy controls have
metaproteomes that differ from each other even when
fed the same catered food (i.e., at week 8). The greatest
B-diversity was found between disease location groups
and was driven by ileal only disease.

A high-fiber diet promotes GM functional changes

in carbohydrate metabolism

To date, no diet studies in CD patients have increased
fiber and decreased fat intake at the same time; thus, we
lack data on the impact of a high-fiber, low-fat diet on
the metaproteome. Given that patients with CD have
an altered microbiome, we first asked which metabolic
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pathways exhibit the greatest change in response to the
Mi-IBD diet in these patients. Of note, in addition to
being high in fiber and low in fat, the Mi-IBD diet had
higher protein than most participants’ baseline diets. We
compared baseline data with week 8 data within each
group. In the LFQ analysis, the PG list was first refined
by removing PGs with valid values in <50% of the whole
dataset; the remaining 1,922 PGs were quantified.

In Grl, there were very few PGs with significant
changes in abundance when comparing baseline and
week 8 data (Fig. 6A). This is probably due to the fact that
these patients received diet counseling only and made no
substantive changes in their diet (Fig. 3). This group also
had a smaller sample size available for analysis (n=09).

Although both Gr2 and Gr3 received the same catered
diet, comparisons of baseline and week 8 data revealed
different changes in PG abundance over time (Fig. 6A).
At a broad functional level, PGs are associated with
clusters of orthologous groups (COG) categories. Gr2
showed both increased and decreased abundance of PGs
associated with carbohydrate metabolism (COG cat-
egory G), amino acid transport and metabolism (COG
category E), and nucleotide transport and metabolism
(COG category F). In terms of carbohydrate metabolism
(COG category G), taxonomic analysis showed that the
increased PGs were mainly assigned to Eubacteriales (at
the order level) and Subdoligranulum (at the genus level),
while the decreased PGs were principally associated with
Bifidobacterium sp. In terms of metabolic pathways from
the Kyoto Encyclopedia of Genes and Genomes (KEGG),
PGs associated with purine and pyrimidine metabolism
belonged to either COG category F (nucleotide metab-
olism) or COG category K (transcription). PGs with
decreased abundance were assigned to Collinsella aerofa-
ciens and Faecalibacterium prausnitzii.

In contrast to Gr2, Gr3 showed a marked increase of
bacterial functions from baseline to week 8, with very
few significantly decreased PGs. The most represented
COG categories were carbohydrate metabolism (COG
category G), with approximately 40 PGs that exhibited
increased abundance by week 8, followed by amino acid
transport and metabolism (COG category E), transla-
tion (COG category J), cell wall and membrane biogen-
esis (COG category M), and inorganic ion metabolism
(COG category P). The main KEGG metabolic function
that was increased was ABC transporters (associated
with COG categories G and E), with PGs were associated
with Eubacteriales (at the order level) and with Blautia
(at the genus level) and other Lachnospiraceae species.
We also observed increases in the abundance of some
outer membrane proteins and proteins associated with
cell wall/membrane/envelope biogenesis (COG category
M) and inorganic ion transport and metabolism (COG
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category P) at week 8; these increases were ascribed to
increased activity of Bacteroides and Phocaeicola species
(Fig. 6A).

The HHC group showed an increased abundance of
PGs associated with Eubacteriales and F. prausnitzii at
the end of the diet intervention; the functional changes
were diffuse but especially involved ABC transporters
and other pathways linked to carbohydrate metabolism
(Fig. 6A). In terms of amino acid metabolism (COG cat-
egory E), the PGs with increased abundance were associ-
ated with diverse Eubacteriales species, while those with
decreased abundance were mainly associated with C.
aerofaciens. A decreased abundance of PGs assigned to
C. aerofaciens and associated with translation and ribo-
somal activity (COG category E) was also observed.

These data demonstrate that diet impacts meta-
bolic pathways in CD patients and HHCs, although the
taxa associated with these metabolic pathways differed
between CD patients and healthy individuals. We further
show that whereas the HHCs exhibit a broad increase
in activity of carbohydrate and amino acid metabo-
lism pathways, the response to the diet was more varied
between CD groups receiving catered meals.

Identifying differences in the GM function of CD patients
compared to healthy controls

Next, we utilized our control group of healthy individu-
als (HHC:s) to identify differences in the gut microbiome
(GM) function of CD patients, both at baseline and after
consuming the catered diet. First, given the design of the
study, we conducted comparisons by group. We observed
substantial variability when comparing Grl and the HHC
group at all three time points, preventing a clear inter-
pretation of these changes in function (Fig. S6A). This
variability is likely attributable to the lack of a controlled,
catered diet in Grl patients. Therefore, we focused on
subjects who received the catered diet only (Gr2, Gr3,
and HHCs). As expected, the catered diet provided far
better experimental control. When comparing all CD
patients (Gr2+ Gr3) with HHCs, we observed similar
trends in the PGs with changes in abundance at the three
time points. The majority of PGs were increased in HHCs
regardless of the diet (Fig.S6B). For the complete list of
PGs with significant changes in abundance from all com-
parisons performed (within and between groups), see
Additional file 3.

Our results presented up to this point suggest that the
differences observed between Gr2 and Gr3 are poten-
tially due to the higher proportion of ICD patients in Gr3
(9 out of 19) than in Gr2 (3 out of 14). In other words,
we conclude that CD location had a larger impact on the
diet-induced GM changes than the presence of a house-
hold member who consumed the same diet and provided
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dyadic psychosocial support. Hereafter, we focus on dif-
ferences between groups according to disease location.

Specifically, we combined the CD patient groups and
compared PG abundance by disease location (L1 and L2/
L3 groups versus the HHC group) (Fig. 6B). In the L1
group, we observed a significantly lower abundance of
443 PGs at baseline and 539 PGs at week 8 (Additional
file 3) compared to the abundance in HHCs. There were
far fewer PGs with significantly higher abundance in L1
CD patients (28 PGs at baseline and 42 PGs at week 8).
The functional trends and the involved taxa were very
similar between the two time points. Patients with ICD
exhibited a clear deficit in GM functions, especially car-
bohydrate metabolism (COG category G). More spe-
cifically, they exhibited a deficit in glycolysis, starch, and
sucrose metabolism as well as the pentose phosphate
pathway. The other clearly reduced functions were trans-
lation and ribosomal activity (COG category J), energy
production and conversion (COG category C), and amino
acid transport and metabolism (COG category E). Taxa
involved in such activities were mainly Eubacteriales (at
the order level), Lachnospiraceae (at the family level),
and Subdoligranulum, Ruminococcus, and Clostridium
species as well as F. prausnitzii (at the genus and species
level). In other words, we observed clear and consistent
differences between L1 patients and HHCs over time;
in particular, L1 patients exhibited reduced activity of F.
prausnitzii and other Eubacteriales species. Although
we conducted similar analyses of the week 36 data, these
results were less clear given the marked decline of dietary
adherence after week 8 (by week 36, CD patients and
HHC had mostly returned to their baseline fat or fiber
intake (Fig. 3).

In contrast, comparisons of the HHC group with the
L2/L3 group revealed that CD patients with colonic
involvement exhibited fewer differences from healthy
individuals than CD patients with ileal involvement (i.e.,
fewer PGs with decreased abundance at both time points;
see Additional file 3). At baseline, the PGs with decreased
abundance in the L2/L3 group were mainly ascribed to
a decrease in the activity of Bacteroidales (Bacteroides,
Phocaeicola, and Prevotella at the genus level) and
Eubacteriales (mainly Subdoligranulum, Ruminococcus,
and Faecalibacterium at the genus level). At week 8, we
observed fewer decreased PGs associated with Bacteroi-
dales in the L2/L3 group (Fig. 6B). Interestingly, there
were more decreased PGs related to pyruvate metabolism
and glycolysis and associated with F. prausnitzii at week 8
than at baseline in the L2/L3 group. This is probably due
to greater increases in F. prausnitzii activity in HHCs,
rather than decreased activity of F. prausnitzii in CD
patients because it is unlikely that the diet led to reduced
F. prausnitzii activity. Instead, it is possible that the GM
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of CD patients is less likely to change with diet due to the
altered gut environment (inflammation, oxidative stress,
pH changes, etc.). Overall, although the catered diet was
high in fiber and low in fat, the CD patient groups con-
tinued to exhibit a very different metaproteomic profile
from that of HHCs.

Stratification of CD patients by disease location reveals
specific effects of diet on bacterial functions

We further investigated differences between patients
with ICD and those with colonic involvement. Because
these analyses focused on CD patients only, we slightly
changed the filtering criteria to remove PGs not identified
in at least 50% of the samples within Gr2 or Gr3 and per-
formed imputation by location. This increased the num-
ber of quantified PGs to 2460 and increased the number
of significant differential PGs detected. L1 patients and
L2/L3 patients had very similar patterns both at baseline
and at week 8 (Fig. 6C, left); in other words, there were
no differences in the impact of the diet on the two disease
location subgroups according to visual inspection. This
lack of difference is likely because the impact of disease
location overwhelmed the effect of diet. Additionally, L1
patients showed marked decreases in Eubacteriales and
F. prausnitzii activity compared to L2/L3 patients at both
time points (Fig. 6C left). This lower F. prausnitzii activ-
ity impacted a wide variety of metabolic functions and
pathways, especially carbohydrate metabolism.

We next conducted within-group comparisons of base-
line and week 8 data. We observed fewer changes in bac-
terial function in L1 patients than in L2/L3 patients, and
the affected taxa were mostly undefined Eubacteriales
species. However, there were clear differences between
L1 and L2/L3 patients at more specific taxonomic levels.
Specifically, we observed increased abundance of PGs
associated with Blautia and B. obeum in L1 patients only,
and we observed decreased abundance of PGs associated
with Collinsella, C. aerofaciens, and Bifidobacterium in
L2/L3 patients only (Fig. 6C, right). The PGs with signifi-
cant changes in abundance from all the comparisons per-
formed on L1 and L2/L3 are shown in Additional file 4.

We observed that PGs mainly increased in abundance
after the dietary intervention (at week 8) in the L2/
L3 group and, to a lesser extent, in the L1 group. Many
of these PGs with increased abundance represented
enzymes directly involved in SCFA metabolism (Fig. 7).
Pyruvate ferredoxin reductase (COG0674), pyruvate-for-
mate lyase (COG1882), and acetyl-CoA acetyltransferase
(COGO0183) are involved in the pathway from pyruvate to
acetyl-CoA and acetoacetyl-CoA; this pathway is shared
by pyruvate, butanoate (also known as butyrate), and
propanoate metabolism. In terms of butanoate metabo-
lism, the other enzymes involved in the pathway from
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acetoacetyl-CoA to butanoyl-CoA were 3-hydroxyacyl-
CoA dehydrogenase (COG1250), alcohol dehydrogenase
(CO@G1454), and the acyl-CoA dehydrogenase related to
the alkylation response protein AidB (COG1960). Inter-
estingly, we observed that some PGs did not significantly
increase in abundance in the L1 or L2/L3 groups after the
dietary intervention (from baseline to week 8) but were
nonetheless more abundant in the L2/L3 group com-
pared with the L1 group at week 8.

Other specific PGs involved in carbohydrate metabo-
lism and ion transport and metabolism showed sig-
nificant changes from baseline to week 8 across groups;
some changes in PGs associated with the same COG (but
different taxa) exhibited opposite trajectories in one or
more groups (Fig. 8). Among the COGs from category
G (carbohydrate metabolism), PGs associated with F.
prausnitzii displayed significantly increased abundance

at week 8 in HHCs but not in CD patients. PGs associ-
ated with Subdoligranulum were significantly increased
at week 8 in L2/L3 patients. Finally, PGs associated with
Blautia were significantly increased at week 8 in L1
patients. There were also changes in PGs associated with
inorganic ion transport (COG category P); many PGs
associated with iron transport and chelation and sidero-
phore uptake (COG1629 and COG4771) were signifi-
cantly increased in CD patients only. Notably, iron intake
did not differ between the baseline and catered diets.
These PGs with increased abundance were all assigned
to Bacteroidales (specifically to Bacteroides fragilis and
Prevotella copri).

Overall, these data demonstrate that important meta-
bolic functions, including SCFA pathways, change with
diet. More marked improvements were observed in
L2/L3 patients than in L1 patients. Furthermore, the
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Fig. 8 Diet-induced changes in some protein groups from selected COGs. B baseline, W8 week 8

taxa that underpin these functions vary by CD disease
location.

Differential analysis at the functional level reveals
differences in carbohydrate metabolism and SCFA
pathways between HHCs, L1 patients, and L2/L3 patients
In addition to the diet-induced effects on PGs associ-
ated with specific enzymes and taxa, our results also
reveal differences between CD patients and HHCs as
well as between L1 and L2/L3 patients. Many PGs with
differences in abundance from these comparisons were
associated with broad functional categories such as

carbohydrate metabolism, energy production, transla-
tion, and ribosomal activity. At a more specific functional
level, many PGs belonging to the same COG exhibited
substantially different patterns—sometimes even show-
ing opposite patterns (e.g., increases of one PG and
decreases in another PG, both associated with the same
COGQ). Thus, we also performed an analysis at the func-
tional level, accounting for the abundance of PGs asso-
ciated with each COG by averaging the intensities of all
PGs associated with the same COG.

In terms of SCFA metabolism, our protein-level analy-
sis revealed more PGs with increased abundance in L2/
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Fig. 9 Bar plots of changes in the abundance of protein groups associated with SCFA metabolism pathways in L1 patients and L2/L3 patients
from baseline to week 8 (after consuming the catered diet). B baseline, W8 week 8

L3 patients compared to L1 patients, at both baseline
and week 8, than our original analysis (Additional file 4).
At the functional level, we found that most increases in
function in L2/L3 patients were significant after the diet
(at week 8) but were also present at baseline when com-
pared to L1 patients (Fig. 9).

Because the catered diet substantially increased fruit
and vegetable intake, we also focused on carbohydrate
metabolism (COG category G). Many PGs that were sig-
nificantly increased in HHCs (compared to CD patients)
or in L2/L3 patients (compared to L1 patients) at base-
line and week 8 were associated with COGs involved in
glycolysis, starch, and sucrose metabolism as well as the
pentose phosphate pathway. We found that COG levels
were mainly higher in HHCs than in CD patients and in
L2/L3 patients than in L1 patients at both time points
(Additional file 5). Although increases in COG levels
from baseline to week 8 were observed in many partici-
pants, mostly in the HHC and L2/L3 groups, few of these
increases were significant.

In contrast, when comparing HHCs and L2/L3 patients
with L1 patients, we observed more significant COGs
at week 8 than at baseline. Notably, only two COGs dis-
played significant differences between HHCs and L2/L3
patients at baseline, and no COGs significantly differed
between these groups at week 8 (Additional file 5). These
data further support our findings that patients with spe-
cific disease phenotypes, such as ICD (L1), may not expe-
rience the same benefits from the Mi-IBD diet as those
with colonic involvement.

Overall, at the functional level, diet-induced effects
were characterized by heterogenous changes in PGs asso-
ciated with the same enzyme, due to diverse responses by
different taxa. These results further underscore that the
effects of disease location overshadowed the effects of

diet. These findings further highlight the importance of
disease location to interpret the impact of diet in shaping
gut microbiome function and examining specific relevant
enzyme pathways.

Discussion

Although many studies have investigated the GM in
patients with CD, these studies have not led to action-
able strategies to change the course of the disease [47,
48]. Patients consistently seek diet-based approaches for
CD control, but the data supporting clinical benefits and
associated GM changes with diet interventions are lim-
ited [12, 13, 49-51]. In the current study, we took advan-
tage of carefully annotated samples from a well-designed,
catered diet intervention to conduct one of the best-
controlled metaproteomic studies in CD patients. To our
knowledge, this is the first study to provide both high
fiber foods and a diet low in inflammatory fats to CD
patients and assess the impact on their metaproteome. In
general, patients with CD tend to avoid high-fiber foods
because of fear of intestinal obstruction due to strictures
or because they have received this advice from their phy-
sicians. We also included a powerful household control
group to pinpoint metaproteomic differences in healthy
individuals versus patients with a heterogenous disease
(such as CD) and, moreover, to examine the impact of
a therapeutic diet on the metaproteome in health ver-
sus CD. We identified many baseline metaproteomic
characteristics of CD patients that differed from those
of HHCs. The CD patient metaproteome exhibits defi-
ciencies in amino acid transport and metabolism, car-
bohydrate transport and metabolism, and translation,
ribosomal structure and biogenesis compared to the
healthy metaproteome.
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To date, few metaproteomic studies have examined the
impact of fiber consumption even in healthy subjects.
One study compared the effects of diets enriched in fiber
or fermented foods. Similar to our own findings, they
reported that fiber intake increased pyruvate ferredoxin
reductase abundance. We found that a high-fiber, low-fat
diet successfully increased carbohydrate transport and
metabolism, specifically glycolysis and ABC transport-
ers, translation and ribosomal activity and amino acid
transport and metabolism, and in CD patients. Although
nitrogen limitation has been shown to increase uptake
of amino acids, the catered diet increased protein intake
thus, we do not attribute these changes to nutrient limi-
tation [52]. Despite these changes, the metaproteome of
CD patients remained far from that of the HHCs, and the
patients did not experience the same increases in these
pathways as the HHCs when fed the same diet. We fur-
ther identified a clear difference in the metaproteome at
baseline and after the diet intervention between patients
with ICD (L1) versus those with colonic involvement (L2/
L3). The patients with ICD were more deficient in car-
bohydrate metabolism pathways than those with colonic
involvement or HHCs, largely due to reduced Faecali-
bacterium and Eubacteriales activity. Our data suggest
that the deficiencies in the GM, as represented by the
metaproteome, are not ameliorated by a diet rich in foods
designed to provide substrates for SCFA producers such
as Faecalibacterium and Roseburia and that this is espe-
cially true for ICD.

Previous studies have identified a decrease in F. praus-
nitzii in patients with ileal disease and have suggested
that F. prausnitzii has salutatory effects in CD [53-55].
Notably, the activity of F. prausnitzii seemed to increase
with increased fiber intake in HHCs but not in CD
patients. F. prausnitzii is highly relevant in CD given its
anti-inflammatory effects [27, 31, 53]. Inflammation in
CD increases the oxygen concentration in the intesti-
nal tract, favoring the growth of specific bacteria and
inducing an imbalance in reactive oxygen species [56].
F. prausnitzii is particularly sensitive to oxidative stress.
Thus, although the high-fiber diet supplied nutrients
with anti-inflammatory effects, this species still dem-
onstrated reduced functionality and lower growth in
CD patients than in HHCs. Within CD patients, those
with ICD exhibited the largest GM functional differ-
ences from HHCs in this study, largely due to decreased
F. prausnitzii abundance. Consistent with our findings,
previous metaproteomic studies have demonstrated
that levels of F. prausnitzii are significantly reduced in
IBD patients and can differentiate between ileal disease
and colonic involvement, aligning with our current find-
ings [23]. A specific CD signature was described in a
multi-omic investigation that exploited the insights from
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metaproteomics; metagenomics alone was not able to
distinguish among CD subtypes [16].

While F. prausnitzii abundance is negatively related
to the presence of bile acids, Blautia abundance is posi-
tively related with the presence of bile acids and involved
in bile acid metabolism [31, 57]. Our results of increased
Blautia activity in ICD patients are consistent with the
hypothesized relationships of Blautia and F. prausnitzii
abundance with bile acid metabolism in the ileum. Fiber
consumption may also influence bile acid metabolism,
with increased fiber intake linked to increased bile acid
deconjugation [58]. In CD patients with colonic involve-
ment, the Mi-IBD diet had further beneficial effects for
the composition of the gut microbiota: consumption of
this diet downregulated protein expression associated
with C. aerofaciens, which increases gut permeability [59,
60]. Given that the Mi-IBD diet did not yield the same
benefits in patients with ICD as in those with colonic
involvement, our data suggest that these patients may
need a diet tailored to their specific disease phenotype.

Moreover, some changes in microbial activity were
dependent on disease location; carbohydrate metabolism
associated with Blautia function was increased in ICD
(L1), whereas many metabolic pathways associated with
Prevotella function were increased in L2/L3 CD patients.
Changes in Prevotella activity in response to increased
fiber in the diet have been seen in healthy subjects and
CD patients [13, 61]. Interestingly, we observed that in
some cases there were greater changes in microbial activ-
ity (e.g., Bacteroidetes/Bacteroides) in CD patients than
in HHCs. The abundance of the phylum Bacteroidetes is
typically increased in CD and decreased in UC [62, 63].

In CD patients with colonic involvement, the Mi-IBD
diet had further beneficial effects for the composition of
the gut microbiota: consumption of this diet decreased
abundance of proteins associated with C. aerofaciens,
which increases gut permeability [59, 60]. Given that the
Mi-IBD diet did not yield the same metaproteomic bene-
fits in patients with ICD as in those with colonic involve-
ment, our data suggest that these patients may need a
diet tailored to their specific disease phenotype.

During the diet intervention, CD patients exhibited
increased abundance of proteins associated with inor-
ganic ion transport and metabolism (COG category P),
specifically iron transport, compared with HHCs. The
Mi-1BD diet did not differ in iron content from the par-
ticipants’ baseline diet; thus, the increase in iron trans-
port COGs is likely due to diet-induced stimulation of
bacterial activity rather than increased iron absorp-
tion. Notably, some of the increased COGs (COG1629
and COG4771) are associated with TonB-dependent
iron uptake; TonB is a bacterial virulence factor [64].
Increases in these COGs at week 8 may be a secondary
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effect of the diet; in other words, increased fiber intake
promotes SCFA production, leading to a lower mucosal
layer pH, which in turn facilitates iron uptake by bacteria.
We did not observe any worsening of inflammation due
to diet in the present study.

The metaproteomic data presented herein are novel
in several ways. First, few metaproteomic studies have
included detailed diet information or provided catered
meals, which provides excellent control over actual food
intake. Indeed, our diet adherence rate was over 95% in
the catered portion of the study ([33]; Fig. 3). Second, we
had two powerful control groups: Grl and the HHCs. Grl
contained CD patients who did not receive catered food
and did not exhibit appreciable changes in their diet over
time, allowing us to examine longitudinal variability in the
CD patient metaproteome. Although metaproteomic data
have been gathered at multiple time points, these previous
studies lacked diet information [29, 65]. The other control
group (the HHCs) also received the catered meals, ena-
bling us to compare the metaproteome of CD patients with
that of HHCs and to detect differences in the impact of the
catered diet between healthy people and CD patients. To
our knowledge, this is the best-controlled metaproteomic
analysis of the largest cohort of CD patients studied in a
diet intervention to date.

Our study has three main limitations. First, the sam-
ple size was limited. We acknowledge that the number
of included participants is low; however, this study has
one of the largest sample sizes to date among other clini-
cal studies involving metaproteomics. Indeed, metapro-
teomic research is limited by the computational burden
needed to perform the analyses, which renders the inclu-
sion of thousands of samples infeasible. Additionally,
CD is a multifactorial disease. The high heterogeneity
observed among CD patients, although expected, lim-
ited the statistical power of our analyses. Together, these
two factors made it difficult to retain significant results
after adjusting for multiple comparisons with the FDR.
Second, our study enrolled CD patients who were either
mildly active or in clinical remission. A high-fiber diet
has not previously been purposely given to CD patients,
and we did not want patients to undergo changes in their
medications during the catering period that could con-
found the influence of diet; thus, we selected patients
with mild symptoms. However, we acknowledge that our
patients do not fully represent diet-induced effects on the
metaproteome in the context of more severe inflamma-
tion. Given that we recently established that the diet is
well-tolerated and leads to changes in GM function, we
plan to conduct further studies in CD patients with active
inflammation and more severe symptoms. Third, the IGC
is the typical DB employed in metaproteomic analyses
of the GM, given the absence of a metagenomic-derived
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DB from whole genome sequencing. However, this DB
may not adequately represent the microbiome under
investigation and may lack detailed activity of specific
taxa. Additionally, although the two-step search strategy
reduces the search space in the DB, it produces a SSDB
based on an iterative search of the same dataset, intro-
ducing further bias to the statistics underlying the data-
base search.

Conclusions

Our study enriches knowledge regarding the use of diet
as a strategy to improve microbiome function, even in
the face of dysbiosis. In the present study, we identify
several baseline metaproteomic characteristics of CD
patients that differ from those of HHCs. We show that
a diet intervention induced changes in the GM of CD
patients. In particular, a diet high in fiber and low in fat
can increase the abundance of proteins associated with
carbohydrate metabolism, SCFA production, and inor-
ganic ion transport and metabolism, which serves as
proof of principle that the function of the GM is respon-
sive to an 8-week diet intervention. The taxa underpin-
ning these functions differ according to health status (CD
patients vs. HHCs) and CD location. Future diet studies
should stratify by CD location to elucidate the specific
impacts in each subgroup.
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