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ABSTRACT

Gastrostomy fed children traditionally have a Formulae diet (FD), which fulfills nutritional require-
ments; however, many families are adopting Blended diets (BD), which are what the whole family
would eat. We undertook an observational investigation of the colonic microbiota and metabonome
in a small group of gastrostomy fed children, who were either on an FD or BD, and compared, where
possible to their siblings (17 FD, 28 BD, 19 HS). There was no increase in complications in tube
blockage or infection rates, but a significant improvement in the prevalence of bowel problems,
a reduction in medication and an increase in quality of life. Metataxonomic analysis showed that the
FD group was significantly different to the Sibling group, and that families did not cluster together.
Whole sample metabonomics showed no differences between groups; however, univariate analysis
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of biologically important metabolites did differ. Changing to a BD resulted in no increase in
complications or risks, but improved the overall quality of life for the children and families.

Introduction

The gut microbiota plays a key role in determining
the features of the gut microbiome, and one aspect
which defines the gut microbiota is diet."™ Over
the last two decades, we have steadily developed
a better understanding of the roles that the gut
microbiota plays in the gut and extra-intestinally
in the host.>® Furthermore, we can map the rela-
tionship between the host and its microbiota in
more detail in rodents raised in a sterile environ-
ment, and we see how wide the impact of many
subsystems within the host is felt. Therefore, volun-
tary or involuntary changes to our dietary intake
not only affect the host but it impacts the gut
microbiota which can disturb its regular functions.
Thus, impacts of dietary interventions now need to
be measured in a much more holistic fashion and
not simply from the point of view of the host’s
metabolism and physiology.

For one group of individuals, namely gastro-
stomy fed children, diets are usually nutritionally
very well controlled. These children are unable to
swallow safely, or take sufficient diet orally, due to,

in the main part, an underlying condition such as
a neurological impairment. They are fed directly
into their stomach via a surgically placed tube.
The gastrostomy tube has a narrow internal dia-
meter; therefore, the food being administered needs
to be given as a liquid. Specialized ‘formulae feeds’,
or diets, have been developed by commercial com-
panies to give the exact nutritional requirements
for a gastrostomy fed child. As well as being nutri-
tionally complete, the formula diets are convenient,
portable and can be administered to a regular feed-
ing regimen. Historically they have been endorsed
and prescribed by clinicians as they can calculate
the exact amount of micronutrients and calories
required by each individual child.

However, it has been reported by several families
that this method and approach to feeding can sepa-
rate the child from the rest of the family during
mealtimes.” Some clinicians and patients are now
questioning the impact of formula diets on, not
only the health and mental well-being of the
patients and their families, but also on the digestive
system of the patients too.® An alternative approach

CONTACT Julian R. Marchesi @j.marchesi@imperiaI.ac.uk @ Division of Digestive Diseases, Department of Metabolism, Digestion and Reproduction, St

Mary’s Hospital, Imperial College London, South Wharf Road, London W2 1NY UK

@ Supplemental data for this article can be accessed online at https://doi.org/10.1080/19490976.2022.2138661

© 2022 The Author(s). Published with license by Taylor & Francis Group, LLC.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which
permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.


http://orcid.org/0000-0002-7994-5239
https://doi.org/10.1080/19490976.2022.2138661
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/19490976.2022.2138661&domain=pdf&date_stamp=2022-10-25

€2138661-2 J. R. MARCHESI ET AL.

which uses blended “home foods” has started to
gain attention in families with gastrostomy fed
children; however, only one study has been under-
taken to assess to what extent the switch to
a blended diet affects the child’s gut microbiota.”
This study reported changes in Proteobacteria and
Firmicutes, but did not undertake an in-depth ana-
lysis of the microbiota over time or its associated
metabonome. In comparison to the formula diets,
which have a controlled nutritional content, these
blended diets can vary in their nutritional content
and there is a concern that to achieve the correct
consistency to administer via gastrostomy, blended
diets need to be diluted, which may reduce nutri-
tional quality, also there are concerns about the risk
of infection due to the way the feeds are prepared.'’

Hence, we undertook an observational study of
families with gastrostomy fed children in the South
Wales region between 2017 and 2019 and collected
stool samples from children on blended and for-
mula diets, and where possible, their siblings too.
Using these samples, we pursued a metataxonomic,
metabonomic, limited culturomics, QoL question-
naire and exo-proteome analysis to measure fea-
tures in the three cohorts.

Results
Study cohort and questionnaire results

Most gastrostomy-fed participants had feeding
issues from birth and the mean length of time that
participants were tube-fed was 7.5 years. Tube-
feeding was the sole source of nutrition for most
of the children in both FD and BD groups, with
only seven parents stating that their child con-
sumed some small amounts of food orally. All
participants initially received a formula diet, but
some moved to a blended diet after experiencing
gastrointestinal disturbances. The participants
receiving a blended diet did so for an average of
2.1 years at the time of sampling. The contents of
the blended diets varied between participants,
depending on what was being eaten at home, and
a variety of different formula diets were used by the
subjects of this study. The demographics for the
study group were analyzed, where the data were
available. No significant differences were seen
between age (95% CI -2.28 to 2.43, P = .9707)

and gender (P = .7530), with a median age of
6 years and 6.5 years for the BD and FD groups,
respectively, and a gender split of 15:13 M:F for the
BD group and 10:6 M:F for the FD group.

From the questionnaire, it was clear that the
blended diet was not statistically different to the
formulae fed in 3 of the 7 categories that we mea-
sured, namely gastrostomy tube blockage, tube
damage/leakage and infection rates (Figure 1).
Bowel disturbances were significantly reduced in
the blended diet (BD) compared to the formulae
diet (FD) (6.3% vs 70%, P = .009), respectively, as
was total vomiting/retching (BD 12.5% v FD 50%,
P < .001). Both general health and mood were also
reported to have significantly improved in the BD
vs FD groups. More details from the questionnaire
are shown in supplementary figures S1-S6.

Metataxonomic analysis of the three groups,
formulae fed children show the largest differences

Metataxonomic analysis showed significant differ-
ences between the community structure of the
Formulae fed vs the Sibling group (Figure 2a.
PERMANOVA analysis F Model 5.72, R* 0 P,
= 0.006), but not between the bacterial commu-
nities of the Blended vs Formulae, or Blended vs
Sibling groups. The PCA of the samples shows no
clustering according to the family from which they
originated (Figure 2b), for example in family
B (denoted by [l), the two healthy siblings were
much closer to each other, than they were to the
sibling being given a Formulae diet. For the NMDS
plots of the Weighted Unifrac distance
(Supplemental Figure S7) the Formulae group
appears to be more diverse than the Blended or
Sibling groups, the ratio of the areas of the 95%
CI ellipses was approximately 1:0.43:0.26 for the
Formulae:Blended:Sibling groups in Supp Fig S7.
This difference shows that the stool samples in the
Blended and Sibling groups were more like each
other, in their respective group, and showed less
diversity, as measured using a B-diversity index,
than the Formulae group. qPCR of the 16S rRNA
gene load for each group (Supplemental Fig S8) led
us to conclude that between the Blended and
Sibling groups the overall abundance was signifi-
cantly lower in the former (-377881, 95% CI
-696867 to —58895; P = .023). There was no
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Figure 1. Health outcome measures taken from the questionnaire (see supplementary documents for the semi-structured interview
schedule) data analyzed using GraphPad Prism and analyzed using Fisher’s exact test. Each figure represents the responses to the
following questions (a) “Have you experienced any difference with tube blockage — Yes/No ?”; (b) “Have you experienced any
difference with damage to the gastrostomy/leakage Yes/No?”; (c) “Any episodes of being sick (vomiting) or wanting to be sick
(retching) — Yes/No?”; (d) “Difference with infections e.g., stomach, chest, skin — Yes/No?"; (e) “Have you noticed any — Mood/
behaviour — Yes/No?”; (f) “Do you think using a blended diet has made any difference to your child in the following areas: a) Stools/
bowel?” and (g) “Have you noticed any — General health - Yes/No?".

significant difference between the 16S rRNA gene
counts in the Sibling and Formulae group or
Blended and Formulae, however there was a trend
of increasing 16S rRNA genes in the groups:
230 x 10° + 5.03x10° vs 6.06 x 10° + 1.07x10° vs
6.08 x 10° + 5.76x10° for the Blended vs Formulae
vs Sibling groups, respectively. While the qPCR
data trends toward higher bacterial load, the varia-
tion is too large to determine if this difference was
significant. The qPCR adjusted phylum bar plots
are shown in Figure S8 and reflect the overall simi-
lar abundance of the phyla between the three
groups. The alpha diversity for each group is
shown in Figure 3, and there was a clear reduction
of the alpha diversity in both diet groups when
compared to the Sibling group (Figures 3A and
3b), but not between the feeding regimes. When
comparing siblings from the same family
(Figures 3C and 3d) it was clear that there was no
consistent pattern, with some siblings on defined
diets having either higher or lower alpha diversity
than their healthy comparator.

When the communities were analyzed in more
detail, significant differences were observed for
a wide range of genera (Figure 4). There were more
genera found to be different in the analysis of the
Formulae vs Sibling groups (78 features after correct-
ing for multiple testing and 18 showing an effect size
>1%), compared to the comparison of the Blended vs
Sibling (64 features after correcting for multiple test-
ing, and 7 showing an effect size >1%) and Blended vs
Formulae (55 features after correcting for multiple
testing, and 6 showing an effect size >1%). The largest
changes were seen in ASV's from the Anaerostipes and
Bifidobacterium, with the former enriched, 14.1%,
and the latter depleted, 14.2%, in the Formulae fed
children, compared to the Sibling group. In the
Blended diet group, there were modest enrichments,
between 1% and 3%, of the Enterococcus,
Erysipelatoclostridium, — Lachnoclostridium  and
Klebsiella genera, while Dialister, an ASV called
Ruminococcus_2 and Subdoligranulum genera were
depleted compared to the Sibling group. Between
the Blended and Formulae groups, the main change
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Figure 2. PCA plot of 16S rRNA gene read data at the genus level. Panel (a) shows the individual samples color coded according to the
diet of the volunteer and status i.e. sibling while panel (b) adds familial information to the plot, to show how samples clustered when
they come from the same household. Original values are In(x + 1)-transformed. Unit variance scaling is applied to rows; SVD with
imputation is used to calculate principal components. Prediction ellipses are such that with probability 0.95, a new observation from
the same group will fall inside the ellipse. N = 65 data points for panel A and N = 34 data points for panel B. Duplicate sample from
child BD-8 (BD-8 and BD-8-2) have been highlighted to show the reproducible nature of the metaxonomic analysis.

was an enrichment of the Anaerostipes ASVs in the
Formulae group, 13.3%. In fact, this change was the
main feature of the formulae group that there was
a significant increase in the ASVs from the genus

Anaerostipes. Additionally, Tukey-Kramer post hoc
test results, comparing all three groups, identified
that the Formulae group had significantly more
Holdemania than both the Blended diet (P < .001)
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Figure 3. Alpha diversity of the 3 dietary groups. Panel A: Inverse Simpson’s diversity of the 3 dietary groups; Panel B: Shannon diversity
of the 3 dietary groups, statistical differences were tested using the Kruskal-Wallis test with Dunn’s multiple comparisons test. Panel C:
Ladder plot of the all the gastrostomy sibling (o) to their matched healthy sibling’s Inverse Simpson’s (0), Inverse Simpson scores of the
blended diet children (o) to their matched sibling (o) and Inverse Simpson scores of the formulae diet children (o) to their matched
sibling (); Panel D: Is the same as Panel C, but using the Shannon index instead of the inverse Simpson index.

and healthy Sibling groups (P < .01). Significantly There were 16 sibling pairs with matched samples,
more Lachnoclostridium was present in both the 10 Blended diet and 6 Formulae diet. Examining the
Formulae and Blended diet groups than in the  phylum-level taxonomic profiles of each sibling pair
Sibling group (P = .0015) showed some general trends (Fig. S10). Children on
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Figure 4. Extended error bar plots showing statistically significant differences between genera in a two-group analysis, between the
different groups, e.g. blended diet vs formula diet. All reported P value are adjusted for multiple testing using the Benjamini-Hochberg
FDR method, and an effect size filter of 1% was applied to leave only changes that were > 1% between groups. The genera differences

between groups was tested using White’s non-parametric t-test.

both Blended and Formula diets showed greater
enrichment of members of the Firmicutes than
their healthy sibling counterparts, 11/16. Blended
diet samples generally contained more
Gammaproteobacteria, Bacilli, Erysipelotrichia and

Coriobacteria than their siblings, while the siblings
contained more Bacteroidia. Formulae diet samples
generally contained more members of the class
Bacteroidia, Clostridia and Erysipelotrichia than
their sibling counterparts, while the siblings



contained more Actinobacteria. Analyzing the indi-
vidual sibling pairs further down the taxonomic
levels showed similar results in the overall dataset.
The sibling group possessed more Ruminococcus
ASVs than both their blended diet and formula
diet counterparts and more of the beneficial
Bifidobacterium than the formula diet group.
Children from the blended diet group contained
more of the beneficial bacteria Lactobacillus than
their siblings and the siblings contained more
Roseburia, Dialister, Anaerostipes, Prevotella and
Faecalibacterium

Inferred metabolic pathways using Piphillin

Three metabolic pathways showed statistically
significant differences between the Formulae
and Blended diet groups: BioCyc annotation
RXN-14277, RXN-14274 and RXN-17782 (Data
not shown). The differences in mean proportion
of the pathways between these two groups,
although statistically significant, were very
small, <0.007%. These three reaction pathways
were identified using the MetaCyc database and
were found to be involved in fatty acid
oxidation.'" All three of these fatty acid oxida-
tion pathways were significantly more prevalent
in samples from children fed with a Blended diet
than with a Formulae diet.

Analysis of functions in stool samples using
culture-based approaches and enzyme assays

Two functions were screened using a culture-based
approach which shows the phenotype of the grow-
ing colony on solid media. Numbers of CFU of
protease producing bacteria, where determined
using lactose-free skimmed milk agar (LE-SM)."
Eighteen random samples were selected, six from
each test group. For all samples tested, only the
lowest dilutions in the dilution series showed any
protease activity through their ability to produce
a clear zone on the LF-SM agar, and no clear
colonies exhibiting the phenotype were observed
at higher dilutions. Therefore, these highest dilu-
tions were spread as a lawn, and incubated anaero-
bically, on new plates with the aim being to identify
individual colonies exhibiting the phenotype of
interest. However, no single proteolytic colonies

GUT MICROBES (&) e2138661-7

were seen, and we were unable to identify and
isolate any colonies of interest.

B-glucuronidase producing bacteria were
assessed by an enzyme activity assay in 30 samples,
10 from each test group (Figs SI11A and S11B).
After adjusting the enzyme activity using the
qPCR data, we observed that there was no differ-
ence between any of the diets. However, while not
significant, the formulae feed group also had
a higher median value for adjusted -
glucuronidase activity in the stool sample.

Global metabonomic analysis of fecal samples does
not separate the dietary groups

The PCA analysis of the full NMR spectra for each
group (Figure 5a) shows that there was no clear
separation of the three groups, with the Blended
diet group showing a larger and more diverse meta-
bolic space compared to the Formulae fed and
Sibling groups. The 95% confidence ellipse showed
that for the BD diet the metabolic space in the first 2
dimension was much larger than that for the FD
and siblings. OPLS-DA was used to identify the
components that best differentiate the predefined
classes of samples in each of the blended, formula
and sibling groups. The OPLS-DA analysis con-
firmed that there were no discriminatory features
between the metabolic profiles of the samples for
comparisons between the three groups (data not
shown). This analysis indicated that the global
metabolic profiles between each of the Blended,
Formulae and Sibling groups was not statistically
different. There was a significant difference
between the three short chain fatty acids, acetate,
butyrate, and propionate (Figure 5b) in the blended
and formulae feeds when compared to the sibling
group, but not between the blended and formulae
feed groups.

Discussion

The gut microbiota has, over the last decade, gained
more importance as it has been shown time and
time again to be a significant factor in host
health.””""” Furthermore, the gut microbial com-
munity, mainly bacterial in mass, sits between the
host and its diet."**° It has adapted to use compo-
nents of the diet that are not available to the host,
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Figure 5. Global and specific metabolite plots for blended versus formulae feeds. (a): PCA plot of the global metabolic profiles of the
fecal water samples as measured by'H-NMR, (b): Difference of the concentrations of the 3 main short chain fatty acids as measured by
NMR. The median values were plotted, and statistical differences tested using the Kruskal-Wallis test with Dunn’s multiple comparisons
test.
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for example, resistant starches and can produce

a wide range of metabolites on which the host
relies, for example short chain fatty acids."
Therefore, diet is a key driver of the composition,
structure, and metabolic output of the gut micro-
biome, influencing gut barrier function,” epige-
netic status®* and inflammation.”” In gastrostomy
fed children the diet is commonly a prescribed for-
mulae feed, which, fulfills the nutritional require-
ment of the child. More recently blended diets have
started to become more common as an alternative
to the standardized commercial formulae feed.
A blended diet is simply a meal, prepared at home
and liquidized to a suitable consistency which
allows it to be administered via the gastrostomy
tube into the child’s stomach. However, there is
currently a feeling amongst professionals that the
blended diet is not safe and is substandard,” while
among parents of the gastrostomy fed child, report
that commercial feeds separate the child from the
family meal and focus only on the medical nature of
nutrition.*® There is also an ongoing debate, among
professionals, about the use and safety of blended
diets for gastrostomy fed children, leading to ambi-
guity, which can create tension between the clini-
cians responsible for the child, and the parents of
the child. Moreover, there are reports of parents
saying that their child is physically better when on
a BD. Hence, there is a clear need to understand
whether a blended diet shows a significant impact
on the gut microbiota and metabonome of gastro-
stomy fed children.

At the time of review of this work, there were no
studies which had combined metataxonomic with
metabonomics to investigate the microbiota and
metabolite profiles of gastrostomy fed children, on
blended or formulae feeds, with a comparison to
their siblings. In undertaking this study, we wanted
to determine the impact of the two dietary regimes
on the structure and composition of the colonic
microbiome and the metabolites therein.
Moreover, we also undertook a questionnaire to
assess a range of important lifestyle parameters in
both cohorts of children. The results from the ques-
tionnaire showed that in many instances the BD
was not inferior to the FD and was superior to the
FD in important parameters such as vomiting and
retching. This finding is in keeping with recent
review of the literature”*”*® also showing that
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blended diets are not inferior to a formulae diet
from a QoL perspective. Recent studies of blended
enteral diets”””** have also concluded that they
lead to improved clinical outcomes and symptom
scores.

The analysis of the microbiota in the stool sam-
ples showed that the BD was not creating bacterial
communities that were significantly different to the
siblings and that the FD gut communities were
significantly more different to the siblings. The
child’s status i.e., gastrostomy fed was most prob-
ably one of the strongest drivers of community
structure, which is shown in Figure 2b where the
samples do not cluster based on family, but rather
on diet. In two families who had two siblings, in can
be seen that the siblings stool community structures
were much more closely related than they were to
their sibling who was gastrostomy fed, e.g., Families
B and G. This observation again highlights the
impact of the feeding modality rather than the
diet. The bacterial diversity was lower in both FD
and BD diets, with a lower diversity seen in FD, but
this was not significant. There is no clear explana-
tion as to why they may have lower diversity, but it
may be due to higher load of prescribed antibiotics
that these children are taking with nearly 70% hav-
ing them in the last 6 months. In the study of
Gallagher and colleagues’ in which they intervened
with a BD diet in FD fed cohort, there was a clear
increase in the diversity of the stool microbiota over
time on a BD diet. Minimal taxonomic data was
provided, with a reduction of OTUs in the
Proteobacteria, and an increase in OTUs from the
Firmicutes being reported. There were also enrich-
ments of two OTUs related to Eubacterium doli-
chum and a Lachnospira sp. which did not match
ASVs there were different between Blended and
Formulae in our study. However, it might be too
difficult to reconcile the two cohorts due to
a different geographical location, i.e., Canada and
the interventional style of their study.

At a genus level, there were clear and significant
differences between the levels of bacteria. Most
notable was the much lower levels of bifidobacteria
in the FD group when compared to the sibling
group, and much higher levels of Anaerostipes.
The Anaerostipes were also much higher in the FD
compared to the BD and appear to be an enriched
feature of the FD group. Modest changes were seen



e2138661-10 (&) J. R. MARCHESI ET AL.

between the BD and sibling groups with enrich-
ment of enterococci and depletion of ruminococci
in the BD group. The depletion of the bifidobacteria
is a point of concern as this genus is a very well-
established probiotic, with documented roles in gut
barrier function,”" atopic diseases,”” IBS,*>* IBD*”
and several other non-communicable diseases.>
Moreover, it has been tested as an intervention in
a wide range of conditions, such as IBS, anxiety,
NEC, and IBD® and more recently in obesity”” and
upper respiratory infections.”® Hence, any changes
in the levels of this genus should be noted and
a possible intervention with a probiotic, in this
group, be considered for further investigation.
The other notable genus which changed was
Anaerostipes, this genus is a lactate and acetate
utilizer, and produces butyrate as a by-product of
cross-feeding,””™*' however, there was no increase
in butyrate in the FD group (vide supra). A more
modest change in the genus Eubacterium was also
seen in the FD group, again this a recognized pro-
ducer of butyrate.*> The most parsimonious expla-
nation for an increase in these genera would be the
reduction of bifidogenic components in the FD
group’s diet, for example short-chain galacto-
oligosaccharides and  long-chain  fructo-
oligosaccharides,*’ which provides an opportunity
for both Anaerostipes and Eubacterium to flourish.
From the questionnaire (data not shown) we did
note that in both groups, the majority of children
were not receiving any probiotics (BD 68.7% and
FD 75%), which again may be an area for interven-
tion in both groups. The FD may not contain these
prebiotic elements which would be found in
a blended diet that includes a more complex mix-
ture of fiber such as inulin.® However, both these
genera are also known to feed on the lactate and
acetate,* and bifidobacteria produce these acids,
but there was no significant reduction in the levels
of lactate and acetate in the FD compared to the BD
groups, which leads us to conclude that a loss of
bifidobacteria does not impact the production of
these acids. The enrichment of Anaerostipes and
Eubacterium may indicate that these genera are
competing with bifidobacteria for other resources
and may not be cross-feeding on the lactate or
acetate, e.g., glucose or fructose.**”*” The BD and
FD also impacted the alpha diversity and total
bacterial load in both these groups. Interesting,

while not significant, the median values of diversity
were higher in the BD compared to FD groups,
while the trend in the bacterial load was in the
opposite direction, with higher median value for
the bacterial load in the FD compared to BD.
These trends may reflect the nature and diversity
of the diets being used but may also reflect other
underlying issues with respect to disease and quan-
tities of food being consumed, features which were
not captured in this study.

Another aspect of the gut microbiota that we
measured was the metabolic landscape of the fecal
environment. Global profiles of the three different
groups were not statistically different and showed
that the BD and FD were not separating from each
other in metabolic space, and we concluded from
this analysis that the different diets were not trans-
lating into significantly different metabotypes. For
the limited analysis of specific metabolites, viz short
chain fatty acids, both the FD and BD showed
significant reductions in concentrations of these
important metabolites. These metabolites are
important to the host in a wide range of physiolo-
gical and immunological settings'> and any changes
in the levels of these metabolites need to be con-
sidered for remedial intervention. For example,
there are dietary products that can deliver propio-
nate to the gut,*® which was depleted in both BD
and FD groups, and should be considered in these
cohorts of children ad supplements in their diet.
Other options may again include probiotic supple-
ments which may, with an appropriate prebiotic
(aka a symbiotic), increase the levels of SCFA in
the colon,* while also addressing the low levels of
“beneficial” bacterial such as the bifidobacteria.
A more detailed and targeted profiling of the colo-
nic metabonome would be valuable, for example
bile acids and more SCFA, to assess the impact of
the diet on this niche. Moreover, if we were able to
obtain blood and urine, we would be able to explore
the co-metabolic landscape in more detail, and map
this to immunological data too, e.g. T cell types and
abundance.

There were limitations to this study, which
included the limited numbers in the study, the
lack of a longitudinal aspect, more detail on the
disease phenotypes and detailed data on the diet
itself, its components and how much was con-
sumed. We were also not able to collect dietary



data to determine the children’s nutritional status
or weight-for-age, which would be important
aspects to collect for future studies. However,
the study does, for the first time, show that
a blended diet does not make a dramatic change
to either the diversity of the colonic bacteria and
the metabolic space therein, when compared to
a formulae diet. In fact, we have shown that the
FD group did significantly impact some groups of
bacteria that would be beneficial to the host, i.e.,
bifidobacteria. Moreover, from this study, we can
conclude that more needs to be undertaken to
improve the diets for this group of children, and
this may be in the form of addressing the fiber
content and the use of probiotics, prebiotics or
synbiotics.

Materials and methods
Cohort and ethics

This study was undertaken following approval by
Southwest — Plymouth & Cornwall Research Ethics
Committee (REF 17/SW/0049), and informed con-
sent was obtained from all subjects, or their guar-
dians, prior to sampling. Gastrostomy-fed children,
fed with either a formula diet (n = 17) or a blended
diet (n = 28), due to medical reasons, were recruited
along with healthy siblings (n = 19) in a multi-
center collaboration across five Health Boards in
South Wales, led by Aneurin Bevan University
Health Board. See supplementary methods for
more details.

Sample preparation

The 66 frozen fecal samples were kept on ice, and
frozen, and sub-sampled using a sterile 4 mm dis-
posable biopsy punch (Kai Medical) to create
a pellet, ~100 mg, which was dispensed into
a sterile 1.5 mL microcentrifuge tube and stored
at —80°C until required for DNA extraction or
metabonomics (Dr Laura Osborne pers. comm.).

DNA extraction from stool, quantification, and qPCR
of 16S rRNA genes

Sub-sampled fecal punches were thawed on ice, and
DNA extraction was carried out using the DNeasy
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PowerLyzer PowerSoil Kit (Qiagen, UK) with
0.1 mm silica glass beads and following the proto-
col’s instructions with a few optimization steps for
fecal samples, as follows. See supplementary meth-
ods for more details.

Metataxonomics of stool DNA

Next-Generation Sequencing (NGS) of the hyper-
variable V1-V2 region of the 16S rRNA gene, using
the Illumina MiSeq platform (Illumina Inc.), was
performed in collaboration with the Genome
Sequencing Hub at Cardiff University. See supple-
mentary methods for more details.

Processing of stool metataxonomic data

The 16S rRNA gene sequencing data was processed
using the DADA?2 pipeline as amplicon sequence
variants (ASV).>® The raw FASTQ files obtained
from sequencing were unzipped and uploaded to
a CLIMB server.”' See supplementary methods for
more details.

Analysis of metataxonomic data

Statistical analysis was carried out using the
STAMP statistical software to compare the taxo-
nomic reads between the different test groups at
different taxonomic levels,”> and ANOVA were
performed to compare differences between all
three diet groups with a Turkey-Kramer post hoc
test set at a 95% confidence limit and with
Benjamini-Hochberg FDR multiple test correc-
tion. White’s non-parametric two-sided t-tests
were used to compare between two specific groups
with bootstrapping set at a 95% confidence limit
and Benjamini-Hochberg FDR multiple test cor-
rection. PCA plots of Hellinger transformed ASV
data and PERMANOVA analysis of Weighted
Unifrac distances were also created and tested in
R using the packages BiodiversityR, vegan, and
MASS. Alpha diversity indices were calculated
using vegan in R on normalized data. Abundance
counts of bacterial groups were determined by
using the qPCR data to adjust the reads in each
sample.”> Duplicate samples were not included in
the statistical analysis here or for other tests out-
lined below, but one duplicate sample from child
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BD8 was included in the PCA plot to assess varia-
tion between duplicate stool samples (see
Figure 2a).

Protease activity of cultured isolates

The fecal samples were prepared as an anaerobic
slurry using 8% v/v DMSO in PBS and performed
in an anaerobic chamber. Mixed bacteria in the
fecal samples were grown anaerobically at 37°C on
YCFA medium supplemented with lactose-free
skimmed milk (LF-SM) to observe the protease
activity.'” See supplementary methods for more
details.

B-Glucuronidase activity assay

B-glucuronidase enzyme activity was measured, as
previously described by Kim and Jin>* to for the
fecal samples and to determine if there were differ-
ences between the three test groups. See supple-
mentary methods for more details.

Statistical analysis for culture and enzyme activity

The differences between the three test groups were
checked for statistical significance using a one-way
ANOVA and a Tukey HSD test, which performs
multiple comparisons of means, in R statistical soft-
ware (R Core Team 2018).

Sample preparation for'H NMR spectroscopy

Sub-sampled fecal samples were thoroughly thawed
at room temperature and weighed. Two portions of
H,0 were added to each fecal sample, vortexed for
5 seconds and centrifuged at 14,000 g at 4°C for
10 minutes. See supplementary methods for more
details.

"H NMR spectral acquisition and experimental
parameters

"H NMR spectra were obtained using a Bruker
800 MHz spectrometer (Bruker, Rheinstetten,
Germany), at a temperature of 300 K running
a one dimensional (1D) standard experiment.

See supplementary methods for more details.

Spectral processing and metabolite identification

TOPSPIN 3.1 software (Bruker) was used for
Fourier transformation, phasing and baseline cor-
rection. The TSP signal for each spectrum was
visually assessed. See supplementary methods for
more details.

Statistical analyses of NMR data

All multivariate statistical analyses, including
Principal Components Analysis (PCA) and
Orthogonal Partial Least Squares — Discriminant
Analysis (OPLS-DA) were performed using
MATLAB R2017a (MathWorks Inc., Natick, USA).
R2Y (OPLS-DA) and R2X and Q2 (PCA and OPLS-
DA) values were used to assess the robustness of the
models. For univariate analyses, statistical signifi-
cance was determined using Kruskal-Wallis test
with Dunn’s multiple comparisons test. The level
of significance was set at P < .05.

Quality of life questionnaire

A survey was developed to capture the views
and experiences of children receiving a blended
diet (group A; BD) and parents of children in
receipt of a commercial formulae diet (group B;
FD). See supplementary methods for more
details and supplementary documents D1 and
D2 for the two questionnaires used in this
study.

Accession numbers:

The data that support the findings of this study are
openly available at the EBI's ENA: PRJEB48405 and
MetaboLights: MTBLS3692.

Acknowledgments

We wish to acknowledge the families of the children for
agreeing to be included in this study and without whom
we would not have been able to complete the work. The
Division of Digestive Diseases and JRM, at Imperial
College London receives financial support from the
National Institute for Health Research (NIHR) Imperial
Biomedical Research Centre (BRC) based at Imperial
College Healthcare NHS Trust and Imperial College
London.



Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

The author(s) reported that there is no funding associated
with the work featured in this article.

ORCID

Julian R. Marchesi

http://orcid.org/0000-0002-7994-5239

References

1.

Del Bas JM, Guirro M, Boque N, Cereto A, Ras R,
Crescenti A, Caimari A, Canela N, Arola L.
Alterations microbiota associated with
a cafeteria diet and the physiological consequences in
the host. Int ] Obes (Lond). 2018;42(4):746-754. doi:10.
1038/ijo.2017.284.

in gut

. Holscher HD. Diet affects the gastrointestinal micro-

biota and health. J Acad Nutr Diet.
(4):495-499. doi:10.1016/j.jand.2019.12.016.

20205120

. Sonnenburg JL, Backhed F. Diet-microbiota interac-

tions as moderators of human metabolism. Nature.
2016;535(7610):56-64. doi:10.1038/nature18846.

. Wu GD, Compher C, Chen EZ, Smith SA, Shah RD,

Bittinger K, Chehoud C, Albenberg LG, Nessel L,
Gilroy E, et al. Comparative metabolomics in vegans
and omnivores reveal constraints on diet-dependent gut
microbiota metabolite production. Gut. 2016565
(1):63-72. doi:10.1136/gutjnl-2014-308209.

. Evans JM, Morris LS, Marchesi JR. The gut microbiome:

the role of a virtual organ in the endocrinology of the
host. J Endocrinol. 2013;218(3):R37-R47. doi:10.1530/
JOE-13-0131.

. Marchesi JR, Adams DH, Fava F, Hermes GDA,

Hirschfield GM, Hold G, Quiraishi MN, Kinross J,
Smidt H, Tuohy KM, et al. The gut microbiota and
host health: a new clinical frontier. Gut. 2016565
(2):330-339. doi:10.1136/gutjnl-2015-309990.

. Coad J, Toft A, Lapwood S, Manning J, Hunter M,

Jenkins H, Sadlier C, Hammonds J, Kennedy A,
Murch S, et al. Blended foods for tube-fed children:
a safe and realistic option? A rapid review of the
evidence. Arch Dis Child. 2017;102:274-278.

. Breaks A, Smith C, Bloch S, Morgan S. Blended diets for

gastrostomy fed children and young people: a scoping
review. ] Hum Nutr Diet. 2018;31(5):634-646. doi:10.
1111/jhn.12563.

. Gallagher K, Flint A, Mouzaki M, Carpenter A,

Haliburton B, Bannister L, Norgrove H, Hoffman L,
Mack D, Stintzi A, et al. Blenderized enteral nutrition
diet study: feasibility, clinical, and microbiome

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

GUT MICROBES (&) e2138661-13

outcomes of providing blenderized feeds through
a gastric tube in a medically complex pediatric
population. JPEN ] Parenter Enteral Nutr. 2018;42
(6):1046-1060. doi:10.1002/jpen.1049.

Stroud M, Duncan H, Nightingale J. British Society of
G. Guidelines for enteral feeding in adult hospital
patients. Gut. 2003;52(7):viil-viil2. doi:10.1136/gut.
52.suppl_7.viil.

Caspi R, Billington R, Keseler IM, Kothari A,
Krummenacker M, Midford PE, Ong WK, Paley S,
Subhraveti P, Karp PD, et al. The metacyc database of
metabolic pathways and enzymes - a 2019 update.
Nucleic Acids Res. 2020;48(D1):D445-D53. doi:10.
1093/nar/gkz862.

Morris LS, Evans J, Marchesi JR. A robust plate assay for
detection of extracellular microbial protease activity in
metagenomic screens and pure cultures. ] Microbiol
Methods. 2012;91(1):144-146. doi:10.1016/j.mimet.
2012.08.006.

Krautkramer KA, Fan J, Backhed F. Gut microbial
metabolites as multi-kingdom intermediates. Nat Rev
Microbiol. 2021;19(2):77-94. doi:10.1038/s41579-020-
0438-4.

Roager HM, Licht TR. Microbial tryptophan catabolites
in health and disease. Nat Commun. 2018;9(1):3294.
doi:10.1038/s41467-018-05470-4.

Di Martino ML, Campilongo R, Casalino M, Micheli G,
Colonna B, Prosseda G. Polyamines: emerging players
in bacteria-host interactions. Int J] Med Microbiol.
2013;303(8):484-491. do0i:10.1016/j.ijmm.2013.06.008.
Kim CH. Control of lymphocyte functions by gut
microbiota-derived short-chain fatty acids. Cell Mol
Immunol. 2021;18(5):1161-1171. doi:10.1038/s41423-
020-00625-0.

Michaudel C, Sokol H. The gut microbiota at the service
of immunometabolism. Cell Metab. 2020;32(4):514-523.
doi:10.1016/j.cmet.2020.09.004.

Carmody RN, Gerber GK, Luevano JM Jr., Gatti DM,
Somes L, Svenson KL, Turnbaugh P. Diet dominates
host genotype in shaping the murine gut microbiota.
Cell Host Microbe. 2015;17(1):72-84. doi:10.1016/j.
chom.2014.11.010.

Carmody RN, Bisanz JE, Bowen BP, Maurice CF,
Lyalina S, Louie KB, Treen D, Chadaideh KS,
Maini Rekdal V, Bess EN, et al. Cooking shapes
the structure and function of the gut microbiome.
Nat Microbiol. 2019;4(12):2052-2063. doi:10.1038/
$41564-019-0569-4.

Alexander M, Turnbaugh PJ. Deconstructing mechan-
isms of diet-microbiome-immune interactions.
Immunity. 2020;53(2):264-276. doi:10.1016/j.immuni.
2020.07.015.

Martinez I, Kim ], Dufty PR, Schlegel VL, Walter J.
Resistant starches types 2 and 4 have differential effects
on the composition of the fecal microbiota in human
subjects. PLoS One. 2010;5(11):e15046. doi:10.1371/
journal.pone.0015046.


https://doi.org/10.1038/ijo.2017.284
https://doi.org/10.1038/ijo.2017.284
https://doi.org/10.1016/j.jand.2019.12.016
https://doi.org/10.1038/nature18846
https://doi.org/10.1136/gutjnl-2014-308209
https://doi.org/10.1530/JOE-13-0131
https://doi.org/10.1530/JOE-13-0131
https://doi.org/10.1136/gutjnl-2015-309990
https://doi.org/10.1111/jhn.12563
https://doi.org/10.1111/jhn.12563
https://doi.org/10.1002/jpen.1049
https://doi.org/10.1136/gut.52.suppl_7.vii1
https://doi.org/10.1136/gut.52.suppl_7.vii1
https://doi.org/10.1093/nar/gkz862
https://doi.org/10.1093/nar/gkz862
https://doi.org/10.1016/j.mimet.2012.08.006
https://doi.org/10.1016/j.mimet.2012.08.006
https://doi.org/10.1038/s41579-020-0438-4
https://doi.org/10.1038/s41579-020-0438-4
https://doi.org/10.1038/s41467-018-05470-4
https://doi.org/10.1016/j.ijmm.2013.06.008
https://doi.org/10.1038/s41423-020-00625-0
https://doi.org/10.1038/s41423-020-00625-0
https://doi.org/10.1016/j.cmet.2020.09.004
https://doi.org/10.1016/j.chom.2014.11.010
https://doi.org/10.1016/j.chom.2014.11.010
https://doi.org/10.1038/s41564-019-0569-4
https://doi.org/10.1038/s41564-019-0569-4
https://doi.org/10.1016/j.immuni.2020.07.015
https://doi.org/10.1016/j.immuni.2020.07.015
https://doi.org/10.1371/journal.pone.0015046
https://doi.org/10.1371/journal.pone.0015046

€2138661-14 J. R. MARCHESI ET AL.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Baxter NT, Schmidt AW, Venkataraman A, Kim K§,
Waldron C, Schmidt TM. Dynamics of human gut
microbiota and short-chain fatty acids in response to
dietary interventions with three fermentable fibers.
mBio. 2019;10(1):e02566-18.

Desai MS, Seekatz AM, Koropatkin NM, Kamada N,
Hickey CA, Wolter M, Pudlo NA, Kitamoto S,
Terrapon N, Muller A, et al. A dietary fiber-deprived
gut microbiota degrades the colonic mucus barrier and
enhances pathogen susceptibility. Cell. 2016;167
(5):1339-53 e21. d0i:10.1016/j.cell.2016.10.043.
Krautkramer KA, Kreznar JH, Romano KA, Vivas EI,
Barrett-Wilt GA, Rabaglia ME, Keller MP, Attie AD,
Rey FE, Denu JM, et al. Diet-microbiota interactions
mediate global epigenetic programming in multiple
host tissues. Mol Cell. 2016;64(5):982-992. doi:10.
1016/j.molcel.2016.10.025.

Arpaia N, Campbell C, Fan X, Dikiy S, van der Veeken J,
deRoos P, deRoos P, Liu H, Cross JR, Pfeffer K, et al.
Metabolites produced by commensal bacteria promote
peripheral regulatory T-cell generation. Nature.
2013;504(7480):451-455. doi:10.1038/naturel2726.
Novak P, Wilson KE, Ausderau K, Cullinane D. The use
of blenderized tube feedings. 2009;1:21-23. doi:10.1177/
1941406408329196.

Pentiuk S, O’Flaherty T, Santoro K, Willging P, Kaul A.
Pureed by gastrostomy tube diet improves gagging and
retching in children with fundoplication. JPEN
] Parenter Enteral Nutr. 2011;35(3):375-379. doi:10.
1177/0148607110377797.

Phillips G. Patient and carer experience of blended diet
via gastrostomy: a qualitative study. ] Human Nutri &
Dietetics. 2019;32(3):391-399. doi:10.1111/jhn.12614.
Batsis ID, Davis L, Prichett L, Wu L, Shores D, Au
Yeung K, Oliva- Hemker M. Efficacy and tolerance of
blended diets in children receiving gastrostomy feeds.
Nutr Clin Pract. 2020;35(2):282-288. do0i:10.1002/ncp.
10406.

Hron B, Fishman E, Lurie M, Clarke T, Chin Z,
Hester L, Burch E, Rosen R. Health outcomes and
quality of life indices of children receiving blenderized
feeds via enteral tube. J Pediatr. 2019;211:139-45 el.
doi:10.1016/j.jpeds.2019.04.023.

Wang Z, Xiao G, Yao Y, Guo S, Lu K, Sheng Z. The role
of bifidobacteria in gut barrier function after thermal
injury in rats. J] Trauma. 2006;61(3):650-657. doi:10.
1097/01.ta.0000196574.70614.27.

Kalliomaki M, Kirjavainen P, Eerola E, Kero P,
Salminen S, Isolauri E. Distinct patterns of neonatal
gut microflora in infants in whom atopy was and was
not developing. J Allergy Clin Immunol. 2001;107
(1):129-134. d0i:10.1067/mai.2001.111237.

Kerckhoffs AP, Samsom M, van der Rest ME, de
Vogel J, Knol J, Ben-Amor K, Akkermans
LMA. Lower bifidobacteria counts in both duodenal
mucosa-associated and fecal microbiota in irritable

34.

35.

36.

37.

38.

39.

40.

41.

42.

bowel syndrome patients. World ] Gastroenterol.
2009;15(23):2887-2892. doi:10.3748/wjg.15.2887.
Mizuno S, Masaoka T, Naganuma M, Kishimoto T,
Kitazawa M, Kurokawa S, Nakashima M, Takeshita K,
Suda W, Mimura M, et al. Bifidobacterium-rich fecal
donor may be a positive predictor for successful fecal
microbiota transplantation in patients with irritable
bowel syndrome. Digestion. 2017;96(1):29-38. doi:10.
1159/000471919.

Favier C, Neut C, Mizon C, Cortot A, Colombel JF,
Mizon J. Fecal beta-D-galactosidase production and
Bifidobacteria are decreased in Crohn’s disease. Dig
Dis Sci. 1997;42(4):817-822. doi:10.1023/
A:1018876400528.

Tojo R, Suarez A, Clemente MG, de Los Reyes-Gavilan
CG, Margolles A, Gueimonde M, Ruas-Madiedo
P. Intestinal microbiota in health and disease: role of
bifidobacteria ~in  gut homeostasis. ~ World
] Gastroenterol. 2014;20(41):15163-15176. doi:10.
3748/wjg.v20.i41.15163.

Michael DR, Davies TS, Jack AA, Masetti G,
Marchesi JR, Wang D, Mullish BH, Plummer SF. Daily
supplementation with the Lab4P probiotic consortium
induces significant weight loss in overweight adults. Sci
Rep. 2021;11(1):5. doi:10.1038/s41598-020-78285-3.
Mullish BH, Marchesi JR, McDonald JAK, Pass DA,
Masetti G, Michael DR, Plummer S, Jack AA,
Davies TS, Hughes TR, et al. Probiotics reduce
self-reported symptoms of upper respiratory tract infec-
tion in overweight and obese adults: should we be con-
sidering probiotics during viral pandemics? Gut
Microbes. 2021;13(1):1-9. do0i:10.1080/19490976.2021.
1900997.

Bui TPN, Schols HA, Jonathan M, Stams AJM, de
Vos WM, Plugge CM. Mutual metabolic interactions
in co-cultures of the intestinal anaerostipes rhamnosi-
acetogen, methanogen, or
pectin-degrader affecting butyrate production. Front
Microbiol. 2019;10:2449. do0i:10.3389/fmicb.2019.
02449.

Sato T, Matsumoto K, Okumura T, Yokoi W, Naito E,
Yoshida Y, Nomoto K, Ito M, Sawada H. Isolation of
lactate-utilizing butyrate-producing bacteria from
human feces and in vivo administration of Anaerostipes
caccae strain L2 and galacto-oligosaccharides in a rat
model. FEMS Microbiol Ecol. 2008;66(3):528-536.
doi:10.1111/j.1574-6941.2008.00528 x.

Duncan SH, Louis P, Flint HJ. Lactate-utilizing bacteria,
isolated from human feces, that produce butyrate as
a major fermentation product. Appl Environ
Microbiol. 2004;70(10):5810-5817. doi:10.1128/AEM.
70.10.5810-5817.2004.

Engels C, Ruscheweyh HJ, Beerenwinkel N, Lacroix C,
Schwab C. The common gut microbe eubacterium hallii
also contributes to intestinal propionate formation. Front
Microbiol. 2016;7:713. doi:10.3389/fmicb.2016.00713.

vorans with an


https://doi.org/10.1016/j.cell.2016.10.043
https://doi.org/10.1016/j.molcel.2016.10.025
https://doi.org/10.1016/j.molcel.2016.10.025
https://doi.org/10.1038/nature12726
https://doi.org/10.1177/1941406408329196
https://doi.org/10.1177/1941406408329196
https://doi.org/10.1177/0148607110377797
https://doi.org/10.1177/0148607110377797
https://doi.org/10.1111/jhn.12614
https://doi.org/10.1002/ncp.10406
https://doi.org/10.1002/ncp.10406
https://doi.org/10.1016/j.jpeds.2019.04.023
https://doi.org/10.1097/01.ta.0000196574.70614.27
https://doi.org/10.1097/01.ta.0000196574.70614.27
https://doi.org/10.1067/mai.2001.111237
https://doi.org/10.3748/wjg.15.2887
https://doi.org/10.1159/000471919
https://doi.org/10.1159/000471919
https://doi.org/10.1023/A:1018876400528
https://doi.org/10.1023/A:1018876400528
https://doi.org/10.3748/wjg.v20.i41.15163
https://doi.org/10.3748/wjg.v20.i41.15163
https://doi.org/10.1038/s41598-020-78285-3
https://doi.org/10.1080/19490976.2021.1900997
https://doi.org/10.1080/19490976.2021.1900997
https://doi.org/10.3389/fmicb.2019.02449
https://doi.org/10.3389/fmicb.2019.02449
https://doi.org/10.1111/j.1574-6941.2008.00528.x
https://doi.org/10.1128/AEM.70.10.5810-5817.2004
https://doi.org/10.1128/AEM.70.10.5810-5817.2004
https://doi.org/10.3389/fmicb.2016.00713

43.

44.

45.

46.

47.

48.

Kumar H, Collado MC, Wopereis H, Salminen S,
Knol J, Roeselers G. The bifidogenic effect
revisited-ecology and health perspectives of bifidobac-
terial colonization in early life. Microorganisms. 2020;8
(12):1855.

Allen-Vercoe E, Daigneault M, White A, Panaccione R,
Duncan SH, Flint HJ, O’Neal L, Lawson PA.
Anaerostipes hadrus comb. nov., a dominant species
within the human colonic microbiota; reclassification of
eubacterium hadrum Moore et al. 1976. Anaerobe.
2012;18(5):523-529. doi:10.1016/j.anaerobe.2012.09.002.
Bui TPN, de Vos WM, Plugge CM. Anaerostipes rham-
nosivorans sp. nov., a human intestinal,
butyrate-forming bacterium. Int J Syst Evol Microbiol.
2014;64(Pt_3):787-793. doi:10.1099/ijs.0.055061-0.
Eeckhaut V, Van Immerseel F, Pasmans F, De Brandt E,
Haesebrouck F, Ducatelle R, Vandamme P. Anaerostipes
butyraticus sp. nov., an anaerobic, butyrate-producing
bacterium from Clostridium cluster XIVa isolated from
broiler chicken caecal content, and emended description
of the genus Anaerostipes. Int J Syst Evol Microbiol.
2010;60(5):1108-1112. doi:10.1099/ijs.0.015289-0.
Schwiertz A, Hold GL, Duncan SH, Gruhl B,
Collins MD, Lawson PA, Flint HJ, Blaut M.
Anaerostipes caccae gen. nov., sp. nov., a new sacchar-
olytic, acetate-utilising, butyrate-producing bacterium
from human faeces. Syst Appl Microbiol. 2002;25
(1):46-51. doi:10.1078/0723-2020-00096.

Chambers ES, Byrne CS, Morrison DJ, Murphy KG,
Preston T, Tedford C, Garcia-Perez I, Foutana S,
Serrano-Countreras JI, Holmes E, et al. Dietary supple-
mentation with inulin-propionate ester or inulin
improves insulin sensitivity in adults with overweight
and obesity with distinct effects on the gut microbiota,

49.

50.

51.

52.

53.

54.

GUT MICROBES (&) e2138661-15

plasma metabolome and systemic inflammatory
responses: a randomised cross-over trial. Gut.
2019;68:1430-1438.

van Zanten Gc, Knudsen A, Roytio H, Forssten S,
Lawther M, Blennow A, van Zanten GC, Lahtinen SJ,
Jakobsen M, Svensson B, et al. The effect of selected
synbiotics on microbial composition and short-chain
fatty acid production in a model system of the human
colon. PLoS One. 2012;7(10):e47212. doi:10.1371/jour
nal.pone.0047212.

Callahan BJ, McMurdie PJ, Rosen MJ, Han AW,
Johnson AJ, Holmes SP. DADA2: high-resolution
sample inference from Illumina amplicon data. Nat
Methods. 2016;13(7):581-583. doi:10.1038/nmeth.
3869.

Connor TR, Loman NJ, Thompson S, Smith A,
Southgate ], Poplawski R, Bull M]J, Richardson E,
Ismail M, Thompson SE, et al. CLIMB (the cloud infra-
structure for microbial bioinformatics): an online
resource for the medical microbiology community.
Microb Genom. 2016;2(9):e000086. doi:10.1099/mgen.
0.000086.

Legendre P, Gallagher ED. Ecologically meaningful
transformations for ordination of species data.
Oecologia. 2001;129(2):271-280. doi:10.1007/
s004420100716.

Jian C, Luukkonen P, Yki-Jarvinen H, Salonen A,
Korpela K. Quantitative PCR provides a simple and

accessible method for quantitative microbiota
profiling. PLoS One. 2020;15(1):€0227285. doi:10.1371/
journal.pone.0227285.

Kim DH, Jin YH. Intestinal bacterial beta-glucuronidase
activity of patients with colon cancer. Arch Pharm Res.
2001;24(6):564-567. doi:10.1007/BF02975166.


https://doi.org/10.1016/j.anaerobe.2012.09.002
https://doi.org/10.1099/ijs.0.055061-0
https://doi.org/10.1099/ijs.0.015289-0
https://doi.org/10.1078/0723-2020-00096
https://doi.org/10.1371/journal.pone.0047212
https://doi.org/10.1371/journal.pone.0047212
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1099/mgen.0.000086
https://doi.org/10.1099/mgen.0.000086
https://doi.org/10.1007/s004420100716
https://doi.org/10.1007/s004420100716
https://doi.org/10.1371/journal.pone.0227285
https://doi.org/10.1371/journal.pone.0227285
https://doi.org/10.1007/BF02975166

	Abstract
	Introduction
	Results
	Study cohort and questionnaire results
	Metataxonomic analysis of the three groups, formulae fed children show the largest differences
	Inferred metabolic pathways using Piphillin
	Analysis of functions in stool samples using culture-based approaches and enzyme assays
	Global metabonomic analysis of fecal samples does not separate the dietary groups

	Discussion
	Materials and methods
	Cohort and ethics
	Sample preparation
	DNA extraction from stool, quantification, and qPCR of 16S rRNA genes
	Metataxonomics of stool DNA
	Processing of stool metataxonomic data
	Analysis of metataxonomic data
	Protease activity of cultured isolates
	β-Glucuronidase activity assay
	Statistical analysis for culture and enzyme activity
	Sample preparation for<sup><xref ref-type="bibr" rid="cit0001">1</xref></sup>H NMR spectroscopy
	<sup><xref ref-type="bibr" rid="cit0001">1</xref></sup>H NMR spectral acquisition and experimental parameters
	Spectral processing and metabolite identification
	Statistical analyses of NMR data
	Quality of life questionnaire
	Accession numbers:


	Acknowledgments
	Disclosure statement
	Funding
	ORCID
	References

