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Abstract

Background and Aims: Exclusive enteral nutrition [EEN] is a dietary intervention to induce clinical remission in children with active luminal
Crohn's disease [CD]. While changes in the gut microbial communities have been implicated in achieving this remission, a precise understanding
of the role of microbial ecology in the restoration of gut homeostasis is lacking.

Methods: Here we reconstructed genomes from the gut metagenomes of 12 paediatric subjects who were sampled before, during and after
EEN. We then classified each microbial population into distinct ‘phenotypes’ or patterns of response based on changes in their relative abun-
dances throughout the therapy on a perindividual basis.

Results: Our data show that children achieving clinical remission during therapy were enriched with microbial populations that were either sup-
pressed or that demonstrated a transient bloom as a function of EEN. In contrast, this ecosystem-level response was not observed in cases of
EEN failure. Further analysis revealed that populations that were suppressed during EEN were significantly more prevalent in healthy children
and adults across the globe compared with those that bloomed ephemerally during the therapy.

Conclusions: These observations taken together suggest that successful outcomes of EEN are marked by a temporary emergence of microbial
populations that are rare in healthy individuals, and a concomitant reduction in microbes that are commonly associated with gut homeostasis.
Our work is a first attempt to highlight individual-specific, complex environmental factors that influence microbial response in EEN. This model
offers a novel, alternative viewpoint to traditional taxonomic strategies used to characterize associations with health and disease states.
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1. Introduction For this reason, diet-based therapies, which do not confer the
same degree of risk, present an attractive alternative for pa-
tients and their families.”

One therapy, exclusive enteral nutrition [EEN], has proven
efficacy for induction of clinical and endoscopic remission in
paediatric subjects with CD. In fact, studies suggest that the
rate of mucosal healing may be superior compared to other

induction therapies such as systemic steroids.®'?

thé.lt €D 30utc0mes may b.e worse for those.dlagnosed when Additionally, the side effect profile of EEN is limited, and
children.? The most effective medical therapies work through . . Lo S .
growth, an essential consideration in paediatric CD, is not

modification of the host immune system, which may result compromised by this strategy.”’ The exact mechanism by

in sequelae of severe adverse effects and co-morbidities.** . . .
d which EEN works is not known. However, numerous studies

Crohn’s disease [CD], a type of inflammatory bowel disease
[IBD], can affect any part of the gastrointestinal tract. Despite
novel medical therapies and improved disease surveillance
strategies, a medical cure does not exist and the risk of pro-
gression to surgery remains high.! The incidence of CD con-
tinues to rise in countries across the globe,? and data suggest
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have described dramatic shifts in taxonomic and func-
tional compositions of gut microbial communities during
EEN,'%2° prompting researchers to suggest a role for the gut
microbiome.?! Nevertheless, the focus on microbial taxonomy
has not yielded a particular set of taxa that is consistently asso-
ciated with health or disease states. Furthermore, while some
studies have identified organisms such as Faecalibacterium
prausnitzii to have anti-inflammatory properties in CD,??
other investigations of EEN in paediatric CD show that this
organism decreases in abundance as a function of successful
therapy.'®*® These contrasting observations reveal the need
for deeper insights into the precise role of microbes in EEN-
derived benefits.

A diverse gut microbial community is often associated
with healthy gut homeostasis and host immunity,>»** while
‘dysbiosis’ is linked to states of active gut inflammation.?*%’
However, this wisdom contrasts with successful applications
of EEN, where remission in CD is associated with decreasing
diversity during EEN therapy and its rebound once a normal
diet is resumed.'*'” To explain this phenomenon, some have
postulated a superior ‘metabolic competence’ allowing cer-
tain bacterial populations to succeed in dysbiosis based on
their ability to utilize a rapidly cycling carbohydrate input
from the host.”® When the diet is converted to a single, con-
sistent carbohydrate this metabolic advantage is lost, cre-
ating an environment where other microbial residents may be
more competitive.?® This approach essentially shifts the focus
from individual taxa to metabolic potential of microorgan-
isms that survive EEN stress. If this is true, it is conceivable
to expect that very closely related microbes with comparable
metabolisms should respond similarly to EEN in different
individuals. Given the interpersonal variation across human
gut microbiomes, testing this hypothesis is difficult; however,
using time-series data to characterize changes within each
individual can shed light on microbiome dynamics as a re-
sponse to therapy.

Here we apply genome-resolved metagenomics to charac-
terize the response of microbial communities in the gut to
EEN, without relying on taxonomy. From a previously estab-
lished dataset of gut metagenomes from children with CD,*
we reconstructed metagenome-assembled genomes [MAGs]
from each individual independently and assigned each MAG a
‘phenotype’ based on their responses to changing diet as indi-
cated by the changes of the relative abundance of each MAG
throughout the therapy in a given individual. Our findings
demonstrate that positive EEN outcomes, such as clinical re-
mission, are associated with a substantial ecosystem response
to the change in diet. Our metagenomic read recruitment ana-
lyses using publicly available gut metagenomes showed that
microbes that bloomed in children who responded to EEN
were typically rare among healthy children and adults, while
those that were suppressed in these patients were broadly de-
tected in gut metagenomes of healthy individuals.

2. Materials and Methods

2.1. Shotgun metagenomes

We downloaded gut metagenomes using the accession num-
bers provided in the original manuscript by Quince et al.’
Our dataset included 69 metagenomes 56 of which were from
patients who were diagnosed with CD and were sampled four
to five times over the course of EEN therapy.?” The charac-
teristics of these children, including exposure to previous
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therapy, disease phenotype and clinical response to EEN
therapy, are described in the original work.? We also used
publicly available global gut metagenomes to benchmark our
findings, accession IDs of which are listed in Supplementary
Tables S1 and S2.

2.2. 'Omics analyses

Whenever applicable, we automated and scaled our ‘omics
analyses using the bioinformatics workflows implemented
by the program ‘anvi-run-workflow’° in anvi’o.332 Anvi’o
workflows implement numerous steps of bioinformatics
tasks including short-read quality filtering, assembly, gene
calling, functional annotation, hidden Markov model search,
metagenomic read-recruitment and metagenomic binning.
Workflows use Snakemake®* and a tutorial is available at
http://merenlab.org/anvio-workflows/.

2.3. Metagenomic assembly and processing of
contigs

We individually co-assembled the metagenomes from the
same individual in our cohort using IDBA-UD v1.1.3%* with
a minimum contig length of 1000 bp. We then converted
the resulting FASTA files to anvi’o contigs databases using
the program ‘anvi-gen-contigs-database’, which [1] iden-
tified open reading frames in assembled sequences using
Prodigal v2.6.3,% [2] predicted gene-level taxonomy using
Centrifuge,* [3] annotated functions by aligning genes to
the NCBI Clusters of Orthologous Groups [COG] database®”
with DIAMOND v0.9.31,%® and [4] identified single-copy
core genes by using HMMER v3.2.1% to search for matches
against a built-in collection of HMM profiles for bacteria
and archaea in anvi’o. The average read recruitment rate of
contigs back from the metagenomes from which they were
assembled remained above 90% for each individual.

2.4. Read recruitment and binning

We used Bowtie2 v2.3.4.3% to recruit short reads from the set
of metagenomes from each subject to the co-assembly of that
subject’s metagenomes, and samtools*! to convert the SAM
files into BAM files. We then used the programs ‘anvi-profile’
to compute coverage and detection statistics, and ‘anvi-merge’
to merge individual profiles, during which CONCOCT* gen-
erated preliminary clusters of contigs based on their differ-
ential coverage and sequence composition. We then used the
program ‘anvi-refine’ to interactively and manually refine
these preliminary clusters as described before.*® We used the
program ‘anvi-rename-bins’ to determine bins that were over
70% complete as estimated by our bacterial single-copy core
gene collection, assigned taxonomy to these MAGs using
GTDB-Tk v0.3.2, and used them for downstream ana-
lyses. To investigate the distribution of our genomes in pub-
licly available data through metagenomic read recruitment,
we used Bowtie2 v2.3.4.3* with default parameters and re-
covered coverage and detection statistics with anvi’o. We re-
moved any bin from downstream analyses if it was less than
70% complete or more than 10% redundant after refinement
based on 71 bacterial single-copy core genes.

2.5. Assignment of microbial population
phenotypes

We assigned a ‘phenotype’ to each MAG from a single indi-
vidual based on their distribution patterns across metagenomes
from the same individual as revealed by read-recruitment.
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These phenotypes were: [1] Wilt—a decrease in abundance
by a factor of 10 from the pre-EEN metagenome to the post-
EEN metagenome; [2] Suppressed—a decrease in abundance
by a factor 10 in at least one metagenome during therapy
that returns to pre-EEN abundance following therapy; [3]
Ephemeral bloom—an increase in abundance by a factor
of 10 seen in at least one time point during therapy that re-
turns to pre-EEN abundance following therapy; [4] Sustained
bloom—an increase in abundance following therapy by a
factor of 10 compared with pre-EEN abundance estimates;
[5] Stable—no changes in abundance of at least a factor
of 10 at any time point throughout the time series; and [6]
Unclear—changes by a factor of 10 between values but does
not fit into any described pattern above.

2.6. Calculating population relative abundances
through read recruitment

We obtained percentage abundance values for each MAG [in
the patient it was binned from| by running ‘anvi-summarize’
on each patient’s co-assembly. We then normalized these
values by dividing them by the maximum percentage abun-
dance value of the MAG in any sample from its source
individual.

2.7. Mapping recovered MAGs in metagenomes
of healthy children, mother-infant dyads and adults
across countries

Shotgun metagenome sequences of healthy children from
the original analysis [# = 13],% publicly available mother—in-
fant dyads [7 = 392]* and healthy adults across six countries
[7 = 939] were mapped against recovered MAGs to ascertain
detection values. These values were then used to generate the
box plots in Figure 3, and Wilcoxon signed-rank tests were
used in each metagenome pool to determine the statistical dif-
ference between ‘ephemeral’ and ‘suppressed” MAGs. For the
healthy adult analysis, ‘ephemeral’ and ‘suppressed” MAGs
from subjects with clinical remission were included [7 = 83],
with three MAGs [two ‘suppressed’; one ‘ephemeral’] from
subject G10 due to our initial definition of clinical remission
achieved after resuming a regular diet.

2.8. Dereplicating genomes

We dereplicated the 261 MAGs using the program ‘anvi-
dereplicate-genomes’, which used pyANI v0.2.9% to estimate
the average nucleotide identity [ANI] between each pair of
MAGs across all individuals. A pair of MAGs was considered
redundant if their ANI was over 97% with the alignment
length covering at least 50% of the shorter genome. From
each genome cluster that included more than one genome, we
selected as a representative genome the one with the highest
‘completion minus redundancy’ value based on the occur-
rence of bacterial single-copy core genes.

2.9. Genome-level analysis of microbial
metabolism

We annotated each MAG with HMM hits to KOfam v94.0,%
the database of KEGG Orthologs [KOs], using the program
‘anvi-run-kegg-kofams’, which uses HMMER?¥ to match
gene sequences to the KOfam HMM profiles. The program
‘anvi-run-kegg-kofams’ discarded any KOfam hit that had a
bit-score below noise cutoffs set by the KEGG. We then used
the program ‘anvi-estimate-metabolism’ to predict the meta-
bolic capabilities of a given MAG. This program uses the KO
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annotations to compute the percentage completion of each
metabolic pathway in the KEGG MODULE database.*” We
used the scipy Python library for hierarchical clustering of
MAGs according to their KEGG module completion scores.

2.10. Code and data availability

https://doi.org/10.6084/m9.figshare.15108726.v1 gives re-
producible access to the MAGs generated in this study.
Metagenomes are available in the European Nucleotide
Archive [PRJEB7576].

3. Results

3.1. Genome-resolved metagenomics yields 261
high-quality genomes from 12 children with CD

In our previous study,?” 12 subjects were sampled four to five
times before, during and after EEN therapy. Baseline demo-
graphic and clinical information, along with disease activity
indices were collected and are summarized in Table 1. To
characterize the gut microbial ecology of each subject we
reconstructed genomes from each individual independently
[Figure 1] which enabled us to produce high-quality MAGs
by applying differential coverage signals to minimize genome
binning errors and risk of contamination.*® Reconstructing
genomes directly from gut metagenomes enables accurate
tracking of microbial populations over time within a single
individual® or across globally distributed human popula-
tions,*® and offers high-resolution descriptions of ecology be-
yond marker genes alone.’!

Instead of assembling each metagenome in our dataset and
reconstructing genomes independently from each time point,
here we elected to co-assemble metagenomes that belonged to
the same individual [Figure 1]. A significant disadvantage of
co-assemblies is the increased complexity of metagenomes due
to remarkable inter-individual variability of the microbiome
when data from multiple individuals are pooled. However,
such risk is minimal for time-series data that cover relatively
short time frames from a single individual. By contrast, the
pooled reads can lead to the recovery of more complete
genomes for populations that are rare in every time point.
Furthermore, the recovery of genomes from single-assembled
metagenomes can yield genomes that are heavily contamin-
ated due to lack of differential coverage signal.* Following
the co-assembly of each individual, we used sequence com-
position and differential coverage signal to cluster resulting
contigs into a total of 589 metagenomic bins. We then re-
moved any bins with less than 70% completion or greater
than 10% redundancy, resulting in 261 high-quality genomes
[Supplementary Table S1].

Overall, we recovered an average of 22 genomes from each
subject that recruited more than 65% of the metagenomic
reads [Supplementary Table S1]. While our average genomes
per subject was below the average of 31 genomes per sample
in a recent global survey of gut metagenomes,’> our high
read recruitment rate indicates that we were able to capture
a high-quality version of the most abundant MAGs in each
subject. There was not a statistically significant difference in
the average number of genomes we were able to reconstruct
between those children achieving clinical remission and those
who did not [25 vs 18 genomes, respectively, p value: 0.1].
The average number of metagenomic reads between samples
from those achieving clinical remission did not significantly
differ from one another [Wilcoxon, p = 0.5], which suggests
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Table 1. Demographic data, clinical information and disease activity indices of all 12 paediatric subjects
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Subject  Age Sex Duration of  Crohn’s New Calprotectin PCDAI start/  Crohn’s medications Antibiotic
ID [years] EEN [days] phenotype diagnosis  start/end of EEN  end of EEN exposure
GO1 8.4 Fe- 57 L3L4 Yes 1130/88 20/0 Lactulose [after EEN No
male only]
GO03 12.7 Fe- 56 L3L4 No 2076/39 27.5/15 5-ASA No
male
GO0S 12.1 Male 56 L3L4 Yes 2262/2059 70/12.5 Azathioprine No
G06 7.3 Male 56 L2 No 2102/718 37.5/5 Azathioprine No
GOS8 14.6 Male 49 L3 Yes 2272/1686 57.5/10 Probiotic [after EEN No
only]
G09 12.3 Male 56 L3L4 No 2582/2461 25/18 Azathioprine, 5-ASA No
G10 14.7 Fe- 40 L3L4 No 2188/2298 20/12.5 5-ASA, methotrexate, No
male folic acid
Gl11 12.9 Male 56 L2L4 Yes 2439/1724 37.51S Azathioprine, iron, No
5-ASA [after EEN only]
G12 13.5 Male  Unknown*  L2L4 Yes 2390/2717 50/37.5 Azathioprine [after No
EEN]
G15 11.5 Male 54 L214 Yes 2089177 30/7.5 None No
G21 13.9 Fe- 65 L3 Yes 2474/1865 55150 None Yes**
male
G33 9.2 Male 54 L3L4 Yes 3114/106 42.5/0 Iron, 5-ASA [end of No
EEN only]

Age and sex of the patient along with duration of EEN therapy and Crohn’s phenotype based on Montreal classification are shown. Disease activity indices
including faecal calprotectin measurements and PCDAI before and after EEN is reported. Medication exposure during therapy and use of antibiotics is also
shown. PCDAI = paediatric Crohn’s disease activity index; EEN = exclusive enteral nutrition; 5-ASA = 5 aminosalicylate.

*Minimum of 30 days.
**On day 30 of therapy.

that the depth of sequencing was relatively uniform among
these samples [an average of ~8 million per sample and 40
million reads per individual via co-assembly used to recon-
struct genomes]. However there was a positive correlation [R?
= 0.5] between the number of genomes reconstructed per in-
dividual and the fraction of metagenomic reads they recruited
[Supplementary Figure S3]. The taxonomy of the MAGs we
have reconstructed from these metagenomes matched to the
previous taxonomic characterization of these data via 16S
rRNA gene amplicons and shotgun metagenomic reads, with
16 of the 20 most common taxa being shared at the family
level [Supplementary Table S1].

3.2. Clinical remission in EEN therapy is
associated with a rise and fall in microbial
population abundances

Our previous analysis of these data using amplicon
sequences noted an overall reduction in diversity in micro-
bial community composition in individuals who received
EEN therapy.?” Here, instead of describing general patterns
emerging from the pooled data as a function of taxonomy,
we characterized changes in relative abundance of micro-
bial populations on a host-by-host basis, independent of
their taxonomy. For this, we classified the microbial gen-
omes reconstructed from each subject into ‘phenotypes’
based on changes in their relative abundance throughout
EEN. We assumed that the change in relative abundance
was significant between two time points if the proportion
of reads recruited by the genome differed between the two
samples by more than an order of magnitude [see Methods
for further detail].

While the relative abundance of some populations increased
dramatically during EEN, the relative abundance of others
decreased or did not change during therapy [Supplementary
Table S1].. We divided these patterns of relative abundance
into six ‘phenotypes’ [Figure 1]: [1] ‘suppressed’ [popula-
tion abundance is transiently decreased only during EEN
therapy], [2] ‘ephemeral’ [population abundance is transiently
increased only during EEN therapy, [3] ‘wilt’ [population is
abundant only before therapy], [4] ‘bloom’ [population is
abundant only after therapy], [5] ‘stable’ [the abundance of a
population does not fluctuate by more than an order of mag-
nitude at any time point| and [6] ‘unclear’ [changes in popu-
lation relative abundance throughout the study do not match
to any of these patterns]. For downstream analyses we pri-
marily focused on 92 genomes, of which 40 belonged to the
‘suppressed’ and 52 belonged to the ‘ephemeral’ categories,
since they represent populations that show the most marked
response to EEN therapy [Figure 2].

We observed a significant difference in the proportion of
‘ephemeral’ and ‘suppressed’ populations between subjects
who achieved clinical remission during EEN (defined as
Pediatric Crohn’s Disease Activity Index [PCDAI] < 10) and
those who did not [Wilcoxon non-parametric rank-sum test,
p = 0.01] [Figure 2; Supplementary Table S1]. Subject G21
was excluded from this analysis due to insufficient time-series
data needed to assess phenotype response.

‘Suppressed” and ‘ephemeral’ populations made up on
average 45% of all microbial populations in individuals
who showed clinical remission, and 10.1% of the popula-
tions were recovered from individuals who did not [Figure 2;
Supplementary Table S2].
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Figure 1. Overview of the sampling and analysis strategy, and the classification of genomes. Our metagenomic assembly and binning-based analysis
of the shotgun sequencing of faecal metagenomes generated from 12 paediatric Crohn's disease patients who were sampled before, during and after
EEN therapy resulted in microbial genomes reconstructed from each patient independently. We were then able to classify these genomes into distinct
‘phenotypic’ categories based on the changes in their relative abundance in a given individual over the course of EEN therapy.

3.3. Populations suppressed during EEN are
common in healthy infants, children and adults

Next, we sought to understand whether the populations that
were suppressed or those that demonstrated an ephemeral
bloom during EEN occurred more frequently in healthy in-
fants, age-matched children and healthy adults. First, we used
metagenomic read recruitment to quantify the distribution of
our genomes in publicly available gut metagenomes from 98
healthy infants who were sampled within days of birth, at
4 months and 1 year of life, and from 98 healthy women
who gave birth to the infants.** This analysis revealed stark
patterns of detection of our genomes based on phenotype as-
signment [Figure 3; Supplementary Table S2]. While we were
unable to detect most populations in our dataset in infant
gut samples that were collected during the first few months
of life, there was a marked increase in detection from sam-
ples that were collected from the same set of infants as they
reached 1 year of life. [Figure 3; Supplementary Table S2].
This increase in detection among infant metagenomes was
largely limited to ‘suppressed’ populations while ‘ephemeral’
populations remained poorly detected in all infant age groups
[Wilcoxon non-parametric rank-sum test, p = 0.066]. In the
healthy mothers sampled in this dataset, differences in detec-
tion between suppressed and ephemeral populations were
also significant [Wilcoxon non-parametric rank-sum test, p
= 2.6¢-07].

Next, we performed this analysis in 13 age-matched healthy
children?”” where an even clearer difference in the detection
of ‘suppressed’ and ‘ephemeral’ populations was appreci-
ated [Wilcoxon non-parametric rank-sum test, p = 7.8e-08].
[Figure 3; Supplementary Table S2].

Finding that microbial populations suppressed during
EEN were common in these healthy datasets, we then per-
formed a more comprehensive read recruitment analysis that
included 939 additional adult gut metagenomes from six
countries [Austria, Denmark, England, Italy, Spain and the

USA]. This more robust analysis confirmed that populations
that ‘suppressed’ during EEN were significantly more often
detected in every country studied compared to those that
showed an ‘ephemeral’ phenotype during EEN [Wilcoxon
non-parametric rank-sum test, p = 2.5e-0.6] [Figure 3;
Supplementary Table S2].

3.4. ‘ldentical’ microbial populations in distinct
individuals respond differently to EEN

Attempting to bypass the operational assumption of taxo-
nomic assignment which postulates that populations that
resolve to the same taxon are comparable across different
individuals, or even different studies, we reconstructed gen-
omes on an individual-by-individual basis. From this point,
we sought to investigate whether ‘identical’ MAGs recovered
from unique children with CD behaved similarly in response
to EEN.

Here, we used a de novo clustering strategy that relies
solely on whole-genome sequence similarity to identify se-
quence discrete clusters within the collection of 261 genomes
we have reconstructed from 12 individuals. Our clustering
analysis using a similarity cutoff of 98 % genomic ANI [gANI]
resulted in 123 clusters [Supplementary Table S3]. The term
‘identical’ here does not imply 100% identity, but rather it
signifies that two populations have a gANI > 98%; we note
that this is more highly resolved than taxonomic labels often
assumed to confer sameness across individuals and studies.

Our results show that eight clusters contained six or more
genomes, meaning that a genome recovered from one child on
EEN in the study was more than 98% identical to a genome
recovered in at least five other children. In total, 56 clusters
contained two or more genomes [recovered from two or more
individuals independently] and 67 clusters contained a single
genome [i.e. a genome reconstructed from an individual was
not more than 98% identical to any other genome recon-
structed from any of the individuals].
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Figure 2. Genomes that showed ‘suppressed’ and ‘ephemeral’ phenotypes. Each column in the top panel shows a single genome that is either
classified as ‘suppressed’ [red] or ‘'ephemeral’ [orange], where the intensity of colours indicate its relative abundance across the EEN therapy. The
bottom panel shows, for each individual: [1] the proportion of ‘suppressed’ and ‘ephemeral’ genomes recovered from each subject, where the grey

colour represents the proportion of genomes in a given patient that were cl

assified into other phenotypes [i.e. neither ‘'suppressed’ nor ‘ephemeral’l;

[2] clinical response/remission status [based on PCDAI; [3] faecal calprotectin measurements before and after the EEN therapy; [4] the total number of
genomes recovered; and [5] the percentage of metagenomic short reads MAGs recruit from the metagenomes from a given subject on average. EEN:
exclusive enteral nutrition; F.Calpro: faecal calprotectin; MAGs: metagenome-assembled genomes. The percentage of reads via both assembly and

MAG is given in Supplementary Figure S3.

Each cluster described taxonomically and metabolically homo-
geneous genomes. Specifically, each genome that occurred in any
of the 56 clusters that contained one or more genomes resolved
to the same taxon name [Supplementary Table S3], and the same
hierarchical grouping of genomes based on KEGG metabolic
modules [Supplementary Figure 1, Supplementary Table S3].

To our surprise, we found that clusters were rarely com-
posed of genomes that were assigned to the same phenotype
[Figure 4 highlights clusters with at least four genomes and
Supplementary Table S3 includes full results in ‘gANI clusters’].
In fact, genome phenotypes within a cluster diverged to the ex-
tent that in several instances a population that was ‘suppressed’
during EEN therapy in one child was ‘ephemeral’ in another

[Figure 4]. In total, there were 47 instances where an ‘iden-
tical’ genome was recovered in at least two subjects and did
not have a uniform phenotype, and only in nine instances when
all phenotypes within a cluster were the same [Supplementary
Table S3]. Overall, the dramatic difference in the phenotypic
response of identical populations to EEN therapy suggests that
taxonomically identical organisms should not be expected to
respond similarly in different individuals.

4. Discussion

Our study offers a new ecological perspective on individual-
based microbial responses to EEN therapy, a topic that has
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Figure 3. Distribution of ‘suppressed’ and ‘ephemeral’ populations in healthy individuals across age and geography. Each column in the heatmap in the
top panel represents a metagenome from: [1] healthy infants at birth, at 4 months and at 12 months; [2] healthy age-matched children to our cohort
of paediatric patients; and [3] healthy adults. Data points in this heatmap show the detection of a given GO1 ‘suppressed’ [red] or ‘ephemeral’ [orangel]

genome in a given metagenome. The bottom panel shows the average detection values of all ‘suppressed’ [red] or ‘ephemeral’ [orange] genomes

recovered from our patients in our study across 939 healthy adult gut metagenomes from six countries [box-plots on the left], and the detection values

of each genome individually across the same set of metagenomes [box-plots on the right].

been traditionally investigated largely through cross-sectional
taxonomic profiling of microbial communities.

changes in the relative abundance of microbi

as a function of EEN in each patient, we observed dynamic,
community-level shifts correlating with clinical remission in
children with CD. Next, mapping to these populations with
samples from healthy infants, children and adults, we ob-
served that ‘suppressed’ populations were significantly more
often detected than ‘ephemeral’ populations in healthy indi-
viduals. This conclusion is anchored in analysis from nearly
1000 healthy adult individuals and this signal is detected as
early as 1 year of life, perhaps reflecting the transition to a
more established gut constituency.’® This observation gives
greater understanding to the influence of EEN on the gut

microbiota and raises important questions

understanding of the determinants of successful microbial

therapeutics in CD and beyond.

A critical mechanism of EEN’s efficacy is its ability to dis-
rupt a microbial ecosystem, alter the inflammatory state of the
gut microbiome and therefore temporarily change the mode
of host-microbe interactions. This may be achieved by sup-
pressing resident bacterial populations that are able to adapt
and survive in the intestine of children with uncontrolled CD.

The transient emergence of microbes that are not primary
members of healthy gut microbiomes and the temporary

suppression of commonly found microbes have implications
on how to engineer new therapeutics for CD. While EEN has
been primarily studied as a form of induction therapy, others
have examined the long-term effects of partial enteral nutri-
tion [around 50% of calories consumed], both as adjunctive
therapy in maintenance of remission’** and as mono-
therapy.’®"” Additionally, new dietary therapies mimicking
the carbohydrate, protein and fat composition of traditional
EEN have been proposed as effective for both induction and
maintenance of remission in children with CD.

Our findings suggest that EEN therapy probably functions
less to restore homeostasis and acts more as an environmental
stress to the gut community. As EEN temporarily pushes the
gut composition away from its stable state, it may disrupt
an injurious feedback loop associated with populations more
fit to survive in the dysbiotic environment of CD. This con-
cept of metabolic fitness is highlighted in other recent work
demonstrating that individuals with IBD are typically de-
pleted of less metabolically competent populations.’® Our re-
sults characterize these ‘suppressed’ populations as abundant
across healthy individuals, tolerant of dysbiosis and effect-
ively disrupted by the stress conferred via EEN.

As such, while EEN offers a highly effective means of in-
duction therapy in paediatric CD, from a purely microbial
ecology standpoint its use as a maintenance therapy is less

By examining
al populations

regarding our
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Figure 4. Phenotypes of genomes that are in the same 98% gANI cluster. Every column represents a cluster of genomes where every genome is
>98% identical to others in the same cluster. The phylogenomic tree computed from ribosomal proteins of a representative genome from each cluster
is shown at the top, organizing genomes based on their evolutionary relatedness. Every row represents a patient, and colours indicate the class of

a genome in a given individual as defined in Figure 1, where colours correspond to populations that were suppressed [red], ephemeral [orange], wilt
[purplel, bloom [green], stable [blue] and unclear [dark grey]. For instance, if all genomes in a single column had the same colour, this would have meant
that every nearidentical genome had a comparable change in their relative abundance as a function of the EEN therapy in a given individual. The best
matching species-level taxon name for a given cluster according to GTDB is shown below, and coloured bars represent bacterial phyla where Ba. stands
for Bacteroidetes and Actino. stands for Actinobacteria. Dots in light grey indicate those individuals who did not contribute a genome to a given cluster.

consistent with our current understanding of gut homeo-
stasis. Therefore, if EEN offers long-term benefit to gut health
in paediatric CD as an uninterrupted therapy it is probably
conveyed via another mechanism such as a change in antigen
profile, correction of intestinal permeability or reduction of
pro-inflammatory mediators.®%¢!

However, one means of potentially optimizing the critical
microbial disruption highlighted in this study would be to use
EEN as an intermittent therapy. This concept is under inves-
tigation, examining the potential benefit of ‘cyclic’ EEN as a
form of maintenance therapy.®> While further data are needed
to substantiate this approach, conceptually it agrees with the
findings presented here, maximizing the environmental stress
of EEN and any benefit derived from a temporary change in
the gut microbiota.

While consideration of the taxa present before, during and
after EEN has been critical to our understanding of this im-
portant dietary intervention, attempting to catalogue bacterial
populations as commensal or pathogenic in the metagenomes
of children undergoing a microbial therapy may be of limited
utility. Here, we observe that a microbe’s behaviour is not
uniform across subjects, and in some cases is paradoxical.
In other words, learning about a genome/taxon in the global
context does not necessarily predict its behaviour in local

contexts. In this case, the sum total of microbes with pre-
dicted ‘suppressed’ or ‘ephemeral’ phenotypes before EEN
therapy, given all the other members of a single gut commu-
nity, may suggest that EEN will probably work to induce clin-
ical remission in one individual and be less likely in another.
This suggests that using existing gut microbiome data to help
personalize therapy and predict outcomes may be more feas-
ible than attempts to fundamentally and permanently change
the community structure.

Recent efforts to better understand the probability of re-
sponse to EEN have suggested that both taxonomic struc-
ture?! and the metabolome may be predictive of success.®%%*
Our study offers an interesting association between the suc-
cess of EEN and the enrichment of ‘suppressed’ and ‘ephem-
eral’ populations, which indicate a remarkable response to the
changing environment within a single individual. Interestingly,
we also observe that near-identical populations that are more
than 98% identical at the genome level and that share the
same species-level taxonomic classification did not respond to
the EEN consistently across individuals in our cohort. Our ef-
forts to investigate metabolic differences between such closely
related genomes that resolved to the same gANI cluster of
over 98% identity yet displayed different phenotypes across
individuals did not yield additional insights [Supplementary
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Information]. This may serve as evidence that the mechanisms
driving microbial responses to change are far more complex
than species-level taxonomy, and perhaps mediated by factors
including genetic polymorphisms, variations at gene expres-
sion and/or metabolic output, and the presence, absence or
activity of extrachromosomal genetic elements such as plas-
mids or viruses.

As with other datasets studying the influence of EEN on the
gut microbiome, interpretation of our results is limited by a
small sample size, heterogeneous patient population, and the
concomitant management strategies applied before and during
the study period. We chose to focus on PCDAI as a marker for
remission in this work, consistent with the approach taken
in the initial publication of this dataset. While decline in the
level of calprotectin from baseline may reflect better adher-
ence to the diet,* a recent meta-analysis of EEN studies sug-
gests that PCDALI is also a reliable marker of response.®® Here
we argue that our host-centric approach offers key insight
into the behaviour of microbial populations that are typically
inaccessible through commonly used cross-sectional analyses
in microbial ecology. However, we note that our phenotype
assignment, which relies on a posteriori analyses of data,
offers little power to predict the response of a given taxon to
EEN. We also acknowledge that similar analyses that rely on
‘absolute abundance’ of populations rather than their ‘rela-
tive abundance’ may yield different classes of phenotypes
and might support different interpretations. Furthermore, a
higher percentage of unmapped reads from metagenomes to
the co-assembly in individuals without a significant response
to EEN could result in lower MAG recovery. However, the
diminished impact of therapy on the gut microbiota of these
children may also result in weaker differential coverage and
a lower yield of MAGs. Even as sample size makes statistical
analysis less applicable for some results, our analysis bene-
fits from time-series sample collection, giving high resolution
to the metagenomic-derived data and strength to the conclu-
sions reached.

5. Conclusions

This highly resolved investigation of the gut community
response in successful EEN therapy for paediatric CD re-
veals stereotypical phenotypes of bacterial populations
under stress. We were able to validate these phenotypes by
highlighting differences in distributions in those achieving
clinical remission. Additionally, we demonstrate clear differ-
ences in global detection patterns of these phenotypes within
healthy gut metagenomes. The ‘omics strategies we have em-
ployed were unable to explain why ‘identical’ genomes do not
have a uniform phenotypic response to EEN, underlining the
complexity of host-microbe interactions that call for host-
centric, holobiont approaches to drive much needed thera-
peutics for CD.
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