Article

https://doi.org/10.1038/s41564-024-01870-z

whether the cumulative relative abundance of food SGBs in gut micro-
biomes differs according to diet pattern or food group, we fitanother
zero-inflated linear mixed model estimated by maximum likelihood
with the same model structure asabove. The model’s intercept corre-
sponded to omnivore microbiomes and meat SGBs at-0.41, P< 0.001,
with conditional R* = 0.05 and marginal R* = 0.05. Again, vegans were
movedtotheinterceptinafollowing model with the same parameters.
In addition and using a slightly different approach, we tested for dif-
ferences in the number of food SGBs and in their cumulative relative
abundance between the diet patterns and within each food group and
within each cohort using Dunn’s tests coupled with a BH correction
for multiple testing.

To establish whether there were any significant differences in
the prevalence of the 20 most common food SGBs between the three
diet patterns, we ran a chi-squared test on the number of omnivore,
vegetarian and vegan microbiomes in which each of the SGBs was
present versus absent with the option to compute P values by Monte
Carlo simulation (99,999 replicates). The tests were run for the larger
cohorts separately, namely, for P1, P3 UK22A and P3 US22A.

Gut microbial functional potential

To generate gut microbial functional potential, we ran HUMAnN
(v.3.6)* with default parameters (Supplementary Code 1). We focused
on the pathway abundance output and removed any unmapped or
unintegrated pathways, as well as pathways with a prevalence of <0.05
across samples of at least one diet pattern and a coverage of <0.2.
This left us with 87 pathways in P1, 85 pathways in P3 UK22A and 87
pathways in P3 US22A. We then measured the statistical association
between the relative abundances of these pathways and each diet
pattern pair, which we first computed on each of the three PREDICT
cohortsseparately and then meta-analysed as described in detail above
(Supplementary Code1).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The publicly available datasets used in this work are available from
their respective publicationsinrefs.12,13. Raw metagenomic samples
are provided for all participants of the ZOE PREDICT studies. Specifi-
cally, PREDICT 1 has already been made publicly available as reported
previously' under the NCBI-SRA bioproject ID PRJEB39223, whereas
PREDICT 2 is deposited in EBI under accession number PRJEB75460,
and PREDICT 3 cohortsunder EBlaccession numbers PRJEB75463 and
PRJEB75464. Sex, age, BMI, country and the quantitative taxonomic
profiles are available for each sample within the curatedMetagen-
omicData package’®. The ZOE Microbiome Rankings for the full list
of species are made available (and kept up-to-date) at https://zoe.
com/our-science/microbiome-ranking. ZOE is the owner of the pseu-
donymized dataand metadataand researchersinterested in follow-up
studies requiring additional specific metadata information should
fill out a research request proposal at https://zoe.com/our-science/
collaborate that will be evaluated by a subpanel of the ZOE Scientific
Advisory Board once per month for their priority, relevance and in
compliance with privacy and data protection regulations.

Code availability

The code for the analyses conducted here is provided in Supplemen-
tary Code 1. The pooled estimate of effect sizes from linear models
was computed on the basis of the pipeline in GitHub at https://github.
com/waldronlab/curatedMetagenomicDataAnalyses/blob/main/
python_tools/metaanalyze.py. An importable meta-analysis Python
library is also freely available in GitHub at https://github.com/
Segatalab/inverse_var_weight/blob/main/meta_analyses.py.
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Extended Data Fig. 2| Microbial food-to-gut transmission across the diet
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scale; upper panels) and prevalence, that is, count, (lower panels) of food SGBs
(either meat, dairy, or fruits and vegetable-derived SGBs) within each individual,
colored by diet pattern (pink = omnivore, purple = vegetarian, green = vegan)
and grouped by cohort (P1, P3 UK22A, P3 US22A, DeFilippisetal., and

Tarallo etal.'?; Supplementary Tables 19, 20). Boxplots show the median, 25th
and 75th percentiles, and whiskers extend to 1.5 times the interquartile range.
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Extended Data Fig. 3 | Frequency of dairy consumption across omnivores
and vegetarians in P3 UK22A and P3 US22A according to FFQs. a Percentage
(y-axis) of omnivores and vegetarians (x-axis) that consume dairy products

(milk, yogurt, cheese, butter, or other dairy) between ‘two or more times per day’

to ‘irregularly’. The consumption frequency categories were given by the FFQs.
Percentages within the bar plots indicate the dairy consumption prevalence of
that diet pattern in that consumption category. b Same asin a, but considering
only fermented dairy products (yogurt and cheeses).
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Extended Data Fig. 4 | Potential microbial functional signatures of omnivore
and vegetarian gut microbiomes. a Prevalence (in %) of each functional
pathway (y-axis) in omnivore (pink, left bars) and vegetarian (purple, right
bars) gut microbiomes. b Meta-analyzed correlations between pathway relative
abundance and diet pattern (omnivore vs vegetarian) for the top 30 pathways
with the largest absolute standardized mean difference, upper and lower
confidence intervals. Purple dots to the right indicate pathway-associations
with vegetarians, while pink dots to the left indicate pathway-associations with

omnivores. Also shown insmaller shapes are the per-cohort correlations, with
shapes filled in black indicating a Wald g-value < 0.1and those filled in gray
indicating a Wald g-value > 0.1. The black horizontal bar indicates the separation
between the correlations with omnivores vs vegetarians for ease of visualization
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significant at q < 0.1. Pomivores = 19,817, Nyegerarians = 1,088.

Nature Microbiology

Content courtesy of Springer Nature, terms of use apply. Rights reserved



Article https://doi.org/10.1038/s41564-024-01870-z

a  prevalence b Differential abundances

PWY-7237: myo-, chiro- and scyllo-inositol degradation

PWY-6317: D-galactose degradation | (Leloir pathway)

PWY-8178: pentose phosphate pathway (non-oxidative branch) Il

PWY-5941: glycogen degradation Il

VALSYN-PWY: L-valine biosynthesis

NONOXIPENT-PWY: pentose phosphate pathway (non-oxidative branch) |
CALVIN-PWY: Calvin-Benson-Bassham cycle

PWY-7238: sucrose biosynthesis Il

PWY-6151: S-adenosyl-L-methionine salvage |

GLUTORN-PWY: L-ornithine biosynthesis |

PWY-5686: UMP biosynthesis |

PWY-7790: UMP biosynthesis Il

PWY-7791: UMP biosynthesis IIl

PWY-7221: guanosine ribonucleotides de novo biosynthesis

PWY-6122: 5-aminoimidazole ribonucleotide biosynthesis Il

PWY-6277: superpathway of 5-aminoimidazole ribonucleotide biosynthesis
ARO-PWY: chorismate biosynthesis |

PWY-5097: L-lysine biosynthesis VI

ARGSYN-PWY: L-arginine biosynthesis | (via L-ornithine)

PWY-6163: chorismate biosynthesis from 3-dehydroquinate

PWY-6386: UDP-N-acetylmuramoyl-pentapeptide biosynthesis Il (lysine-containing)
PWY-6387: UDP-N-acetylmuramoyl-pentapeptide biosynthesis | (meso-diaminopimelate containing)
GLYCOGENSYNTH-PWY: glycogen biosynthesis | (from ADP-D-Glucose)
HISDEG-PWY: L-histidine degradation |

COBALSYN-PWY: superpathway of adenosylcobalamin salvage from cobinamide |
SER-GLYSYN-PWY: superpathway of L-serine and glycine biosynthesis |
PWY-6703: preQO biosynthesis

PYRIDNUCSYN-PWY: NAD de novo biosynthesis | (from aspartate)
THRESYN-PWY: superpathway of L-threonine biosynthesis

PWY-724: superpathway of L-lysine, L-threonine and L-methionine biosynthesis Il

i

° Diet pattern

H

omnivore
B vegetarian

o . vegan

ki

Cohort
o Pl
A\ P3UK22A
O P3US22A

HiHH

pEE

Significance level

o—O—o @® Wald-Q<0.1
D G Wald-Q >= 0.1
o—AO—a
o
o—_—O—=a——

100 0 100 -0.8 0.6
[%] Standardized mean difference

Also showninsmaller shapes are the per-cohort correlations, with shapes filled
inblackindicating a Wald g-value < 0.1and those filled in gray indicating a Wald
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only the pathways with a prevalence of less than 0.05 across samples of at least
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

X
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For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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Our web collection on statistics for biologists contains articles on many of the points above.
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other socially relevant focus was on dietary patterns pertaining to veganism, vegetarianism and mixed diets.

groupings

Population characteristics Participants were aged 52 +/- 12.5 years (mean +/- standard deviation). Genotype and diagnosis information was not
collected.

Recruitment Information pertaining to the publicly available datasets used in this work are available from their respective publications:

(Tarallo et al. 2022) and (De Filippis et al. 2019). Participants of P1, P2, P3 US22A, and P3 UK22A all gave informed study
consent either written or electronically. In addition, P3 US22A and P3 UK22A participants gave product research consent
during the course of product purchase at ZOE Ltd. Only the US subset of P1 received modest direct financial compensation
for their participation. All other participants did not receive direct financial compensation beyond reimbursement of
expenses incurred.

Ethics oversight Information pertaining to the publicly available datasets used in this work are available from their respective publications:
Asnicar et al. 2021, Tarallo et al. 2022 and De Filippis et al. 2019. Both P3 plus P2 clinical trials were registered at https://
www.clinicaltrials.gov (clinical trial identifier for P3: NCT04735835; P2: NCT03983733) and ethical approval was obtained (P3
US protocol number (IRB): Pro00044316; P3 UK ethical review reference: HR-23/24-28300; P2 IRB: Pro00033432).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf
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Sample size This study encompassed two published, publicly available datasets (Tarallo et al. 2022 with 118 individuals and De Filippis et al. 2019 with 97
individuals) along with three ZOE PREDICT datasets: P1, a UK cohort with 1,062 individuals; P3 UK22A a UK cohort with 12,353 individuals; and
P3 US22A, a US cohort with 7,931 individuals. In total, 656 vegans, 1,088 vegetarians, and 19,817 omnivores were sampled. When possible,
we also included samples from the ZOE PREDICT 2 (P2) cohort, which encompassed only omnivores from the US (843 individuals), thus
limiting its usability in this analysis.

Data exclusions | Data was only excluded in the alpha diversity analysis, in which we considered all observations outside the 95% Cl to be outliers, which
removed 22 out of the 21,561 samples.

Replication The gut microbial signatures of the 3 diet patterns were replicable across 5 independent cohorts (P1, P3 US22A, P3 UK22A, De Filippis et al.
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Replication (2019) and Tarallo et al. (2022) using a cross-LODO machine learning approach. Linking these patterns to FFQs and individual physiological
data was replicable across 4 cohorts for which FFQ data were present (P1, P2, P3 US22A, and P3 UK22A) using a meta-analytical approach.

Randomization | Participants were grouped into dietary patterns according to their reported dietary patterns. Randomization was only necessary when cross-
LODO machine learning was applied, in which case a per-cohort (ten-times, ten-folds) cross-validation was performed, in which the rest of the

cohorts is added to each training set as a support.

Blinding Authors who extracted and sequenced stool samples did not conduct the microbiome analysis.
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