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composition and functionality.
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and flies through the upregulation of

memory-promoting genes. This

highlights the potential of targeting

bacteriophages cognitive improvement.
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Lluı́s Ramió-Torrentà,4,13,20Wifredo Ricart,1,2,3,4 Andrés Moya,14,15,16 Manuel Martı́nez-Garcı́a,11 Rafael Maldonado,12,17,*
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SUMMARY
Growing evidence implicates the gut microbiome in cognition. Viruses, the most abundant life entities on the
planet, are a commonly overlooked component of the gut virome, dominated by theCaudovirales andMicro-
viridae bacteriophages. Here, we show in a discovery (n = 114) and a validation cohort (n = 942) that subjects
with increased Caudovirales and Siphoviridae levels in the gut microbiome had better performance in exec-
utive processes and verbal memory. Conversely, increased Microviridae levels were linked to a greater
impairment in executive abilities.Microbiota transplantation fromhuman donorswith increased specificCau-
dovirales (>90% from the Siphoviridae family) levels led to increased scores in the novel object recognition
test in mice and up-regulated memory-promoting immediate early genes in the prefrontal cortex. Supple-
mentation of the Drosophila diet with the 936 group of lactococcal Siphoviridae bacteriophages resulted
in increased memory scores and upregulation of memory-involved brain genes. Thus, bacteriophages war-
rant consideration as novel actors in the microbiome-brain axis.
INTRODUCTION

Increasing clinical and pre-clinical studies implicate the gut mi-

crobiome as a key player in the regulation of neurodegenerative
Cell Host & Microbe 30, 1–17
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processes, the modulation of cognition, and neurological disor-

ders (Cryan et al., 2020; Morais et al., 2021). A large amount of

this evidence comes from studies of bacteria (Morais et al.,

2021). However, emerging evidence suggests that viruses can
, March 9, 2022 ª 2022 The Author(s). Published by Elsevier Inc. 1
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Figure 1. Gene and genomic features of the gut phageome associated with cognitive function
Left panel shows gene annotation based on the best hit score against the nr database of NCBI from unassembled viral data (n = 384 forCaudovirales and n = 20 for

Microviridae) previously identified by Kaiju that correlated with cognitive function. Mean amino acid similarity is indicated along with standard deviation error.

Right panel shows the genomic feature of some representative viruses that were further assembled by Megahit software. Virus-host assignment was performed

based on CRISPR spacer match, best k-mer frequency signature score of corresponding virus-host pair, and gene/protein similarity against nr NCBI database.

For more details on genome size, genome sequence, number of ORFs, and other genomic features, refer to Table S2.
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also profoundly affect host physiology and disease (Keen and

Dantas, 2018; Mirzaei and Maurice, 2017). The most numerous

constituents of the human virome are bacteriophages.

Temperate (lysogenic) bacteriophages can transfer genes to

their bacterial hosts, thereby modulating bacterial gene expres-

sion and altering their phenotype. In fact, more than 80% of the

bacterial genomes harbor prophages. Hence, bacteriophages

may play an important role in shaping bacterial diversity and

function and, thus, human health (Keen and Dantas, 2018; Mir-

zaei and Maurice, 2017).

Gut bacteriophage communities display large interindividual

variation and temporal stability and are dominated by temperate

Caudovirales and virulent (lytic) Microviridae (Shkoporov et al.,

2019). Historically, phages have been classified according to

their morphology. However, the advances in the sequencing of

phage genomes during this century revealed a high genomic di-

versity, particularly in the Caudovirales order. Hence, in March

2021, the International Committee on Taxonomy of Viruses

(ICTV) changed the virus taxonomy by defining new genome-

based families (Walker et al., 2021). The order Caudovirales,

unifying all tailed phages, traditionally contained three families:

Myoviridae, Podoviridae, and Siphoviridae. Within this genome-

based taxonomy, the siphoviruses have been divided into three

families (Demerecviridae, Drexlerviridae, and Siphoviridae). It is

worth nothing that the old Siphoviridae family is the one with

fewer changes: from the 1,371 species included in the old clas-

sification, 1,166 (85%) were still classified as Siphoviridae in the

new genome-based taxonomy.

Due to the recent change in taxonomy, the evidence so far is

based only on the old taxonomy. The levels of phages in theMi-

croviridae family increase with age and negatively correlate with

the relative abundance of phages in the Siphoviridae family

(Gregory et al., 2020; Lim et al., 2015). In addition, diet has

been shown to alter the composition of the gut virome. Specif-
2 Cell Host & Microbe 30, 1–17, March 9, 2022
ically, transition from normal chow to high fat diet resulted in a

significant decrease in bacteriophages from the Siphoviridae

family, accompanied by gains in Microviridae (Schulfer et al.,

2020). The existence of a healthy human gut phageome, domi-

nated by temperate bacteriophages, has been suggested (Man-

rique et al., 2016; Moreno-Gallego et al., 2019), where phage

dysbiosis, characterized by increases in lytic phages and/or acti-

vated prophages, has been associated with the disease (Manri-

que et al., 2017).

RESULTS AND DISCUSSION

Bacteriophages in the gut microbiome are associated
with executive function
Despite being themost abundant biological entities on the planet

and having the potential to modulate bacterial communities,

bacteriophages, in general, and their relationship with cognition,

in particular, remain largely unexplored. Therefore, we aimed to

study the interplay among the gut phageome, the gut bacter-

iome, and executive function (one of the six key domains of

cognition), combining fecal shotgun metagenomics and metab-

olomics in 4 human cohorts together with fecal microbiota trans-

plantation (FMT) in mice and bacteriophage supplementation in

Drosophila melanogaster. We first assessed these relationships

in a longitudinal discovery cohort (IRONMET, n = 114, Table

S1A) that underwent a battery of cognitive tests. In all analyses

shown below, we controlled for the following confounding fac-

tors: age, BMI, sex, and years of education. To account for the

compositional nature of the microbiome data, we applied a

centred log-ratio transformation to the raw counts from the dis-

covery cohort using the geometric mean of all species as the

reference frame. We observed that the levels of specific Caudo-

virales (the former Siphoviridae family with the old taxonomy

containing the new Demerecviridae, Drexlerviridae, and
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Siphoviridae families) (Figure 1) were negatively associated with

the trail making test B (TMTB) time (R = �0.22, p = 0.037),

whereas Microviridae levels had a positive association (R =

0.19, p = 0.047). In the TMTB, higher times to completion indicate

worse executive functioning. As sexual dimorphism has a strong

impact on the gut microbiome, we also performed sex-specific

analyses (Mayneris-Perxachs et al., 2020). Women with higher

specific Caudovirales levels had lower scores in the TMTB (Fig-

ure 2A), implying a better performance in central executive pro-

cesses. Although no associations with TMTB were found in men

(R = 0.03, p = 0.985), specificCaudovirales levels were also asso-

ciated with better executive function measured by the backward

digit span test (Figure 2B). Higher scores in the backward digit

span tests indicate better performance in executive function.

No associations were observed between specific Caudovirales

levels and the backward digit span test in women (R = 0.02,

p = 0.998).

Gene and genomic analysis of these Caudovirales from unas-

sembled and assembled data indicated that most of them were

uncultured and uncharacterized, while others putatively infected

mostly Lactococcus spp., and other gut bacteria belonging to

Enterobacteriacaea, Firmicutes (e.g., Eubacterium rectale), or

Bacteroidetes (Prevotella copri). Host assignment was carried

out by a combination of CRISPR spacer-protospacer match

search, estimation of k-mer frequencies of host and virus

genome, and gene/protein search in databases (Table S2).

Gene content and annotation show common gene features of

these Caudovirales with high predominance of hypothetical pro-

teins along with structural proteins (capsid, portal, neck, and tail)

and other functional proteins of Caudovirales (e.g., terminases)

(Figure 1). Metagenomic assembly delivered a fragmented

genome assembly for some of these Caudovirales (3.5–42.9-kb

genome size; Table S2), especially for Lactococcus viruses

(<3.5-kb mean genome assembly) identified to be correlated

with better performance in central executive processes. The

very high similarity of predicted proteins and viral hallmark genes

(mean amino acid similarity R 95%) identified by Virsorter 2.0

from theseCaudoviraleswas paramount to ascertain the identity

of these viruses despite obtaining a fragmented metagenome

assembly.

These specific Caudovirales belong to the three described

families (Siphoviridae, Demerecviridae, and Drexlerviridae) that
Figure 2. The gut phageome is associated with cognitive function and

(A–D) Scatter plots of the partial Spearman’s rank correlations (adjusted for age, B

bacteriophage values and executive function assessed by the trail making test B (

cohort (IRONMET, n = 114). The ranked residuals are plotted.

(E and F) (E) Volcano plots of differential bacterial abundance associated with t

ecviridae, and Drexlerviridae] in the discovery cohort and (F) the validation cohort

the logarithm to the base 2 (log2) of the fold change associated with a unit change

logarithm to the base 10 (log10) of the p values adjusted formultiple testing (padj). E

colored according to the phylum. Taxa highlighted in red were also associated wi

transformed specific Caudovirales levels in the discovery cohort.

(G and H) (G) Violin plots of the Fonetic verbal fluency (n = 841) and (H) symbol dig

median after adjusting age, BMI, gender, education years, intake of medications w

min/week), depression scores, and glucose and cholesterol levels in the validatio

(I–L) (I) Violin plots of the Fonetic verbal fluency (n = 470), (J) symbol digit test (n = 4

the clr-transformed specificCaudovirales tertiles (T1, T2, and T3) after adjusting fo

942). Overall significance was assessed using a Mann-Kendall trend test.

(M) Partial Spearman’s rank correlation among consumption of dairy food items

Caudovirales values.
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comprised the former Siphoviridae family with the old taxon-

omy. As in our data, the new genome-based Siphoviridae family

still contained >86% of the genera included in the old Siphovir-

idae family, we also found significant negative associations

between Siphoviridae levels (as per new genome-based taxon-

omy) and the TMTB (Figure S1). Remarkably, unlike specific

Caudovirales levels, Siphoviridae levels were also significantly

associated with better performance with inhibitory control

(measured by the Stroop test) and both short- and long-term

memory (Figures S1C–S1E), highlighting a particular role of Si-

phoviridae in cognitive function. These results were also found

in women (Figures S1F–S1J), whereas in men, we only found

positive associations with the backward digit span test (Figures

S1K and S1L).

Conversely, some detected ssDNA Microviridae virus (Fig-

ure 1; Table S2) levels were associated with a greater impairment

in executive function in both women and men (Figures 2C and

2D). In line with previous observations showing an increase after

a high fat diet (Schulfer et al., 2020), Microviridae levels corre-

lated positively with fat mass (Figure S2A).Microviridae hallmark

genes and proteins were clearly identified in unassembled and

assembled data (Figure 1). Some of themwere similar to Escher-

ichia phage alpha3 and to unculturedMicroviridae detected pre-

viously in the gut. Remarkably, identification of putative hosts

indicated that some of these Microviridae infect Bacteroidetes

(likely Alistipes onderdonkii), and in particular, one Microviridae

virus (contig name c055944) showed a broad host range

because CRISPR spacers from Ruminococcus spp., Oscilobac-

teriales, and Lachnospiracea matched viral protospacers of this

virus (Table S2).

It has been suggested that bacteriophages play an important

role in host health and disease by modulating bacterial commu-

nities through transposition and induction and horizontal gene

transfer (Keen and Dantas, 2018). Therefore, we then evaluated

the associations of these bacteriophages with the bacterial

composition and functionality. Specific Caudovirales levels

were strongly positively associatedwith lactic acid bacteria (Lac-

tobacillales order), particularly with Streptococcus, Lactoba-

cillus, Lactococcus, and Enterococcus species, and negatively

associated with species from the genus Bacteroides (Figure 2E;

Table S3A). This is consistent with the fact that all known lactic

acid bacteria phages belong to the Caudovirales order and
bacterial composition

MI, and education years) between the fecal centered log-ratio (clr) transformed

TMTB) and the digit backward span test in men and women from the discovery

he fecal clr-transformed specific Caudovirales [Siphoviridae (>90%), Demer-

1 (IMAGEOMICS, n = 942) identified by DESeq2 analysis. The x axis represents

in the clr-transformed specific Caudovirales values. The y axis represents the

ach dot represents a specific taxon. Significantly different taxa (padj < 0.05) are

th the TMTB scores. Taxa highlighted in blue were also associated with the clr-

it test scores (n = 827) according to the clr-transformed specific Caudovirales

ith central nervous systems’ side effects (ATC codeN), physical activity (METS/

n cohort 1 (IMAGEOMICS, n = 942). Red dots represent the mean.

61), (K) cognition (n = 408), and (L) paired free recall (n = 454) scores according

r the previous covariates inmen from the validation cohort 1 (IMAGEOMICS, n =

derived from food frequency questionnaires and the clr-transformed specific
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Figure 3. The gut phageome is also longitudinally associated with cognitive function

(A–C) (A) Volcano plots of differential bacterial abundance associated with the fecal clr-transformed specific Caudovirales [Siphoviridae (>86%), Demerecviridae,

and Drexlerviridae] values in the validation cohort 2 (n = 31), (B) the validation cohort 3 (n = 26), and (C) 1-year follow-up in the discovery cohort (n = 86) after

controlling for age, BMI, sex, and education years. The x axis represents the logarithm to the base 2 (log2) of the fold change associated with a unit change in the

clr-transformed specificCaudovirales values. The y axis represents the logarithm to the base 10 (log10) of the p values adjusted formultiple testing (padj). Each dot

represents a specific taxon. Significantly different taxa (padj < 0.1) are colored according to the phylum. Bacterial species highlighted in blue were also associated

with the clr-transformed specific Caudovirales levels in the discovery cohort.

(legend continued on next page)

ll
OPEN ACCESSArticle

Cell Host & Microbe 30, 1–17, March 9, 2022 5

Please cite this article in press as: Mayneris-Perxachs et al., Caudovirales bacteriophages are associated with improved executive function and mem-
ory in flies, mice, and humans, Cell Host & Microbe (2022), https://doi.org/10.1016/j.chom.2022.01.013



ll
OPEN ACCESS Article

Please cite this article in press as: Mayneris-Perxachs et al., Caudovirales bacteriophages are associated with improved executive function and mem-
ory in flies, mice, and humans, Cell Host & Microbe (2022), https://doi.org/10.1016/j.chom.2022.01.013
most of them to the Siphoviridae family (Murphy et al., 2017).

Notably, �40% of the species most strongly linked with specific

Caudovirales were also significantly associated with the TMTB

scores (highlighted in red in Figure 2E). As stated above, more

than 86%of the specificCaudovirales in the discovery cohort be-

longed to the Siphoviridae family. Therefore, we found similar re-

sults when we evaluated the associations of the Siphoviridae

family with the bacterial composition (Figure S1M). Conversely,

Microviridae levels were negatively associated with several

Lactobacillus, Streptococcus, and Enterococcus, while posi-

tively linked to Bacteroides and Prevotella species (Figure S2B;

Table S3B). This is consistent with a recent analysis of CRISPR

spacer sequence matches predicting thatMicroviridae bacterio-

phages infect highly predominant gut bacterial taxa, such as

Bacteroides and Prevotella (Shkoporov et al., 2019).

We next sought to validate these results in an independent

validation cohort (IMAGEOMICS, n = 942, Table S1B) (Puig

et al., 2020). In this cohort, >94% of the specific Caudovirales

species (Siphoviridae, Demerecviridae, and Drexlerviridae fam-

ilies) belonged to the Siphoviridae family. Consistent with the

previous findings, specific Caudovirales levels were positively

associated with lactic acid bacteria (Figure 2F; Table S3C).

Notably, the bacterial species most associated with this bacte-

riophage family in the validation cohort were the same as those

identified in the discovery cohort (highlighted in blue in Figure 2F).

Not only that, but in line with the results in the discovery cohort,

subjects with clr-transformed specificCaudovirales levels above

the median had higher scores both in measures of frontal cortex

activity such as executive function (Phonemic verbal fluency,

Figure 2G) (Herrmann et al., 2017) and information processing

speed (symbol digit test, Figure 2H) (Silva et al., 2019), after con-

trolling for age, BMI, gender, education years, intake of medica-

tions with central nervous systems’ side effects (ATC code N),

physical activity (metabolic equivalent of tasks(METS)/min/

week), depression scores (PHQ-9), and glucose and cholesterol

levels in the validation cohort. In men, specific Caudovirales

levels were not only associatedwith executive function and infor-

mation processing speed (Figures 2I and 2J) but also with short-

and long-term verbal memory (Paired, Delayed, and Total Free

Recall; Figures 2K and S3A–S3C) and general cognition (Fig-

ure 2L). No significant associations were found for these cogni-

tive tests in the case of women (p > 0.05). We further validated

the associations among specific Caudovirales and lactic acid

bacteria in two additional independent validation cohorts (Fig-

ures 3A and 3B; Tables S1C, S1D, S3D, and S3E).

These results were also replicated after 1-year follow-up in

the discovery cohort (IRONMET, n = 86, Table S1E). Hence,

once again, we found a positive strong association between

Streptococcus, Lactobacillus, Lactococcus, and Enterococcus

species and specific Caudovirales levels after 1 year (Figure 3C;

Table S3F). The positive association between specific Caudo-

virales levels and improved executive functioning was also

mirrored after 1-year follow-up (Figure 3D). In line with the find-

ings in the validation cohort (IMAGEOMICS), specific Caudovir-
(D) Scatter plot of the partial Spearman’s rank correlation between the specific C

from the discovery cohort after 1-year follow-up.

(E) Scatter plots of the partial Spearman’s rank correlations between clr-transform

Delayed Free Recall (CVLT_LDFR) in men from the discovery cohort after 1-year

6 Cell Host & Microbe 30, 1–17, March 9, 2022
ales levels in men from the discovery cohort also had a strong

positive association with long-term verbal memory after 1-year

follow-up (Figure 3E). No significant associations were found

between specific Caudovirales levels and long-term memory

(California Verbal Learning Test (CVLT) Long Delayed Free

Recall: R = �0.11, p = 0.460; CVLT Long Delayed Cued Recall:

R = �0.14, p = 0.343) in women after 1-year follow-up. Micro-

viridae associations were also reproduced one year later (Fig-

ure S2C; Table S3G). Remarkably, in three out of four cohorts,

we found a consistent positive association among specific

Caudovirales levels and Lactococcus lactis and several Lacto-

bacillus (L. crispatus, L. plantarum, L. Salivarius, and Lactoba-

cillus_uc) and Streptococcus (S. mitis, S. salivarius, S. vestibu-

laris, and Streptococcus_uc) species. L. lactis and

Lactobacillus sp. are widely used in the fermentation of dairy

products (Murphy et al., 2017), while S. salivarius and S. mitis

are the predominant streptococcal species in human milk mi-

crobiota (Martı́n et al., 2016). Consistently, we found positive

associations between specific Caudovirales levels and dairy

product consumption (Figure 2M) and medium-chain fatty

acids (Figure S3D), which are naturally occurring in dairy fat,

as well as between specific Caudovirales-linked lactic acid

bacteria and dairy products (Figure S3E). On the contrary,

the Microviridae family had negative associations with me-

dium-chain fatty acids (Figure S3F). Interestingly, supplemen-

tation with medium-chain fatty acids has shown to improve

synaptic plasticity and cognitive function in mice and humans

(Page et al., 2009; Wang and Mitchell, 2016).

Bacterial functions are linked to the gut bacteriophages
Functional analyses based on the Kyoto Encyclopedia of Genes

and Genomes (KEGG) pathway also revealed significant associ-

ations between bacterial pathways, bacteriophages, and human

host executive function. Specifically, specific Caudovirales

levels were strongly negatively associated with folate-mediated

one-carbonmetabolism (Figure 4A). Folatemetabolism is central

to multiple physiological processes, providing 1C units required

for cellular processes (Ducker and Rabinowitz, 2017). Folate-

activated 1Cs are required for the nucleotide synthesis pathway,

which is essential for DNA replication and repair. It is also

involved in the methionine cycle, which is necessary for the syn-

thesis of S-adenosylmethionine (SAM), the universal methyl

donor to numerous methylation reactions, including DNA

methylation. Through the trans-sulfuration pathway, it regulates

redox defence by synthesizing antioxidants such as taurine and

glutathione from cysteine. Remarkably, all these bacterial path-

ways were also strongly associated with the specific Caudovir-

ales levels and inversely with Microviridae (Figures 4A and 4B).

We also found negative associations among the metabolism of

vitamins B2 and B6, which are essential cofactors in the folate

cycle, and specific Caudovirales. Functional analyses at the

enzyme level revealed that bacterial genes thyX and dut, both

involved in folate-mediated pyrimidine biosynthesis, had the

strongest associations with specific Caudovirales levels
audovirales clr-transformed values and the digit backward span test in women

ed specific Caudovirales values and the California Verbal Learning Test-Long

follow-up.
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Figure 4. The gut phageome is linked to bacterial pathways involved in the folate-mediate one-carbon metabolism and related metabolites

(A and B) (A) Manhattan-like plot of significantly expressed KEGG bacterial pathways associated with the specific Caudovirales [Siphoviridae (>86%), Demer-

ecviridae, andDrexlerviridae] and (B)Microviridae clr-transformed values identified by DESeq2 analysis controlling age, BMI, sex, and educations years. Bars are

(legend continued on next page)
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(Figure S4A; Table S3H). Specifically, thyX encodes for thymidy-

late synthase (TYMS in humans). Decreased TYMS expression

levels lead to imbalances between DNA synthesis and methyl-

ation, which is essential for neurodevelopment, synaptic plas-

ticity, and memory (Heyward and Sweatt, 2015). In fact, impair-

ment in folate-mediated one-carbon metabolism has been

associated with neurodegenerative disease that may result

from dTMP synthesis impairment and consequent uracil misin-

corporation into DNA (Blount et al., 1997; Ducker and Rabino-

witz, 2017). Specific Caudovirales levels were also negatively

associated with other pathways that play a key role in the central

nervous system such as glutamatergic, GABAergic, dopami-

nergic, serotonergic synapse, and retrograde endocannabinoid

signaling. Other strongly associated bacterial genes were linked

to folate-mediated histidine catabolism (FTCD, ftcd) and purine

biosynthesis (purH, purU) (Figure S4A).

Human plasma and fecal metabolites reflect bacterial
functions modulated by the bacteriophages
We next performed metabolic profiling of plasma and feces by
1H NMR to reveal metabolic signatures associated with the bac-

teriophages. Applying a machine learning variable selection

strategy based on random forest (Kursa and Rudnicki, 2010),

we identified several metabolites linked to the Microviridae and

specific Caudovirales levels (Figures 4C and 4E). Notably, most

of these metabolites were directly involved in one-carbon meta-

bolism. They includedmetabolites that feed 1C units to the folate

pool (choline, glycine, formate, histidine, and glucose) and

related catabolites (urocanate, glutamate, inosine, BAIBA, and

methionine sulfoxide). Particularly, choline and glycine, which

are the most important source of folate 1C units (Ducker and Ra-

binowitz, 2017), had the strongest associations withMicroviridae

and specific Caudovirales levels, respectively. In line with these

results, glycine and histidine bacterial metabolic pathways

were also negatively and positively associated with specificCau-

dovirales and Microviridae levels, respectively (Figures 4A and

4B). Specifically, we identified strong associations among bacte-

riophages and several genes encoding for enzymes involved in

glycine and histidine metabolism and transport (Figures 4F and

S4B–S4E). Glycine can be obtained from catabolism of dietary

choline and serine that feed carbon units to the 1C-metabolism.

Serine can also be synthesized from 3-phosphorylglycerate and

intermediate in glycolysis. Glycine itself is also a 1C source

through the glycine cleavage system (GCS) that produces a car-

bon unit for the methylation of Tetrahydrofolate (THF). Consis-

tently, bacteriophage levels were associated with genes partici-

pating in the GCS (gcvH, gcvP, and gcvR), serine synthesis (serB

and serA), and choline transport and catabolism (sox and opuD).

Of note, GCS genes had the strongest negative association with

specific Caudovirales levels, whereas the GCS transcriptional

repressor (gcvR) was positively associated with theMicroviridae
colored according to the p value adjusted for multiple testing (padj). The x axis rep

account the direction of the association. Those pathways related to folate-mediat

(C–E) Barplots of normalized variable importance measure (VIM) for the plasma an

identified in the discovery cohort using a multiple random forest-based machine

represents the sign of the correlation, with green indicating positive association

(F) Overview of the one-carbon metabolism, including the methionine cycle, the fo

functions significantly associated with bacteriophages’ clr-transformed values a
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family (Figures S4D and S4E). Mutations in genes encoding the

GCS have shown to predispose to neural tube defects and

neurological dysfunction both in mice and humans (Kure et al.,

2006; Narisawa et al., 2012).

Gut bacteriophages induce changes in cognitive
function and brain gene expression of recipient mice
after fecal transplantation
To test whether bacteriophages and associated bacterial com-

munities from human donors could trigger cognitive changes in

recipient mice, we next performed a FMT experiment. Micro-

biota from 22 patients was delivered to antibiotic-treated recip-

ient mice (Figure 5A). After FMT, we found that from the 1,994

taxa in the donors’ microbiota, 1,385 (70%) were also present

in recipient mice microbiota, indicating a favorable engraftment

(Figure S5A). Importantly, 216 from these 1,385 taxa were pre-

sent in the mice receiving FMT but not in control mice treated

only with antibiotics but no FMT. In fact, a PCA score plot on

the clr-transformed data revealed a clear difference between

the microbiota of mice receiving FMT vs. mice not receiving

FMT (Figure S5B). After 4 weeks, we observed a kind of dose-

response effect according to the specific Caudovirales levels

present in the donor’s microbiome (Figure 5B): the higher the

specific Caudovirales levels, the higher the scores in the novel

object recognition (NOR) test, which is used to evaluate cogni-

tion, particularly memory. In line with this result, the recipient

mice clr-transformed specific Caudovirales levels were also

associated with a better performance in the recipient mice

short-term memory (positive association with the NOR) and

emotional memory (negative association with the freezing time

in the cue-induced fear conditioning) (Figures S5C and S5D).

On the contrary, increased Microviridae levels in donor’s micro-

biome were associated with impaired cognition of recipient mice

(Figure 5C). We also tested whether FMT could impact the recip-

ient’smice brain transcriptome. AnRNA sequencing of the recip-

ient mice prefrontal cortex (PFC), which is implicated in execu-

tive functions and memory, identified 23 and 18 out of 15,547

genes up- and down-regulated associated with the donor’s spe-

cific Caudovirales levels, respectively (Figure 5D). Donor’s Mi-

croviridae levels were associated with 18 and 10 up- and

down-regulated genes, respectively (Figure 5E). Notably, several

of the most up-regulated gene transcripts with increased do-

nor’s specificCaudovirales levels are knownmemory-promoting

genes (i.e.,Arc, Fos, Egr2, andBtg2), whereas those down-regu-

lated (Ide and Ppp1r42) are memory suppressors (Poon

et al., 2020).

To gain better insight into bacteriophages’ molecular mecha-

nisms associated with cognition, significant genes were used to

construct a gene-gene interaction network using the STRING

database (Szklarczyk et al., 2019). It revealed a cluster of highly

connected genes mostly up-regulated with the specific
resents the �log10(padj) values multiplied by the fold-change sign to take into

ed one-carbon metabolism and central nervous system highlighted in bold red.

d fecal metabolites associated with the bacteriophages clr-transformed values

learning variable selection strategy using the Boruta algorithm. The above bar

and red negative association.

late cycle, and the purine and pyrimidine synthesis. Metabolites and bacterial

re highlighted in bold in orange and red boxes, respectively.
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Caudovirales that included Arc, Dusp1, Fos, Btg2, Egr2, Cyr61,

Pmp22, Sik1, Csrnp1, Ier2, and Trib1 (Figure 5F). Genes from

this cluster were involved in positive regulation of tau protein ki-

nase activity, MAP kinase activation, and AP-1 transcription fac-

tor network (Figure 5G). The vast majority of these transcripts are

encoded by immediate early genes (IEGs), crucially involved in

synaptic plasticity and neuronal development (Alberini, 2009;

Minatohara et al., 2015). In line with our results, both synaptic

plasticity and induction of IEGs depend upon activation of AP-

1 transcription factor and MAPK/ERK signaling cascade (Fowler

et al., 2011). In addition, environmental enrichment in transgenic

micemarkedly reduced amyloid-b levels and deposition in paral-

lel to up-regulated hippocampal expression of IEGs, including

Fos, Arc, Egr2, Dusp1, Btg2, and Ier2 (Lazarov et al., 2005).

We further complemented these analyses by performing over-

representation analyses using the consensus pathway database

(Kamburov et al., 2013). Analysis based on gene ontology high-

lightedcognitionas themostover-representedbiological process

associated with donor’s specific Caudovirales levels (Figure 6A).

Other relevant biological processes included associative learning

and neuron differentiation and development, neurogenesis, mye-

lination, and nervous system development. This is in line with the

IEGs playing amajor role in synaptic plasticity, which is critical for

key brain functions including learning and memory (Minatohara

et al., 2015). Also consistent with our findings, learning andmem-

ory acquisition up-regulated the expression of the IEGs Arc, Fos,

Btg2, Sik1, Dusp1, Ier2, and Egr2 in the hippocampus and retro-

splenial cortex of adult mice (Peixoto et al., 2015). DNA methyl-

ation plays a critical role in regulating gene expression and

mediating synaptic plasticity by modulating the expression of

memory-enhancing/-supressing genes (Heyward and Sweatt,

2015). Notably, the transcription of IEGs is highly susceptible to

DNAmethylationdue to the largepresenceofCpG islands (Fowler

et al., 2011; Halder et al., 2016; Kaas et al., 2013).We have shown

that specific Caudovirales levels were mainly associated with

folate-mediated 1C-metabolism. Because it plays a critical role

in epigenetic regulation, including DNA methylation (Mentch

et al., 2015), specific Caudovirales might improve cognitive per-

formance through the regulation of the methylation status of

IEGs. Finally, a pathway-based analysis revealed again over-rep-

resentation of the AP-1 transcription factor network and MAPK

signaling (Figures6Band6C). It also highlighted theserotonin, on-

costatin M, brain-derived neurotrophic factor (BDNF), and IL-4

and IL-13 signaling pathways, among others. The anti-inflamma-
Figure 5. Cognitive traits were phenocopied to recipient mice in paralle
(A) Experimental design for the fecal microbiota transplantation study.

(B and C) (B) Scatter plots of the partial Spearman’s rank correlations between

merecviridae, and Drexlerviridae] and (C)Microviridae values and the recipient’s m

sex, and education years.

(D and E) (D) Volcano plot of differentially expressed gene transcripts in the med

donor’s specific Caudovirales and (E)Microviridae clr-transformed values identifie

represents the logarithm to the base 2 (log2) of the fold change associated with

represents the logarithm to the base 10 (log10) of the p values adjusted for multiple

transcripts (padj < 0.05) with positive fold changes are colored in green, and tho

(F) Gene interaction network constructed using differentially expressed genes as

Tool for the Retrieval of Interacting Proteins/genes (STRING) database. The ne

teractions. The thickness indicates the degree of confidence prediction of the inte

involved in memory formation.

(G) Local network clusters identified by STRING.
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tory cytokines IL-4 and IL-13 have shown to affect both learning

and memory via the IL-4 receptor influencing the production of

BDNF (Brombacher et al., 2020), while oncostatin M is a member

of the IL-6cytokine family that hasshownneuroprotectiveproper-

ties (Moidunny et al., 2010). Dot plots showing a dose-response

effect on relevant gene transcripts according to the specific Cau-

dovirales andMicroviridae are shown in Figures 6D and S6.

Lactococcal 936-type bacteriophages increase memory
retention and alter the expression of memory-related
genes in Drosophila melanogaster

Our results showed significant associations between bacterio-

phages and bacterial structure and function. However, in vitro

studies have suggested that bacteriophages not only affect

host physiology indirectly by shaping microbial communities,

but they also modulate eukaryotic physiology directly (Keen

and Dantas, 2018). Considering this, to gain further support for

the role of Siphoviridae in cognition, we evaluated the impact

of Lactococcal 936-type bacteriophages in learning andmemory

using the model organism Drosophila melanogaster. We used

the Lactococcal 936-type phages because they were the most

abundant characterized Siphoviridae species in the discovery

cohort. In line with our results, the so-called 936-type phages

are the most frequently isolated lactococcal phage species in

dairy fermentations (Murphy et al., 2017). Flies were fed with di-

ets supplemented with whey, a milk derivate known to be rich in

Lactococcal 936-type bacteriophages (members of theSiphovir-

idae family), reaching concentrations up to 108 PFU/mL in this

product (Ly-Chatain et al., 2011).

Since bacteriophages are thermolabile (Marcó et al., 2019), we

also generated whey diets (WD) free of bacteriophages by sub-

mitting whey powder to a thermic treatment for 15 min at

121�C (WD 121�C) or 3 min at 100�C (WD 100�C). To preserve

bacteriophage integrity, we also generated WD 45�C, adding
whey powder to the fly food at 45�C. After performing conven-

tional PCR, PCR products confirming the presence of Lactococ-

cal 936-type phages DNA were detected in whey powder and

WD 45�C samples (Figure S7A, lanes 1–4), whereas absence

or weak PCR products were observed after PCR amplification

of WD 100�C or WD 121�C samples (Figure S7A, lanes 5–8), in

the context of probable degradation of the bacteriophage DNA

due to the thermic treatment. No lactococcal 936-species DNA

was amplified after conventional PCR from samples of diets ab-

sent of whey, standard diet (SD), or sterilized SD (SD 121�C),
l to changes in prefrontal cortex genes involved inmemory formation

the donor’s clr-transformed specific Caudovirales [Siphoviridae (>86%), De-

ice novel object recognition (NOR) test score, controlling for donor’s age, BMI,

ial prefrontal cortex of the recipient mice prefrontal cortex associated with the

d by limma-voom after adjusting p values for multiple testing (padj). The x axis

a unit change in the clr-transformed specific Caudovirales values. The y axis

testing (padj). Each dot represents a specific transcript. Significantly different

se with significantly negative associations are colored in red.

sociated with the specific Caudovirales clr-transformed values via the Search

twork nodes are genes and the edges represent the predicted functional in-

raction. A functional cluster (highlighted in red) was detected comprising genes
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(Figure S7A, lanes 9–12). These results suggested that thermola-

bile components in whey powder and the presence of bacterio-

phages in this product might promote memory. The aversive

tastememory paradigm evaluates learning andmemory capabil-

ities. Drosophila discriminates district taste modalities, including

sweet and bitter (see STAR Methods). Flies are stimulated with

sweet tasting like a sucrose solution to the tarsi (legs), inducing

the proboscis extension reflex (PER). During the training period,

repeated paired applications of sucrose to the tarsi and quinine

to the proboscis reduce PER significantly. Due to associative

memory, PER is reduced in time to the subsequent application

of sucrose alone in the tarsi (Figures 7A, 7B, 7B0, and 7B00).
Wild-type flies fed with WD 45�C showed longer PER suppres-

sion during thememory test compared with flies fed with thermic

treated diets WD 121�C or WD 100�C, indicating that they were

able to maintain aversive taste memory for longer periods (Fig-

ures S7B and S7B00). Although an increment in learning perfor-

mance was observed, this was not statistically significant (Fig-

ure S7B0). When flies were fed with SD absent of whey (SD or

121�C SD), no differences in learning and memory performance

were observed during the aversive taste memory paradigm (Fig-

ures S7C, S7C0, and S7C00). These results suggest that phage

936 is by itself able to improvememory capabilities ofDrosophila

melanogaster when ingested through diet.

Subsequently, to determine whether the increment in memory

retention capabilities was mediated by Lactococcal 936-type

bacteriophages, whey and SDwere treated at 121�C to eliminate

any possible bacteriophage contamination. Afterwards, the con-

ditions SD + phage 936 and WD + phage 936 were supple-

mented with 50.000 UFP of phage-936 when the food was at

room temperature. Learning andmemory performance of female

flies was assessed with the aversive taste memory paradigm.

Flies fed with WD + phage 936 and SD + phage 936 showed

longer PER suppression during the memory test, indicating

longer memory retention than flies fed with WD and SD, respec-

tively (Figures 7C and 7D). Flies fed with diets supplementedwith

the phage 936 showed increased learning but this did not reach

statistical significance (Figures 7C and 7D) but showed a signif-

icant reduction of PER 10 and 20 min after training, indicating

longer memory retention (Figures 7C and 7D). These results sug-

gest that phage 936 is by itself able to improve memory capabil-

ities of Drosophila melanogaster when ingested through diet.

To gain better insights into the molecular mechanisms medi-

ated by phage 936 and its impact on cognition, we then focused

on the cluster of learning and memory-related genes (the

corresponding Drosophila orthologs are shown in Table S4A)

with up-regulated expression in mouse brain after specific Cau-

dovirales-enriched microbiota transplantation (Figure 5D, red
Figure 6. Over-representation analysis of differentially expressed gene

(>86%), Demerecviridae, and Drexlerviridae] clr values

(A) Manhattan-like plot of over-represented gene ontology biological processes. B

The x axis represents the �log10(q values) values multiplied by the fold-change s

related with cognition, learning, and nervous system development are highlighte

(B and C) (B) Pathway over-representation analysis of significant gene transcripts

The bubble size represents the percentage of significant genes associated with th

y axis represents the �log10(q value). Bubbles are colored according to the p va

(D) Boxplots of selected relevant genes significantly associated with the specifi

tertiles.
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nodes in the gene interaction network of Figure 5F). Remarkably,

the relative transcript expression in fly heads (qRT-PCR) of these

genes was significantly up-regulated in fly heads fed with WD +

phage 936, correlating with the results obtained in mouse brains.

The exception was Kay, the Drosophila homolog of Fos, that was

significantly down-regulated (Figure 7E). Similarly, flies fed with

SD + phage 936 showed significant increments in gene expres-

sion of Axud, Trbl, and Socs44a, while the expression of Kaywas

again significantly down-regulated. A trend toward increased

Arc1, sr, and Sik2 was also observed (Figure 7F).

Sr, puc, kay, Sik2, and Arc1 are part of the Drosophila activity-

regulated genes (ARGs). Similar to mammalian IEGs, these

genes are initial transducers of neural activity implicated in the

first steps of memory formation, their expression being tran-

siently up-regulated upon neural activity (Chen et al., 2016).

The basal expression levels of these genes appear to be differen-

tially regulated in Drosophila after the administration of phage

936 with one or both diets. Although the aversive taste memory

paradigm does not measure long-term memory, ARG genes are

also involved in neuronal plasticity and neurodevelopment (Kim

et al., 2018). The differential expression of these genes in steady

state may result in a neuronal state that enhances different forms

of short-term memory.

Tribbles (Trbl) serine/threonine pseudokinase (the ortholog of

mammalian TRIBs) was strongly up-regulated in Drosophila

after supplementing both diets with phage 936. Similarly, we

observed that the expression of Trib1 was up-regulated in the

mouse PFC after microbiota transplantation from human do-

nors with increased specific Caudovirales levels. Mammals

have three related Tribbles family members (TRIB1-3), whereas

Drosophila only one. All TRIB pseudokinases show wide-

spread expression in the nervous system in invertebrates and

vertebrates, and their molecular function appears to be evolu-

tionarily conserved. TRIBs act as transcriptional co-activators

and repressors in the nucleus, as MAP kinase and AKT inhibi-

tors and as proteasome adapters in the cytoplasm (Eyers et al.,

2017). In Drosophila, Trbl is essential for proper memory forma-

tion (LaFerriere and Zars, 2017), and mutations in Trbl are asso-

ciated with short-term memory defects (LaFerriere et al., 2008).

Interestingly, Trbl is a known regulator of slow boarder (a ho-

molog to the C/EBP family of transcription factors) by targeting

it to the proteasome pathway (Masoner et al., 2013). Similarly,

TRIBs bind and direct the degradation of several members of

the C/EBP family to the proteasome in mammals (Keeshan

et al., 2006; Naiki et al., 2007). Several members of the C/

EBP superfamily of transcription factors act to constrain the

conversion of short- to long-term synaptic potentiation and

short- to long-term memory storage, thereby acting as memory
transcripts associated with the specific Caudovirales [Siphoviridae

ars are colored according to the p value adjusted for multiple testing (q values).

ign to take into account the direction of the association. Biological processes

d in bold red.

based on pathway interaction database (PID) and (C) Wikipathway database.

e specificCaudovirales clr-transformed values contained in each pathway. The

lue adjusted for multiple testing (q values).

c Caudovirales clr-transformed values according to the specific Caudovirales
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Figure 7. Dietary supplementation with Lactococcus lactis bacteriophage 936 promotes memory retention in Drosophila melanogaster

(A–D) (A) Schematic representation of the aversive taste memory paradigm. During the pre-test, flies are screened for proboscis (mouth) full extension after

applying adroplet of sucrose on the tarsi. During the training trials (learning period), a droplet of sucrose is applied on the tarsi (legs), followedby the application of a

droplet of quinine on the proboscis. After training, memory is assessed by observing the suppression of the PER in response to sucrose stimulation on the tarsi.

Data show 10-day-old pre-mated female average PER (%) ±95%CI of all tested flies, plotted over 5 training trials (3min inter-trial interval), followed by 15memory

trials (2min inter-trial interval) (B–D). Bars represent the averagePER (%) 95%CI at learning trial 3 (B0–D0) and at 10, 20, and30min after learning (Bʺ–Dʺ). (B) Trained
wild-type flies (green) showPER suppression during thememory test, whereas naive (black) flies show a strong PER. (B0) Trained flies show a significant reduction

of PER at learning trial 3 and (Bʺ) 10 and 20min after training. (C) Flies fed with sterile whey diet supplemented with phage 936 (WD sterile + phage 936) (blue) show

(legend continued on next page)
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inhibitors (Chen et al., 2003). Consequently, upregulation of

TRIBs may lead to an enhancement of C/EBP degradation re-

sulting in better memory capabilities. This is an attractive mo-

lecular mechanism to explain how the upregulation of Tribbles

pseudokinases, in both animal models used in this study

(Drosophila and mouse), are associated to an enhancement

of memory capabilities.

The complex bacteriophage communities represent one of

the biggest gaps in our understanding of the human micro-

biome. In fact, most studies have focused on the dysbiotic pro-

cess only in bacterial populations. In this study, we show that

two of the most prevalent bacteriophages in the gut microbiota

run in parallel to human host cognition by possibly hijacking the

bacterial host metabolism, resulting in a favorable/unfavorable

metabolic profile depending on specific Caudovirales/Microvir-

idae ratio. In addition, the direct supplementation of 936-type

Siphoviridae bacteriophages in the diet of flies and after micro-

biota transplantation in mice favors increased memory capabil-

ities through upregulation of the expression of genes involved

in synaptic plasticity, neuronal development, and memory for-

mation. All these findings may have implications in the design

of dietary interventions targeted at improving cognitive and

memory dysfunction.
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Lead contact
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uel Fernández-Real (jmfreal@idibgi.org).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d The raw metagenomic sequence data derived from human samples in the IRONMET cohort and mouse samples have been

deposited in the European Nucleotide Archive (ENA) an accession numbers are listed in the key resources table.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Clinical study
Longitudinal discovery cohort (IRONMET, baseline: n=114, 1-year follow-up: n=86)

The discovery cohort is a longitudinal study including participants with and without obesity in order to evaluate differences in cogni-

tive function between groups and their interactions with the gut microbiome. As a pilot study, it was foreseen to recruit 120 subjects,

60 with obesity (20 men, 20 pre- and 20 postmenopausal women) and 60 without obesity (20 men, 20 pre- and 20 postmenopausal

women). Finally, 180 subjects were enrolled with an increase of around 10 subjects per groups to prevent data losses. Only subjects

with incomplete data were excluded from the analysis. The cross-sectional case-control study was undertaken from January 2016 to

July 2018 in the Endocrinology Department of Dr. Josep Trueta University Hospital of Girona, Spain. The visit included a medical his-

tory, physical examination, dietary assessment, DEXA and MRI explorations and a neuropsychological assessment conducted by a

neuropsychologist. Eligible subjects were subjects with obesity (body mass index, BMIR30 kg/m2) and age- and sex-matched non-

obese subjects (BMI 18.5-<30kg/m2). Exclusion criteria were: type 2 diabetes mellitus, chronic inflammatory systemic diseases,

acute or chronic infections in the previous month; use of antibiotic, antifungal, antiviral or treatment with proton-pump inhibitors in

the previous three months; severe disorders of eating behaviour or major psychiatric antecedents; neurological diseases, history

of trauma or injured brain, language disorders; and excessive alcohol intake (R40 g OH/day in women or 80 g OH/day in men).The

institutional medical ethical committee approved the study, and informed written consent was provided by all participants.

The longitudinal cohort included a subsample of 86 participants who accepted to participate in a longitudinal visit and met the

same exclusion and inclusion criteria as the baseline visit (see above). After 1 year of follow-up, the all the explorations included

in the first visit were performed. The longitudinal study was undertaken from February 2017 to April 2019 in the same facilities of

the Endocrinology Department of Dr. Josep Trueta University Hospital of Girona, Spain. The institutional medical ethical committee

approved the study, and informed written consent was provided by all participants.

Validation cohort 1 (IMAGEOMICS, n=942)

The Aging Imageomics Study is an observational study including participants from two independent cohort studies (MESGI50 and

MARK). Detailed description of the cohorts can be found elsewhere (Puig et al., 2020). Briefly, the MESGI50 cohort included a pop-

ulation agedR 50 years old, while the MARK cohort included a random sample of patients aged 35-74 years with intermediate car-

diovascular risk. Eligibility criteria included ageR 50 years, dwelling in the community, no history of infection during the last 15 days,

no contraindications for MRI, and consent to be informed of potential incidental findings. The Aging Imageomics Study protocol was

approved by the ethics committee of the Dr. Josep Trueta University Hospital.

Validation cohort 2 (n =31)

This is an observational prospective case-control study which included 31 subjects (24 with obesity) recruited between March 2019

and February 2020 in the Endocrinology Department of Dr. Josep Trueta University Hospital of Girona, Spain. The aim of this study

was to replicate the findings of the prior study (discovery cohort), assessing the interplay between the gut microbiota and cognitive

dysfunction in subjects with obesity. Therefore, subjects with obesity (body mass index, BMIR30kg/m2) and age- and sex-matched

non-obese subjects (BMI 18.5-<30kg/m2) were eligible. The initial idea was to recruit the same number of subjects as the discovery

cohort. However, due to Covid-19 pandemic we were forced to suspend the recruitment. Exclusion and inclusion criteria were also

described above as well as the examinations. The Institutional review board - Ethics Committee and the Committee for Clinical

Research (CEIC) of Dr. Josep Trueta University Hospital (Girona, Spain) approved the study protocol and informed written consent

was obtained from all participants.

Validation cohort 3 (n=26)

As a part of an entire project to evaluate the role of intestinal microflora in non-alcoholic fatty liver disease; a substudy was conducted

to compare differences between subjects with and without obesity including as well as neuropsychological examination. Finally,

n=14 participants with obesity (BMI R30 kg/m2) and n=12 without obesity (BMI <30 kg/m2) were included. The exclusion criteria

were systemic diseases, infection in the previous month, serious chronic illness, ethanol intake >20 g/day or use of antibiotic, anti-

fungal or antivirals and PPIs in the previous three months. All control subjects were normotensive and were selected on the basis of

similarity in age and sex compared with subjects with obesity and the absence of a personal history of inflammatory diseases or cur-

rent drug treatment. The recruitment was conducted at the Endocrinology Service of the Dr. Josep Trueta University Hospital of

Girona, Spain, from 2014-2017. The visit included a neuropsychological assessment, medical history, physical exploration and

DEXA and MRI examinations. All subjects gave written informed consent, validated and approved by the ethical committee of the

Dr. Josep Trueta University Hospital (Girona, Spain).

Clinical and Laboratory Parameters

Body composition was assessed using a dual energy X-ray absorptiometry (DEXA, GE lunar, Madison, Wisconsin). Fasting plasma

glucose (FPG), lipids profile and high-sensitivity C-reactive protein (hsCRP) levels were measured using an analyser (Cobas�8000

c702, Roche Diagnostics, Basel, Switzerland). Glycated hemoglobin (HbA1c) was determined by performance liquid chromatog-

raphy (ADAM_A1c HA-8180V, ARKRAY, Inc., Kyoto, Japan).

Dietary pattern

The dietary characteristics of the subjects were collected in a personal interview using a validated food-frequency questionnaire (Vio-

que et al., 2013).
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Depressive symptomatology

The Patient Health Questionnaire-9 (PHQ-9) was used to measure the frequency and severity of depressive symptomatology during

the past 32-weeks. The PHQ-9 is a common instrument used as depression screening tool in with a cut-offR10, which has a sensi-

tivity and specificity of 0.88 and 0.85, respectively, to detect a major depressive episode (Levis et al., 2019). The PHQ-9 includes nine

questions to quantify the frequency over the last two weeks of nine symptoms derived from diagnostic criteria for a major depressive

episode of the Diagnostic and Statistical Manual ofMental Disorders (DSM-IV) ((American Psychiatric Association, 2013)). The PHQ-9

score can range between 0 and 27, higher scores indicate higher severity.

Animal studies
Male C57BL/6J mice (Charles River, France), weighing 23–26 g at the beginning of the experiment were used in this study. Mice were

housed individually in controlled laboratory conditions with the temperaturemaintained at 21 ± 1_C, humidity at 55 ± 10%, and 7 h30/

19 h30 light/dark cycles. All animals were fed a standard chow diet RM1 (Irradiated Vacuum packed, Dietex International Ltd.). The

health status of each mouse included in the experimental schedule was checked every day before the experimental sessions and

recorded in the experimenter protocol notebook. Health status checks included bodyweight, physical aspect, behaviour, and clinical

signs. No abnormalities were recorded in the animals included in this study. Animal procedures were conducted in strict accordance

with the guidelines of the European Communities Directive 86/609/EEC regulating animal research and were approved by the local

ethical committee (CEEA-PRBB). All the experiments were performed under blinded conditions (the researcher who administered the

microbiota was blinded in relation to thememory scores of the subjects who provided the faeces). Micewere given a cocktail of ampi-

cillin and metronidazole, vancomycin (all at 500 mg/L), ciprofloxacin HCl (200 mg/L), imipenem (250 mg/L) once daily for 14 consec-

utive days in drinking water, as previously described (Kelly et al., 2016). Seventy-two h later, animals were colonized via daily oral

gavage of donor microbiota (150 mL) for 3 days. Animals were orally gavaged with saline (n = 11) and faecal material from healthy

volunteers with a wide range of clr-transformed bacteriophages levels and cognitive scores (n=22). In particular, patients were

selected so that n=11 patients had low memory scores and n=11 patients with high memory scores in the in the CVLT immediate

recall. In each group, patients had a wide range of scores so as to have a continuous scale of scores when both groups were consid-

ered together. Both groups were matched for age, BMI, sex, and years of education. To offset potential confounder and/or cage

effects and to reinforce the donor microbiota phenotype, booster inoculations were given twice per week throughout the study. An-

imals were exposed to a series of behavioural testing including novel object recognition (NOR) test and fear conditioning with noci-

ception assessed by the hot plate test to ensure specificity.

All animals were immediately sacrificed by decapitation after the last behavioural test. The cecum was removed, weighted and

stored, and the faeces collected and stored at -80�C for further microbiota analysis. The mice brains were quickly removed and

the medial prefrontal cortex was dissected according to the atlas of stereotaxic coordinates of mouse brain (Paxinos and Franklin,

1997). Brain tissues were then frozen by immersion in 2-methylbutane surrounded by dry ice, and stored at -80�C.

Drosophila studies
Drosophila melanogaster stocks and maintenance

TheDrosophilawild-type strain was originally obtained fromBestgene. The final stock has been obtained by exchanging the w- allele

of the strain that the company regularly uses to inject P-element-based transgenes by a w+ allele (Castells-Nobau et al., 2019).

Flies were raised andmaintained on standard diet (SD) (1L: yeast 27,5 g, yellow cornmeal 52 g, sugar 110 g, agar 5 g, propionic acid

5 ml, 0,1% methylparaben in ethanol 5 ml) or whey diet (WD) (1L: Whey 30 g, yellow cornmeal 52 g, sugar 110 g, agar 5 g, propionic

acid 5 ml, 0,1% methylparaben in ethanol 5 ml). Standard diet sterile (SD 121 �C) and whey diet sterile (WD 121 �C) were generated

following the same recipe as SD andWD respectively and sterilized in the autoclave for 20 min at 121�C. To generate WD 100�C and

WD 45�C, 30g/L of whey powder were added to the food mixture at 100 �C and boiled for 3 min or 45 �C respectively. To generate

SD + phage 936 andWD + phage 936 and the corresponding control diets SD sterile or WD sterile, first SD andWDwere sterilized in

the autoclave for 20min at 121�C. SD + phage 936 andWD+ phage 936were supplemented with a droplet of 50 ml containing 50.000

PFU of bacteriophage 936. The phage was added to the food surface when the food was at room temperature (21 �C). Flies were

raised and maintained thought-out their entire development in the corresponding dietary condition (SD, WD, SD + phage 936 and

WD + phage 936), adult flies were transferred to a fresh food vial containing the corresponding diet every 4 days. Fly stocks were

maintained at 25 �C, in a 12:12 hours light-dark cycle. Lactococcus lactis phage 936 (HER Number: 203) was obtained from Félix

d’Hérelle Reference Center for Bacterial Viruses from the Université Laval (Québec, Canada).

METHODS DETAILS

Neuropsychological assessment in humans
Backward digit span

The Digit Span is a subtest of the Wechsler Adult Intelligence Scale-III (WAIS-III) (Wechsler, 2012). It is based on numbers and in-

cludes the Forward and the Backward Digit Span tests. In the Backward Digit Span task, the examinee repeats in reverse order series

of digits that became gradually longer. This is an executive task particularly dependent on working memory. A higher score reflects a

better working memory. In a standardization sample of 394 participants (aged 16-89 years), the reliability coefficient was very high,

ranging from 0.94-0.97 (Strauss et al., 2006).
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Trail making tests B

The Trail Making Test (TMT) is composed by the subtests TMTA and TMTB. The TMTA (TMTA, greater focus on attention) consisted

of a standardized page inwhich numbers 1 to 25 are scatteredwithin the circles, and participants were asked to connect the numbers

in order as quickly as possible. Before starting the test, a 6-item practice test was administered to the participants to make sure they

understood both tasks. Amaximum time of 300 swas allowed before suspending the test. The direct scores of TMTAwere the time in

seconds taken to complete each task. In the same way, TMTB (Trail B, greater focus on executive function) consisted of an alter-

nating sequence of numbered circles and letters (Corrigan and Hinkeldey, 1987; Lezak, 1984). In both tests, shorter times to comple-

tion indicate better performance.

California Verbal Learning Test-II (CVLT)

CVLT is used to assess verbal learning and memory (Delis et al., 2000). The CVLT Long Delayed Free Recall scores assesses long-

termmemory. After 20minutes, in which non-verbal tasks are carried on, the subjects are asked to repeat a list of word that the exam-

inee has previously presented, without semantic facilitation. A higher score reflects a better memory function. About 50 min are

necessary to administrate this test and its reliability ranges from 0.78-0.94 (Paolo et al., 1997).

Symbol Digit Test (SDT)

The SDT is a subtest of theWechsler Adult Intelligence Scale-III (WAIS-III). It includes a coding key that shows nine abstract symbols,

each paired with a number and below the key, series of symbols were presented. The participants were asked to write down the

corresponding numbers associated with the abstract symbols as quickly as possible. This task is a measure of information process-

ing speed. The number of correct substitutions during a 90-second interval was scored, and higher numbers indicate better

performance.

Phonemic Verbal Fluency (PVF)

The PVF is a spontaneous verbal production task that consists to produce words with a specified letter (P) during one minute. This

task is ameasure of language ability and executive function and is influenced by processing speed. The number of correct words was

scored and higher numbers indicate better performance.

General Cognition

A composite cognitive score was computed as the sum of the standardized scores of each individual for each test included in the

IMAGEOMICS cohort.

Extraction of faecal genomic DNA and Whole-Genome Shotgun Sequencing
Total DNA was extracted from frozen human stool using the QIAamp DNAmini stool kit (QIAGEN, Courtaboeuf, France) following the

manufacturer’s instructions. Quantification of DNA was performed with a Qubit 3.0 fluorometer (Thermo Fisher Scientific, Carlsbad,

CA, USA), and 1 ng of each sample (0.2 ng/ml) was used for shotgun library preparation for high-throughput sequencing, using the

Nextera DNA Flex Library Prep kit (Illumina, Inc., San Diego, CA, USA) according to the manufacturer’s protocol. Sequencing was

carried out on a NextSeq 500 sequencing system (Illumina) with 2 X 150-bp paired-end chemistry, at the facilities of the Sequencing

and Bioinformatic Service of the FISABIO (Valencia, Spain). The obtained input fastq files were decompressed, filtered and 3’ ends-

trimmed by quality, using prinseq-lite-0.20.4 program (Schmieder and Edwards, 2011) and overlapping pairs were joined using

FLASH-1.2.11 (Mago�c and Salzberg, 2011). Fastq files, converted into fasta files, were mapped against the reference human ge-

nomes (GRCh38.p11, Dec 2013 and GRCm38.p6, Sept 2017), respectively, to remove reads from host origin, by using bowtie2-

2.3.4.3 (Langmead and Salzberg, 2012) with end-to-end and very sensitive options. Next, functional analyses were carried out by

assembling the host-free reads into contigs by MEGAHIT v1.1.2 (Li et al., 2015) and mapping those against the contigs with bowtie2.

Reads that did not assemble were appended to the contigs. Then, prediction of codifying regions was implemented by Prodigal

v2.6.342 (Hyatt et al., 2010), and subsequent functional annotation was carried out with HMMER (Durbin et al., 1998) against the

Kyoto Encyclopaedia of Genes and Genomes (KEGG) database, version 2016 (Kanehisa and Goto, 2000) to obtain the gene func-

tional annotation. The best annotations were filtered and orf annotation were assigned to every read using the statistical package

R 3.1.0 (R Core Team, 2013) which also was used to count the aligned reads, to add the category and its coverage, and finally to

build abundance matrices. Taxonomic annotation was implemented with Kaiju v1.6.2 (Menzel et al., 2016) on the host-free reads,

using a greedy mode. Addition of lineage information, counting of taxa and generation of an abundance matrix for all samples

were performed using the package R. Finally, non-viral taxa were excluded for the downstream analyses. The average number of

reads per sample were 17M.

Classified viral reads from different samples previously analysed by Kaiju that correlated with cognitive function were further co-

assembled by Megahit and Geneious (Kearse et al., 2012) software assemblers using default parameters delivering very small con-

tigs (<2.5 kb size). Then, these contigs were used as query to search for larger genome assembled viral contigs by MEGAHIT in gut

assembled samples by using stand-alone BLASTn (min_perc_identity 99; evalue 0.00001). Genome annotation of those detected

large assembled contigs of Caudovirales andMicroviridae that correlate with cognitive function were further analysed with Virsorter

version 2.0 to identify viral hallmark genes (Roux et al., 2015). ORFs were predicted with a combination of Genemark and Prodigal

(Hyatt et al., 2010; Mills et al., 2003). Search of putative host was performed withWiSH programwith default parameters (Galiez et al.,

2017) that find the most likely assignment based on similar k-mer nucleotide frequency signatures between a virus and its host.

Search of CRISPR spacers matching to viral protospacer was carried out with SPACEPharer (Zhang et al., 2021).
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1H-NMR metabolomics analyses
Plasma samples were thawed at room temperature. For each sample, 400 mL of plasma were combined with 200 mL of phosphate

buffer ((9%w/V NaCl, 100%D2O) that contained 10mM of 3-trimethylsilyl-1-[2,2,3,3-2H4] (TSP). Samples were mixed with the use of

a vortex and centrifuged (10.000 x g) for 10 min. Then, a 550 mL aliquot was transferred into a 5 mmNMR tube prior to NMR analysis.
1H spectra of lowmolecular weight metabolites were performed using a CPMG sequence (RD–90�–[t–180�– t]n–ACQ-FID) with spin-

echo delay of 400 ms (for a total T2 filter of 210 ms) allowing an efficient attenuation of the lipid NMR signals. The CPMG sequence

generates spectra edited by T2 relaxation times, reducing broad resonances from high molecular weight compounds facilitating the

observation of low molecular weight metabolites. The total acquisition time was 2.73 s with a RD of 2s and the 90� pulse length was

automatically calibrated for each sample at around 11.1 ms. For each sample, 8 dummy scans were followed by 256 scans and

collected in 64-K points over a spectral width of 20 ppm. TSP was used a general reference for NMR samples because it does

not introduce any additional signals apart from the sharp methylsilyl resonance at 0 ppm. In addition, a high concentration of TSP

was used to release low-molecular weight metabolites with high affinity for serum proteins by binding competition with TSP.

For faecal samples, 15-20mg of dried faecal matter was placed in a 2ml Eppendorf tube. Then, 500 mL of 0.05MPBS buffer in H2O

(pH=7.3) was added and vortexed vigorously, frozen and thawed twice and centrifuged (21000 g, 15min, 4�C) to obtain a clear faecal

water over the precipitated stool. From the upper layer, 200 mL of prepared faecal water was placed in appropriate 2 ml Eppendorf

tube and then, 400 mL of 0.05M PBS buffer in D2O (pH=7.2, TSP 0.7mM) was added. The sample was vigorously vortexed and son-

icated until complete homogenization and the mixture (clear dispersion), if necessary, was centrifuged again (14000 rpm around

14000 g, 5min, 4�C). For NMRmeasurement the clear upper phasewas placed into a 5mmo.d. NMR tube. One dimensional 1H pulse

experiments were carried out using the NOESY-presaturation sequence [recycle delay (RD)-90�–t1–90�–tm–90� acquire (ACQ) free

induction decay (FID)] to suppress the residual water peak. For each sample, 8 dummy scans were followed by 256 scans and

collected in 64-K points over a spectral width of 20 ppm.

All 1H-NMR spectra were recorded at 300 K on an Avance III 600 spectrometer (Bruker�, Germany) operating at a proton fre-

quency of 600.20 MHz using a 5 mm PABBO gradient probe and automatic sample changer with a cooling rack at 4�C.

Animal studies
Behavioural Testing in Mice

The Novel Object Recognition (NOR) Test. The NORwas performed in a V-maze as previously published (Burokas et al., 2014). Three

phases of 9-min were performed on consecutive days. Mice were first habituated to the V-maze. On the second day, 2 identical ob-

jects (chess pieces) were presented to the mice, and the time that they spent exploring each object was recorded. In the test phase

(3 h later for short-term memory or 24 h later for long-term memory), 1 of the familiar objects was replaced with a novel object (a

different chess piece), and the time spent exploring each object (novel and familiar) was computed. A discrimination index was calcu-

lated as the difference between the times that the animal spent exploring the novel (Tn) and familiar (Tf) object divided by the total time

of object exploration: (Tn-Tf)/(Tn + Tf).

Cued-Induced Fear Conditioning. The cue-induced fear conditioning is a well-recognizedmodel of emotional memories (Sun et al.,

2020). Fear conditioning was conducted as described previously with some modifications (Saravia et al., 2019). Mice were individ-

ually placed in a shuttle chamber (LE918, Panlab, Barcelona) surrounded by a sound-attenuating cabinet. The chamber floor was

formed by parallel stainless-steel bars connected to a scrambled shock generator. On the training day, mice were habituated to

the chamber during 180 s before the exposure to an acute beeping 30 s sound (80 dB). Each animal received an unconditioned stim-

ulus (US) (0.6 mA footshock during 2 s) paired with the end of the sound (conditioned stimulus, CS). After the shock, the animal re-

mained for 60 s in the shuttle chamber. To evaluate cued fear conditioning, mice were re-exposed to the CS in a novel environment (a

wide white cylinder in the chamber) 24 h after the conditioning session. Mice were allowed to adapt for 180 s to the new environment

which was followed by 30 s of the sound used in the training day. After the last sound trial, mice remained in the cylinder for 60 s. Fear

memory was assessed as the percentage of time that mice spent freezing during the session. Freezing response, a rodent’s natural

response to fear, was evaluated by direct observation and defined as complete lack of movement, except for respiration for more

than 1 s. The procedure was performed between 8.00 and 12.00 h in an experimental room different to the housing room.

Study of gene expression in mouse prefrontal cortex
Sample preparation

For RNA preparation, each brain sample was treated individually. Total RNA isolated from the brains using the AllPrep DNA/RNA/

miRNA Universal Kit (Qiagen D€usseldorf, Germany) according to the manufacturer’s protocol.

RNA quality control

Quality control of the RNA was performed using the RNA 6000 Nano chip (Agilent) on an Agilent Bioanalyzer 2100 obtaining RIN

values between 8.7 - 9.8.

RNA libraries

Libraries were prepared from 500 ng of total RNA using the TruSeq stranded mRNA library preparation kit (Illumina, #20020594) with

TruSeq RNA Single Indexes (Illumina, #20020492 and #20020493) according to the manufacturer’s instruction reducing the RNA

fragmentation time to 4.5 min. Prepared libraries were analysed on a DNA 1000 chip on the Bioanalyzer and quantified using the

KAPA Library Quantification Kit (Roche, #07960204001) on an ABI 7900HT qPCR instrument (Applied Biosystems). Sequencing

was performed with 2x50 bp paired-end reads on a HiSeq 2500 (Illumina) using HiSeq v4 sequencing chemistry.
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Raw sequencing reads in the fastq files were mapped with STAR version 2.5.3a (Dobin et al., 2013) to the Gencode release 17

based on the GRCm38.p6 reference genome and the corresponding GTF file. The table of counts was obtained with FeatureCounts

function in the package subread, version 1.5.1 (Liao et al., 2014).

Drosophila melanogaster studies
Aversive taste memory

Flies can detect tastants by gustatory receptors located on the mouth (proboscis) and legs (tarsi) (Masek and Keene, 2016). The

detection of sweet tastes promotes feeding, inducing the proboscis extension reflex (PER), a robust innate behaviour (Kirkhart

and Scott, 2015; Masek et al., 2015). On the other hand, the detection of bitter compounds inhibits feeding and bitter-tasting is a

potent inducer of aversive tastememory, which enables animals tomodify food choice by prior experience (Keene andMasek, 2012).

The aversive taste memory paradigm was adapted from the previously described (Kirkhart and Scott, 2015; Masek et al., 2015).

Ten-day old mated female flies were collected, placed on fresh food for 24 h, and starved for 40 h in a vial on a wet Kimwipe paper.

Flies were then anesthetized with CO2 and glued to a glass slide with nail polish by their thorax, any fly with their tarsi or proboscis

glued to the nail polish was removed from the study. Flies were left to recover for at least 2,5 hours in a humid chamber at 25C. Before

training flies were water-satiated and were presented a stimulus with 100 mM sucrose on the tarsi three times (Pre-test). Any fly that

did not show a robust proboscis extension response (PER) to each sucrose stimulation of the pre-test was removed from the study.

During training, each fly was summited with 5 training trials with 3 min inter-trial interval, a droplet of 100mM sucrose was presented

on their tarsi quickly followed by a stimulation of 50mM quinine on the proboscis. Every 2 training trials, the flies were able to consume

water. After training, memory was tested, flies were presented with only a droplet of 100 mM sucrose on their tarsi. Memory tests

were performed with an inter-trial interval of 2 min, during a period of 30 min. Every five-memory trial, flies were able to consume

water. The number of PERs of each fly were annotated during the learning trials and the memory test, a value of 1 was given for

full extension of the proboscis, 0,5 for a partial extension of the proboscis, and 0 for suppression of proboscis extension. The per-

centage of PER (PER%) was calculated per condition summing all flies tested within a minimum of 4 independent experiments with

10-15 flies each. The average percentages of PER for the total number of flies are reported on the graphs, the average percentage of

PERwas calculated doing the average of PER (%) between the trial of interest, the anterior and the posterior trials. Differences in PER

frequency between groups were compared using Fisher’s exact test, for categorical data.

DNA extraction and PCR

To determine the presence of phage 936 family in the different diets and the whey powder, 200 mg of food were collected. DNA

extraction was performed following the phenol-chloroform method. A total of 200 mg of each sample were added to 250ml of Lysis

buffer (TrisHCl 0,1M (pH9.0), EDTA 0,1M and SDS 1%) and incubated for 30min at 65�C. To precipitate DNA, 56 ml of sodium acetate

5M pH 5 where added, vortexed for 1 min and incubated in ice for 15 min. 250ml of buffer-saturated phenol/chloroform (pH 7.5-7.8)

were added to each sample and centrifuged for 10 min at 6.000 rpm twice. The aqueous layer was transferred to a 1.5 ml tube con-

taining 150 ml of isopropanol. The sample was centrifuged (12 min, 13.000 rpm), and the pellet washed with70% ethanol. The pellet

was air-dried and resuspended in 50 ml of Milli-Q water by vortexing and stored at -20�C prior to use.

mRNA extraction and cDNA synthesis

Ten-day old wild-type pre-mated femaleswere selected for qRT-PCR. A total of ten adult headswere collected per sample and trans-

ferred to RNAlater solution (Sigma). Total RNA was extracted using the Arcturus PicoPure RNA Purification kit (Thermo Fisher Sci-

entific). To avoid amplification from genomic DNA, DNase treatment was performed using the DNA-free Ambion kit and RNA was

reverse transcribed into cDNA using the High-Capacity cDNA reverse transcription (Applied Biosystems) according to manufac-

turers’ procedures.

Quantitative real-time PCR (qRT-PCR)

Quantitative PCRs (qPCRs) were performed using the LightCycler 480 SYBR GreenMaster (Roche) on an LightCycler 480 II machine

(Roche). Primer sequences of the analysed and the reference genes RNApol2 and 1tub23cf are provided in Table S4B. Each sample

contained a pool of 10-15 fly heads. For each condition, a minimum of 7 biological replicates and two technical replicates were an-

alysed. Differential gene expression was calculated using the 2DDCt method (Livak and Schmittgen, 2001). The average Ct value for

each sample was calculated and subtracted from the geometric mean Ct value of the reference genes RNApol2 and 1tub23cf to

calculate the DCt value (Qureshi and Sacan, 2013). Brown-Forsythe and Welch ANOVA tests (GraphPad Prism version 9.00 for

Mac) were employed for calculations of P-values.

QUANTIFICATION AND STATISTICAL ANALYSIS

First, normal distribution and homogeneity of variances were tested. Results are expressed as number and frequencies for categor-

ical variables, mean and standard deviation (SD) for normal distributed continuous variables and median and interquartile range [IQ]

for non-normal distributed continuous variables. To determine differences between study groups, we used c2 for categorical vari-

ables, unpaired Student’s t test in normal quantitative and Mann-Whitney U test for non-normal quantitative variables. Partial Spear-

man’s correlation analysis was used to determine the correlation between clr-transformed specific Caudovirales (Siphoviridae,

Demerecviridae, Drexlerviridae), Siphoviridae and Microviridae levels and cognitive tests after controlling for covariates. As it works

by obtaining the residuals of the ranked variables after removing the effect of the ranked covariates, scatter plots were generatedwith

the ranked residuals of the model adjusting for selected covariates. Non-parametric monotonic trends according the Siphoviridae
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tertiles for the variables of interest were assessed by theMann-Kendall trend test. As, sexual dimorphism has shown a strong impact

on the gut microbiome, we also performed sex-specific analyses (Mayneris-Perxachs et al., 2020). Theses statistical analyses were

performed with SPSS, version 19 (SPSS, Inc, Chicago, IL) or R. Statistics can be found in the figures and legends.

Metagenomics analysis
To take into account the compositional structure of the microbiome data and rule out possible spurious associations, specific

Caudovirales and Microviridae raw counts were applied a centred log-ratio (clr) transformation using the ‘‘ALDEx2’’ R package

(Fernandes et al., 2014). It first uses a Dirichlet-multinomial model to inter abundance from read counts and then applies a clr trans-

formation to each instance. We used 128 Dirichlet Monte Carlo instances in the aldex.clr function. Bacterial species and functions

differentially associated with the clr-transformed bacteriophage levels were identified using the ‘‘DESeq2’’ R package (Love et al.,

2014), adjusting for age, body mass index, sex, and education years. A generalized linear model (GLM) was fitted modelling read

counts (Kij) for each taxa (i) and sample (j) as following a negative binomial distribution. The GLMs were used with a logarithmic

link: logqij =
P

r
xjrbir , where xjr represents the covariate r in sample j and bir are the coefficients (logarithmic fold change) for taxa i

in covariate r. For each taxa, we controlled for age, BMI, sex, and education years. Therefore, our models were the following:

logqij = bage;iagej + bsex;isexj + bBMI;iBMIj + bedu;ieduj + bSiphoviridae;iSiphoviridaej

Taxa and bacterial functions were previously filtered so that only those with more than 10 reads in at least two samples were

selected. The p-values for bacterial taxa were then adjusted (p adj) for multiple comparisons using the Benjamini-Hochberg proced-

ure for False Discovery Rate (FDR). For bacterial functions, that included a higher number of tests (5714 bacterial functions were

included after filtering), p-values were adjusted for multiple comparisons using a Sequential Goodness of Fit (Carvajal-Rodrı́guez

et al., 2009) as implemented in the ‘‘SGoF’’ R package. Unlike FDR methods, which decrease their statistical power as the number

of test increases, SGoFmethods increase their power with increasing number of tests. SGoF has proven to behave particularly better

than FDR methods with high number of tests and low sample size, which is the case of omics large datasets. Statistical significance

was set at padj<0.1.

Metabolomics analysis
Metabolomics data were first normalized using a probabilistic quotient normalisation. Then data were analysed using machine

learning (ML) methods. In particular, we adopted an all-relevant ML variable selection strategy applying a multiple random forest

(RF)-based method as implemented in the Boruta algorithm (Kursa and Rudnicki, 2010). It has been recently proposed as one of

the two best-performing variable selection methods making use of RF for high-dimensional omics datasets (Degenhardt et al.,

2019). The Boruta algorithm is a wrapper algorithm that performs feature selection based on the learning performance of the model

(Kursa and Rudnicki, 2010). It performs variables selection in three steps: a) Randomization, which is based on creating a duplicate

copy of the original features randomly permutate across the observations; b) Model building, based on RFwith the extended data set

to compute the normalized permutation variable importance (VIM) scores; c) Statistical testing, to find those relevant features with a

VIM higher than the best randomly permutate variable using a Bonferroni corrected two-tailed binomial test; and d) Iteration, until the

status of all features is decided. We run the Boruta algorithm with 500 iterations, a confidence level cut-off of 0.005 for the Bonferroni

adjusted p-values, 5000 trees to grow the forest (ntree), and a number of features randomly sampled at each split given by the

rounded down number of features/3 (the mtry recommended for regression).

RNA-seq analysis
Differential expression gene analyses were performed on gene counts using the ‘‘limma’’ R package (Ritchie et al., 2015). First, low ex-

pressed geneswere filtered, so that only genewithmore than 10 reads in at least 2 sampleswere selected. After filtering 15,546 genes

out of 22,204 were retained for subsequent analyses. RNA-seq data were then normalized for RNA composition using the trimmed

mean of M-value (TMM) as implemented in edgeR package (Robinson et al., 2010). Normalized counts were then converted to log2
count permillion (logCPM)withassociatedprecisionweights to account for variations inprecisionbetweendifferent observationsusing

the ‘‘voom’’ functionwith donor’s age, BMI, sex, and education years as covariates. A robust linear regressionmodel adjusted the pre-

vious covariateswas then fitted to thedata using the ‘‘lmFit’’ functionwith theoptionmethod= ‘‘robust’’, to limit the influenceof outlying

samples. Finally, an empirical Bayes method was applied to borrow information between genes with the ‘‘eBayes’’ function. P-values

were adjusted for multiple comparisons using a SGoF procedure and statistical significance was set at padj<0.05.

Differentially expressed genes were mapped to the Search Tool for Retrieval of Interacting Proteins/Genes (STRING) database

(which integrates known and predicted protein/gene interactions) to predict functional gene-gene interaction networks (Szklarczyk

et al., 2019). Then, functional local clusters in the interaction network were determined using a Markov Cluster algorithm (MCL) with

an inflation parameter = 3. Active interacting sources including text mining, experiments, databases, co-expression, and co-occur-

rence and an interaction score > 0.4 were used to construct the interaction networks. In addition, the functional roles of differentially

expressed genes were characterized using over-representation analyses based on the Gene Ontology, Pathway Interaction Data-

base (PID), and Wikipathways databases. Pathway significance was assessed using a hypergeometric test and a Storey procedure

(q-values) was applied for multiple testing correction. Statistical significance was set at qval<0.1.
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