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MOTIVATION In cell biology, gene overexpression and knockout/knockdown techniques are commonly
used in pairs to study a selected gene. In gut microbiota studies, bacterium implantation and gnotobiotic
animal models are used to investigate bacterium of interest, resembling gene overexpression in wild-
type and modified cell strains, respectively. Yet, there is still no standard protocol to knock out/knock
down bacteria in gut microbiota studies. We therefore developed a gut bacteria knockdown technique us-
ing bacteriophages, resembling gene knockdown methods. The resulted targeted-bacterium-depleted
(TBD) animal model allows us to study the function of targeted bacterium in complement with implanta-
tion-based models.
SUMMARY
The gut microbiome is essential for human health. Mousemicrobiota models, including gnotobiotic mice, are
the most prominent tools to elucidate the functions of gut bacteria. Here, we propose a targeted-bacterium-
depleted (TBD) model using lytic bacteriophage to selectively deplete gut bacterium of healthy or otherwise
definedmice. These phage-treated animals should have a near-complete spectrum of gut bacteria except for
the depleted bacterium. To prove the concept, we employed Escherichia coli-specific phage T7 to repress
E. coli in the healthymice. Our results showed that the E. coli-depletedmice exhibited bravery-like behaviors,
correlated to the presence of E. coli rather than the equilibrium among gut bacteria. Thus, we demonstrate
that the TBD model is a powerful tool to elucidate the function of a specific bacterial species within a
near-intact gut microbiota environment and complements gnotobiotic mice models.
INTRODUCTION

The gut is the largest microbiota reservoir in the human body and

is inhabited by a range of bacteria, eukaryotes, and viruses (Kho

and Lal, 2018). With approximately 1014 cells in population

(Sender et al., 2016), the diversity and interactions of gut bacteria

substantially influence host metabolism, hence its link to many

aspects of human health (Quigley, 2013). For example, the gut

microbiota regulates the maturation of host immune responses,
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as well as diseases including cancers that are related to altered

microbiota composition (Visconti et al., 2019; Zitvogel et al.,

2015). In addition, the administration of drugs often has an

impact on gut microbiota. Drug-bacteria interactions have a pro-

found impact on some therapeutics used to treat mental health

conditions like schizophrenia (Walsh et al., 2018; Weersma

et al., 2020).

The microbiota-gut-brain axis (MGB) is a classic example of

microbiota-host interactions (Carabotti et al., 2015). Expanded
s Methods 2, 100324, November 21, 2022 ª 2022 The Author(s). 1
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Figure 1. Targeted-bacterium-depleted (TBD)

model compared with gnotobiotic model

TBDmodel using lytic bacteriophage to repress level

of targeted bacteria provides a complementary

approach to the gnotobiotic mouse model.
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from the gut-brain axis (GBA), which describes the bidirectional

communication between the brain and the enteric nervous sys-

tem,MGB describes the relationship between the gut microbiota

and the central nervous system (Petra et al., 2015). For example,

gut microbes can produce neuroactive molecules that signal be-

tween the enteric nervous system and the brain via the vagus

nerve (Galland, 2014). The composition of microbiota can also

be modulated via the intestinal epithelial cells through the hypo-

thalamic-pituitary-adrenal (HPA) axis during stressful conditions

(Stephens and Wand, 2012). The abundance of some gut bacte-

ria is correlated with mental health conditions, defined as the

psychobiome (Matarazzo et al., 2018). For example, schizo-

phrenia-like behaviors can be induced by Streptococcus vesti-

bularis in the gut (Zhu et al., 2020), and patients with depression

often have reduced levels of Coprococcus and Dialister (Valles-

Colomer et al., 2019).

E. coli, which constitutes 0.1%–5% of the gut microbiota, is a

well-characterized model organism with which to study the

MGB (Arumugam et al., 2011; Knight and Girling, 2003). While it

produces vitamin K and B12 that are essential for the mammalian

host to function, it may also induce psychiatric symptoms in pa-

tients (Kleimann et al., 2014). Furthermore, healthy mice with

induced anxiety-like behaviors have elevated levels of gut E. coli

(Jang et al., 2018). Much of our current understanding of the

MGB was determined using artificial animal models with antimi-

crobial treatment including germ-free and specific-pathogen-
2 Cell Reports Methods 2, 100324, November 21, 2022
free (SPF) mice (Kennedy et al., 2018).

These animalmodels have their ownadvan-

tages: the antibiotic-treated mouse model

is simple tostudybut is incapableofassess-

ing the impact of individual bacterial strains

due to broad specificity. While the gnotobi-

otic mouse model, using germ-free mice

that were inoculated with selected mi-

crobes, is the gold standard to study spe-

cific strains, its physiological impact may

not be representative in the natural environ-

ment. In addition, studies using gnotobiotic

models are time consuming and expensive

(Umesaki, 2014).

Here, we propose a new animal model

that combines the benefits of the gnotobi-

otic mousemodel for bacterial strain preci-

sion and the ease to establish by just using

the normal mouse. By using lytic bacterio-

phage, a specific gut bacterium can be tar-

geted for depletion in the animal model. To

demonstrate the feasibility of this hypothe-

sis, we chose to deplete E. coli from the gut

of healthy mice using E. coli-specific
bacteriophage T7 and quantified the effects with both molecular

and phenotypic analyses, as summarized in Figure 1. To our sur-

prise, these E. coli targeted-bacterium-depleted (TBD) mice

demonstrated behavioral changes that resemble previously pub-

lished effects of anxiolytic and antidepressant therapeutics (Bur-

okas et al., 2017; Shi et al., 2020;Wang et al., 2019). These other-

wise healthy animals acquired a ‘‘brave’’ personality compared

with the control group, without being hyperactive. Thus, we

show that the TBD mice model offers a complementation route

to validate data from gnotobiotic models and could be used to

study a wide range of gut bacteria by carefully selecting their

bacteriophages.

RESULTS AND DISCUSSION

T7 phage administration had no noticeable effect on the
physical condition of the mice
To validate our model, T7 phage, which targets most E. coli

strains, was used to limit the complexity that a phage cocktail

may cause. We set up four parallel groups in whichmice were in-

tragastrically administrated T7 at 106 plaque-forming unit (PFU)/

mL (T7L), T7 at 1011 PFU/mL (T7H), deactivated (autoclaved) T7

at 1011 PFU/mL (dT7H), and water, respectively. Various vital

signs were measured, stool samples were collected on a daily

basis, and a collection of behavioral tests were carried out at reg-

ular intervals (Figure 2A). As anticipated, T7 phage did not have
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Figure 2. T7 phage represses the E. coli level without affecting the physical conditions and the overall population of gut bacteria

(A) The schematic diagram of the time frame and the behavioral tests employed in this study (n = 12 for each group). OFT, open-field test; RSIT, reciprocal social

interaction test; TCST, three-chamber sociability test; EPM, elevated plus-maze test; NOR, novel object recognition test; NSF, novelty-suppressed feeding test;

TST, tail suspension test.

(B) Physical conditions: body weight (left, mean ± SD), daily water intake (middle, mean ± SD), and daily food intake (right, mean ± SD) measured for each group

(n = 12) at different times.

(C) The level of E. coli (left, mean ± SD) and the level of total bacteria (right, mean ± SD) quantified by qPCR over time (n = 12 for each group).
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noticeable influence on the physical condition of the mice based

on their daily food intake and body weight (Figure 2B).

T7 phage selectively depleted E. coli but did not affect
the overall gut bacterial population
We used qPCR to quantify the population of E. coli and total

gut bacteria to track the dynamic changes after phage admin-

istration. Over the course of 14 days, the overall population of

gut bacteria in all groups did not show significant perturbation.

In contrast, the E. coli population in the T7H group immediately

reduced to �10% and gradually recovered to �25% by day 14

compared with control, presumably due to its acquired resis-

tance to phage. Furthermore, there was a delayed onset in
the drop of the E. coli population in the T7L group, where the

decline only started after day 6 (Figure 2C) and reached the

same level as T7H on day 8. To verify the correlation between

E. coli and the phage, we compared the populations of T7 and

E. coli in the T7-treated groups using qPCR. In the dT7H group,

the trackable T7 DNA decreased readily, while E. coli remained

undisturbed (Figure S1A). In contrast, the E. coli population

dropped significantly after T7 administration in the T7H group,

while the level of T7 was maintained at a very high level

throughout (Figure S1B). In the T7L group, the E. coli popula-

tion only started declining after day 6, while the level of T7

was maintained at the moderate level after the drop of E. coli

(Figure S1C). In summary, the general trend for the E. coli
Cell Reports Methods 2, 100324, November 21, 2022 3
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Figure 3. Depletion of E. coli induced dynamic changes in gut microbiota

Gut microbiota were profiled using absolute quantification of 16S rRNA amplicon sequencing at baseline (day 0) and 4, 8, and 14 days after a gavage of killed

(control group) or T7 phage (T7H).

(A–C) Shannon, Simpson, and Chao1 indices of alpha diversity of gut microbiota calculated by amplicon sequence variant at four time points in each group of

mice (n = 12 for each group; data displayed as mean ± SD). p values for the comparisons of alpha diversity between two groups of mice at same time point or

between different time points within same mice group are calculated via repeated-measures ANOVA.

(D) Principal-coordinate analysis (PCoA) based on Bray-Curtis metrics was conducted at four time points in each group of mice (n = 12 for each group). p values

for the comparisons of overall microbial community composition between two groups of mice at same time point are calculated by permutational multivariate

ANOVA using distance matrices.

(E) The abundance changes of 24 bacterial genera that are regulated by T7 phage and significantly change over time are shown in two heatmaps: left for control

group, and right for T7 group (n = 12 for each group). Four blocks for each bacterium indicate four time points. The color represents the change fold of absolute

abundance in contrast to that at baseline.
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population agreed with a previous study using phages in a

gnotobiotic-based mice model (Hsu et al., 2019).

E. coli depletion caused a decrease in species
representation in the gut microbiota
To investigate the cascading effect of E. coli diminishment, we

used 16S rRNA gene amplicon sequencing and internal refer-

ences of specific DNA fragments to quantify the absolute abun-

dance of the microbial taxon to assess the dynamic changes in

gut microbiota. Fecal microbiota compositions were investi-

gated at four time points, i.e., the baseline and 4, 8, and

14 days after a gavage of T7 phage administration. There were

statistically significant interaction effects of time 3 T7 phage
4 Cell Reports Methods 2, 100324, November 21, 2022
on bacterial community richness in gut (Chao1 index: F(3, 69) =

5.8, p = 0.001) but with no effects on Shannon (F(3, 69) = 2.41,

p = 0.075) and Simpson diversity indices (F(3, 69) = 0.84, p =

0.475, repeated-measures ANOVA; Figures 3A–3C; Table S1).

Similar bacterial richness existed between two groups of mice

at the first three time points (F(1,23) = 0–1.66, all p > 0.211),

whereas decreased bacterial richness was presented in the

gut of E. coli-depleted mice relative to the control mice

14 days after a gavage of T7 phage (F(1,23) = 20.71, p = 0.0001;

Figure 3C). With respect to beta diversity, both time and T7

phage exerted significant effects on overall microbial composi-

tion (Figures 3D and S2; Table S2). Along with T7 phage treat-

ment, beta diversity of gut microbiota in E. coli-depleted mice
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gradually decreased (adjusted p value [padj] = 0.0002), and their

beta diversity elevated on day 8 (padj = 0.0054) but decreased on

day 14 (padj = 0.002) after phage gavage relative to the control

mice (permutational multivariate ANOVA [PERMANOVA] for

Bray-Crutis distance; Table S2; Figure S2). Bacterial taxa did

not significantly vary between E. coli-depleted mice and control

mice until post-phage gavage day 8 (Wilcoxon rank test:

padj > 0.1). The absolute abundances of 25 and 31 intestinal bac-

terial genera in E. coli-depleted mice diverged from the control

mice on post-phage gavage days 4 and 14, respectively (Wil-

coxon rank test: padj < 0.1; Table S3). Moreover, the abundance

of 24 intestinal bacterial genera displayed obvious longitudinal

changes (interaction effects of time and T7 phage: F(1,23) =

3.202–112.513, all p < 0.029; Table S4), whereas the patterns

of longitudinal trajectories of altered microbiota were different

between the two groups (Figure 3E).

E. coli-depleted mice exhibited abnormal behaviors
To correlate the impact of gut E. coli on the host, we performed

seven behavioral tests covering both mental states and sociabil-

ity, in which five tests have shown statistically significant differ-

ences in the T7H group compared with the control group. In an

open-field test (OFT), while the total distances for each group

showed no difference, which suggests a similar basal locomotor

activity across the groups, the T7H group spent more time in the

brightly lit open areas and displayed a behavioral pattern similar

to the administration of anxiolytics (Seibenhener and Wooten,

2015) (Figure 4A). In the elevated plus-maze (EPM) test, mice

in theT7H group entered opened arms more frequently and per-

sisted longer, which demonstrates a similar pattern to previously

reported anxiolytic mice (Walf and Frye, 2007) (Figure 4B). In a

novelty-suppressed feeding (NSF) experiment, the feeding la-

tency for mice from both T7H and T7L groups was reduced, as

the test was performed on day 8 when the E. coli population of

T7L was equivalent to the T7H group (Figure 4C). As NSF is sen-

sitive to acute administration of anxiolytics and chronic antide-

pressant treatment but not acute antidepressants, both T7-

treated animal groups displayed behaviors resembling that of

previously described administration of anxiolytics (Ramaker

and Dulawa, 2017). During the tail suspension test (TST), immo-

bility time for mice from both T7H and T7L was significantly

shorter than the control groups (Figure 4D). Since TST is gener-

ally used for assessing antidepressant activity, phage T7 acted

as an effective antidepressant but not anxiolytic (Cryan et al.,
Figure 4. E. coli depletion exhibited combined anxiolytics-treated beh

(A) The open-field test for each group (n = 12; data displayed asmean ± SD). The t

spent in the center of the device (top middle) and the percentage of distance in

movement during the 30 min test period is also recorded (bottom). **p < 0.01, T7

(B) The elevated plus-maze test for each group (n = 12; data displayed as mean

entries to the open arms of the device are calculated. ***p < 0.001, T7H versus c

(C) The novelty suppressed feeding test where the feeding latency was measured

group.

(D) The tail suspension test where the immobility time was measured (n = 12; da

(E) Three-chambered sociability test where the percentage of time spent in either m

as mean ± SD).

(F) Pathologic morphology of the epithelium cell of small intestine and large intesti

glandular architecture and nuclear polarity across the groups. The cells show

chromasia, and an increased mitotic rate, while marked pleomorphism and atyp

6 Cell Reports Methods 2, 100324, November 21, 2022
2005). In contrast, there were no differences between the

groups’ general sociability and interest in social novelty. These

metrics were assessed by the three-chambered social test

(TCST) (Kaidanovich-Beilin et al., 2011), autism-related behav-

ioral deficits were assessed by reciprocal social interaction

test (RSIT) (Kim et al., 2019), and learning and memory in mice

were evaluated by novel object recognition (NOR) test (Lueptow,

2017), which suggested that the general sociability and memory

of the mice were not affected by the phage (Figures 4E and S3A–

S3C). Notably, the E. coli population in the T7L group dropped to

T7H levels on day 8, and it was this exact time point when the

group started to show behavior abnormalities similar to that of

the T7H group. Thus, the results from two experimental groups

demonstrated, in parallel, that the behavioral disturbances in

the mice were directly related to the E. coli population rather

than the cascading effect on global gut microbiota.

No pathological abnormality found on the major organs
of the phage-treated mice
Anatomically, the epithelium of the small intestine and large in-

testine displayed reactive hyperplasia with preservation of

the normal glandular architecture and nuclear polarity (Figure 4F),

and the cells showed a mildly increased nuclear-to-cytoplasmic

ratio, slightly enlarged nuclei, hyperchromasia, and an increased

mitotic rate, while marked pleomorphism and atypical mitoses

were absent. Moreover, there was no observable abnormality

in other major organs, i.e., the pathologic morphology of brain,

heart, lung, liver, spleen, and kidney displayed no differences

among all groups, suggesting that physiological health of the

host is unlikely linked to the behavioral alterations (Figure S4).

Behavioral restoration is correlated with the recovery of
E. coli population
As the E. coli gradually restored to 25% occupancy of the pre-T7

level on day 14, it would be important to determine if the bacterium

could fully recover to normal after the phage intervention (Fig-

ure 2C). We repeated the experiments with the control and T7H

groups and traced the fecal E. coli level using qPCR. The E. coli

level on day 16 was approximately 30% of the control, similar to

the level that was observed on day 14 in the previous experiment

(Figure 5A). The bacterial level continued to recover and restored

to pre-phage treatment levels at approximately day 24. To confirm

that the behavioral abnormalities are due to the E. coli depletion,

we also performed a rescue experiment by gavaging E. coli to
avior patterns in mice

otal distance travelled by themice is measured (top left), the percentage of time

the center of the device are calculated (top right), and the tracing of mouse
H versus control group.

± SD). The percentage of time spent in the open arms and the percentage of

ontrol group.

(n = 12; data displayed as mean ± SD). *p < 0.05, T7L and T7H versus control

ta displayed as mean ± SD). **p < 0.01, T7L and T7H versus control group.

ouse chamber or novel mouse chamberwas calculated (n = 12; data displayed

ne of each group exhibited reactive hyperplasia with preservation of the normal

mild increased nuclear-to-cytoplasmic ratio, slightly enlarged nuclei, hyper-

ical mitoses were absent. Scale bars, 0.5 mm.
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Figure 5. E. coli self-restoration and rescue

experiment

(A) The level of gut E. coli in the T7-treated group

gradually recovered after the 14 day experiment

(data started from day 16) and restored to the pre-

phage treatment level at day 24 (n = 12; data dis-

played as mean ± SD).

(B) The gut E. coli level in the T7-treated group

during the 14 day rescue experiment with phage

administration at day 4 and E. coli gavaging at day 8

(n = 12; data displayed as mean ± SD).

(C) TST results at days 0, 4, and 8 showed the cor-

relation between behavioral changes of themice the

depletion and reintroduction of E. coli (n = 12; data

displayed as mean ± SD).
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T7-treated mice (Figure 5B). We treated the experimental group

with T7H on day 4 and E. coli on day 8 and assessed the mouse

behavior using theTSTondays0 (baseline), 4 (after T7Hgavaging),

and 8 (after E. coli gavaging). The qPCR results revealed a fluctu-

ation in E. coli levels due to orally gavaged phage and E. coli over

the 14 day experiment (Figure 5B). Accordingly, the TST results on

the pre-treatment, after T7H treated and afterE. coli rescued,were

also reflected in linewith the levels of fecalE. coli (Figure5C). Tobe

noted, the result on day 8 suggested that themice immediately re-

turned to normal after the reintroduction of E. coli.

Conclusion
Germ-free mice and derivations of these models have been

widely used in gut microbiota studies to demonstrate the direct

link between certain bacteria and human diseases. While this

approach provides an advantage to identify the specific contri-

bution of the inoculated microbe in a controlled environment, it

does not consider the general microbial population in the com-

munity, especially the change in species representation due to

a change in one bacterium. Previous studies on E. coli using

gnotobiotic animals revealed a reinforcement of intestinal de-

fenses along with psychiatric effects. Furthermore, oral adminis-

tration of E. coli has been shown to increase anxiety-like behav-

iors in healthy mice (Jang et al., 2018), and E. coli-derived

lipopolysaccharide (LPS) was shown to play an important role
Cell Report
in antidepressant-like, but not antianx-

iety-like, behavior (Luo et al., 2018). Our

E. coli-depleted TBD model demonstrated

the neurological role of E. coli in the

context of wild-type mice with a complete

set of gut microbiota. These mice dis-

played a unique ‘‘brave’’ behavioral trait,

with a degree of resemblance to the previ-

ously published behavioral pattern caused

by a combined anxiolytic and/or antide-

pressant treatment (Burokas et al., 2017;

Shi et al., 2020; Wang et al., 2019).

By examining the population of E. coli

and bacterial diversity over time, we

conclude that E. coli abundance is respon-

sible for the behavior changes observed,

and we speculate additional E. coli-derived
stimulantsmay be responsible besides LPS. Being able to quickly

assess both the target bacterium and the microbiota environment

over time is a clear advantage over the gnotobiotic model, which

only examines selected bacteria in isolation. Meanwhile, the po-

tential application of E. coli phage as a single dose providing an-

tidepressant or anxiolytic effects to treat depression or anxiety

should be investigated further in future studies. This cost-effective

and time-efficient TBDmodel would accelerate the establishment

of novel interactions between gut bacteria and health.

Limitations of the study
While establishing a TBD animal model using a well-known and

commercially available phage like T7 is relatively simple, newly

isolated phages should be subjected to further characterization

to define its host range and potential toxicity. Furthermore,

some phages have a rather broad host range that targets bacte-

ria at the genus level, which should be used with caution to avoid

collateral depletion of other bacteria. In addition, phage cocktail

should be considered to extend the depletion period by reducing

the phage resistance, albeit not discussed in this study.

STAR+METHODS

Detailed methods are provided in the online version of this paper
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Data and code availability
d All the data published in this paper will be available from the lead contact upon request.

d No original codes were used in this paper.

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

Mice
Each group contains 12 healthy 6-week-old female C57BL/6J mice which were purchased from the Experimental Animal Centre of

Xi’an Jiaotong University and housed in the animal facility with standard chow and autoclaved water and maintained under a 12-h

light/dark cycle. Ethical approval was granted by the laboratory animal care committee of Xi’an Jiaotong University with approval

number: XJTULAC2019-1276.

METHOD DETAILS

Phage cultivation and treatment
Escherichia coli phage T7 (obtained fromATCC) was incubated with E. coli (strain K12) culture at OD600 0.4 at 37�Cwith shaking until

the solution became clear. The lysates were centrifuged at 4,000 3 g for 30 min to remove the remaining bacterial cells and debris,

and then supernatant was filtered using a 0.2 mmmembrane filter and kept at 4�C. The bacteriophage titer was measured using the

double-layer plate method and diluted to the required titer. Mice were orally administrated with NaHCO3 to neutralize gastric acid

prior to phage treatment, followed by gavaging water, deactivated 1 3 1011 T7, 1 3 106 T7 and 1 3 1011 T7, respectively. Fecal

samples were collected at day 0, 1, 2, 4, 6, 8, 10, 12 and 14 after phage treatment.

Behavioural tests
The behavioural tests consisted of multiple experiments outlined below:

Open field test (OFT)
All mice were housed in the testing room for acclimation at least 1 h before behavioural testing. The animal was placed individually in

the centre of the device that was constructed from an opaque black box (453 453 45 cm) and allowed to explore freely for 30 min.

The total distance travelled and the time spent in the central zone (15 3 15 cm) were recorded and analysed using the SMART 3.0

software. After each mouse was tested, 75% ethanol was used to clean faeces and eliminate odour.

Elevated plus-maze test (EPM)
The maze consisted of two open arms (503 103 1 cm) and two closed arms (503 103 40 cm) arranged such that two open arms

were opposite to each other, located 50 cm above the floor. The animals were placed in the central square (103 10 cm) of the plus-

shaped maze, facing one of the open arms, and were allowed to explore the whole maze for 8 min. The time spent in each arm and

number of entries through the open and closed arms were manually counted by examining filmed video. The ratios of open arm/total

entries and total time were accepted as indexes of anxiety in mice. After each mouse was tested, 75% ethanol was used to clean

faeces and eliminate odour.

Novelty-suppressed feeding (NSF) test
All mice were food-deprived for 24 h prior to the test. Then each mouse was placed in an illuminated and soundproofed box

(45 3 45 3 45 cm) covered with wooden bedding, a piece of paper was placed in the center of the field, on a white paper that con-

tained a small piece of mouse chow. The time until the first feeding episode was recorded as the latency and food consumption dur-

ing the subsequent 5 min was measured to eliminate the effect of appetite on the latency time.

Tail suspension test (TST)
Eachmousewas suspended using adhesive tape to a tail-suspension box for 6min, in such a position that it could not escape or hold

on to nearby surfaces. The time of immobility was manually counted by examining filmed video. After each mouse was tested, 75%

ethanol was used to clean faeces and eliminate odour.

Reciprocal social interaction test (RSIT)
Two subject mice were placed in an opaque black box (45 3 45 3 45 cm), from different cages in the same group, and the social

behavior of subject mice was recorded by an overhead camera for 30 min. The total time a pair of mice engaged in social interaction,
Cell Reports Methods 2, 100324, November 21, 2022 e2



Article
ll

OPEN ACCESS
including touching, nose-to-nose sniffing, close following, nose-to-anus sniffing, and crawling over/under each other, was manually

counted by examining recorded video. After each mouse was tested, 75% ethanol was used to clean faeces and eliminate odour.

Three-chamber sociability test (TCST)
The testing apparatus used was a rectangular three-chamber box, with two lateral chambers connected to a central chamber, and

each lateral chamber contained a small Plexiglas cylindrical cage. Each subject mouse was placed in the central chamber and al-

lowed to freely explore for 5 min. Then a new mouse was confined in a round, wire cup located in one chamber of the apparatus,

while the cup in the other chamber was left empty. During the sociability phase, the test mouse was allowed to freely explore all three

chambers for 10 min, the time spent in each cup (touching, sniffing) was recorded by a video camera. In the last 10 min, another new

mouse was transferred to the other side of the cup, in the same manner, the time spent in each cup (touching, sniffing) was recorded

by a video camera. The percent of time spent in the first mouse and second mouse were used to evaluate the sociability and social

novelty. After each mouse was tested, 75% ethanol was used to clean faeces and eliminate odour.

Novel object recognition test
The experimental mice were transferred to the opaque black box as described in the open field test, and given 10 min to investigate

two familiar objects that were placed at adjacent edges of the central area of the box. After 1 h, the test mice were re-exposed to one

of the familiar objects together with a novel object for 5min. The time of exploratory (touching, sniffing and licking the object) directed

at each object was recorded by a video camera. Discrimination index (DI) was calculated as a measure of memory, which is the ratio

of time spent exploring the novel object to the total time spent exploring both objects. After 24 h, the same recognition was carried to

assess long-termmemory. After eachmousewas tested, 75%ethanol was used to clean faeces and eliminate odour, and the objects

were also cleaned with 75% ethanol between each trial.

Quantitative real-time PCR
Total bacterial and E. coli populations in the faeces of mice were quantified by qPCR of the 16S rRNA gene in one mass unit of fecal

DNA. Mice fecal DNA was extracted using QIA�amp DNA Stool Mini Kit following the manufacturer’s instructions. Primers were de-

signed to complement the conserved fragment of bacterial and E. coli 16S rRNA gene. The sequences of primer are as follows: total

bacterial forward primer (50-AAACTCAAAKGAATTGACGG-30), total bacterial reverse primer (50-CTCACRRCACGAGCTGAC-30),
E. coli forward primer (50-GAGCGCAACCCTTATCCTTTG-30), E. coli reverse primer (50-TACTAGCGATTCCGACTTCATGG).

PUC57 vector was used as the E. coli or bacterial standard plasmid by inserting corresponding conservative sequences and a stan-

dard curve was plotted using a series of standard plasmid at various concentrations. The absolute copy number of 16S rRNA gene in

eachmice fecal DNAwas calculated by comparison with the standard curve and copy number in a fecal sample was normalized by its

total DNA mass.

T7 phage populations in the faeces of mice were quantified by qPCR of the genome in one mass unit of fecal DNA. Primers were

designed to complement the conserved fragment of T7 phage genome. The sequences of primer are as follows: T7 phage forward

primer (50- CCTCTTGGGAGGAAGAGATTTG -30), T7 phage reverse primer (50- TACGGGTCTCGTAGGACTTAAT -30). T7 phage

genome at various concentrations were used to plot a standard curve. The absolute copy number of T7 phage gene in each mice

fecal DNA was calculated by comparison with the standard curve and copy number in a fecal sample was normalized by its total

DNA mass.

Absolute abundance quantification of gut bacteria
Absolute abundance quantification of 16S rRNA amplicon sequencing was performed by Genesky Biotechnologies Inc., Shanghai,

201315 (China). Briefly, total genomic DNA was extracted from feces using the FastDNA� SPIN Kit for Soil (MP Biomedicals, Santa

Ana, CA) according to the manufacturer’s instructions. The integrity of genomic DNA was detected through agarose gel electropho-

resis. The concentration and purity of genomic DNA were measured through the Nanodrop 2000 and Qubit3.0 Spectrophotometer,

respectively. Artificially synthesizedmultiple spike-in sequences were added to the sample DNAwith known gradient copy numbers,

acting as the reference genes to calculate the absolute abundance of test bacteria. The multiple spike-ins had identical conserved

regions to complement natural 16S rRNA genes but their variable regions were replaced by random sequence with �40% GC con-

tent. The V3-V4 hypervariable regions of the 16S rRNA gene of test bacteria and spike-ins were amplified with the primers 341F

(50-CCTACGGGNGGCWGCAG-30) and 805R (50-GACTACHVGGGTATCTAATCC-30) and then sequenced using Illumina NovaSeq

6000 sequencer.

Bioinformatic analysis of 16S rRNA amplicon sequencing data
All processing and analysis of raw read sequences were conducted in an integrative tool of microbiome data, QIIME2 (Bolyen et al.,

2019). The adaptor and primer sequences were trimmed using the cut adapt plugin. Quality control of raw reads and identification of

amplicon sequence variants (ASVs) were fulfilled in DADA2 plugin (Callahan et al., 2016). ASV representative sequence was assigned

to a given taxonomy at the confidence threshold of 0.8 by a pre-trained Naive Bayes classifier which was trained on the Greengenes

(version 13.8). Then read numbers of the spike-in sequences and ASVs were counted. Standard curves and regression equations for

each sample were established via linear regression which used read counts as the independent variable and spike-in copy number as
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the dependent variable. The absolute copy number of each ASV in each sample was calculated using the regression equation, in

which the read counts of the corresponding ASVwere input as the independent variable. The spike-in sequence needs to be removed

in the subsequent analysis (Jiang et al., 2019), such as using alpha and beta diversity calculation.

Histological analysis and index
After the behavioural experiments, three randommice in each group were cardiac perfused with 4% paraformaldehyde to obtain the

heart, liver, spleen, lung, kidney, brain, intestine and brain, all obtained tissues were fixed in paraformaldehyde and embedded in

paraffin. Formalin-fixed paraffin-embedded tissues were sectioned and stained with haematoxylin and eosin using conventional

methods.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis for individual experiments is indicated as described in figure legends. Statistical significance was determined us-

ing a two-tailed t-test when only two groups were analyzed unless specifically noted. *p < 0.05, **p < 0.005, ***p < 0.0005. All results

were statistical analyzed by GraphPad Prism and Excel.
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