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ABSTRACT
The current pandemic of coronavirus disease (COVID) 2019 constitutes a global public health issue. 
Regarding the emerging importance of the gut-lung axis in viral respiratory infections, analysis of 
the gut microbiota’s composition and functional activity during a severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) infection might be instrumental in understanding and control-
ing COVID 19. We used a nonhuman primate model (the macaque), that recapitulates mild COVID- 
19 symptoms, to analyze the effects of a SARS-CoV-2 infection on dynamic changes of the gut 
microbiota. 16S rRNA gene profiling and analysis of β diversity indicated significant changes in the 
composition of the gut microbiota with a peak at 10–13 days post-infection (dpi). Analysis of 
bacterial abundance correlation networks confirmed disruption of the bacterial community at 
10–13 dpi. Some alterations in microbiota persisted after the resolution of the infection until day 
26. Some changes in the relative bacterial taxon abundance associated with infectious parameters. 
Interestingly, the relative abundance of Acinetobacter (Proteobacteria) and some genera of the 
Ruminococcaceae family (Firmicutes) was positively correlated with the presence of SARS-CoV-2 in 
the upper respiratory tract. Targeted quantitative metabolomics indicated a drop in short-chain 
fatty acids (SCFAs) and changes in several bile acids and tryptophan metabolites in infected 
animals. The relative abundance of several taxa known to be SCFA producers (mostly from the 
Ruminococcaceae family) was negatively correlated with systemic inflammatory markers while the 
opposite correlation was seen with several members of the genus Streptococcus. Collectively, SARS- 
CoV-2 infection in a nonhuman primate is associated with changes in the gut microbiota’s 
composition and functional activity.
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Introduction

Coronavirus disease 2019 (COVID-19) is caused by 
severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2), a novel coronavirus sharing signif-
icant sequence homology with SARS-CoV-1 and 
Middle East respiratory syndrome coronavirus.1 

The majority of patients with COVID-19 present 
no symptoms or only mild symptoms (including 

fever, cough, and fatigue). In contrast, some 
patients with COVID-19 experience more severe 
symptoms (such as dyspnea), rapid deterioration, 
and the onset of serious complications such as 
acute respiratory distress syndrome (ARDS) and 
even multiple organ failure.2–4 The severity of 
COVID-19 is known to depend on the presence 
or absence of a range of comorbidities, including 
obesity, diabetes, hypertension, and advanced 
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age5–9 and on inborn errors of immunity.10,11 

Between 15 and 25% of patients with COVID-19 
report gastrointestinal symptoms ranging from 
abdominal discomfort and loss of appetite to diar-
rhea, nausea and vomiting.12,13 Importantly, infec-
tious viruses can be detected in fecal samples of 
COVID-19 patients suggesting that the digestive 
tract might be a site of viral replication and 
activity.14–16

The gastrointestinal tract hosts a highly 
diverse and dynamic microbial ecosystem, com-
posed mostly of anaerobic bacteria, that is com-
monly referred to as the gut microbiota.17 The 
tightly regulated microbiota-host interplay influ-
ences many physiological functions such as 
digestion, metabolism, mucosal barrier integrity, 
organ functions and immune homeostasis. 
A body of preclinical and clinical evidence 
shows that the composition of the set of micro-
organisms that inhabit the gut is transiently 
altered in the context of an acute viral respira-
tory infection such as influenza.18–26 The picture 
emerging from these studies is that the absolute 
frequencies of potentially beneficial and oppor-
tunistic bacteria, respectively, decrease and 
increase during infection. Different mechanisms 
may explain these alterations in the gut micro-
biota’s composition, including the inflammatory 
process itself, loss of appetite (i.e., a lower fiber 
intake), hypoxia, and changes in local (epithelial) 
metabolism and immune function.19,22–24 The 
disruption of the microbial ecosystem modulates 
the clinical outcomes in several noncommunic-
able diseases, including metabolic disorders, can-
cer, and gastrointestinal diseases.27–29 In the 
context of viral respiratory infections, very few 
studies have focused on the potential secondary 
consequences of infection-associated changes in 
the gut microbiota. We and others have shown 
that gut microbiota collected from influenza- 
infected mice can transfer susceptibility to bac-
terial infection locally (Salmonella Typhimurium) 
and remotely (Streptococcus pneumoniae) – 
demonstrating the gut microbiota’s role in sec-
ondary disease outcomes.19,22 This question is 
highly relevant for COVID-19 because SARS- 
CoV-2 is found in the intestine in up to 25% 
of COVID-19 patients, and the microbiota 
alterations associated with pulmonary and 

intestinal insults are likely to influence the dis-
ease severity (for reviews, see12,30).

Changes in the human gut microbiota’s compo-
sition and function during a SARS-CoV or MERS- 
CoV infection have not previously been analyzed. 
However, several studies have reported gut micro-
biota alterations in patients with COVID-1920,31–35 

. Of interest, SARS-CoV-2 infection is associated 
with a lower relative abundance of butyrate produ-
cers, such as several genera from the families 
Ruminococcaceae and Lachnospiraceae.20 Other 
bacterial species with known immunomodulatory 
potential such as Faecalibacterium prausnitzii, 
Eubacterium rectale, and bifidobacteria were also 
underrepresentend in COVID-19 patients35 . In 
contrast, the infection was associated with 
a significantly higher relative abundance of oppor-
tunistic bacteria, including Streptococcus (from the 
class Bacilli), Rothia, Actinomyces, Ruminococcus 
(gnavus and torques), and Bacteroides (dorei and 
vulgatus).20,35 Enrichment of these bacteria might 
lead to local and systemic inflammation20,30,35 . 
Furthermore, a study based on a shotgun metage-
nomics approach revealed the presence of oppor-
tunistic bacteria (including Collinsella aerofaciens, 
Streptococcus infantis, and Morganella morganii) in 
fecal samples of COVID-19 patients with 
a signature of high SARS-CoV-2 infectivity.34 In 
contrast, bacteria able to produce short-chain fatty 
acids (SCFAs) and tryptophan were enriched in 
fecal samples with a low-to-none SARS-CoV-2 
infectivity signature.34 Interestingly, the samples 
with a high SARS-CoV-2 infectivity signature 
exhibited a higher microbiome functional capacity 
for de novo nucleotide biosynthesis, amino acid 
biosynthesis, and glycolysis.34 This alteration in 
bacterial functionality might be a consequence of 
SARS-CoV-2 infectivity in the gut or a disease 
severity factor.

In the context of an infection, human data are 
highly important but do not enable the entire 
course of infection (i.e. from before contamination 
until after resolution) to be monitored. We and 
others have shown that the nonhuman primate 
system is a relevant model for COVID-19.36–40 

This system recapitulates the moderate disease 
that has been observed in the majority of human 
cases of COVID-19. In macaques, SARS-CoV-2 
infection led to virus replication in the upper and 
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lower respiratory tracts and animals experience 
lung pathology and respiratory disease, without 
overt clinical symptoms. In the present study, we 
took advantage of this model by monitoring 
changes over the course of infection in the gut 
microbiota’s composition and metabolic output. 
To this end, two closely related macaque species, 
namely Chinese rhesus macaques and Mauritian 
cynomolgus macaques were infected with SARS- 
CoV-2. Our results show that an experimental 
SARS-CoV-2 infection promotes an alteration in 
the gut microbiota in terms of taxonomic composi-
tion and, more importantly, functional activity. 
Some alterations in gut microbiota persisted after 
the resolution of the infection and so might have 
a role in the long COVID-19 symptoms that are 
currently being reported in humans.

Results

SARS-CoV-2 infection of rhesus macaques and 
cynomolgus macaques

Rhesus macaques and cynomolgus macaques were 
infected intranasally and intratracheally with 2 × 107 

plaque-forming units (PFUs) of the clinical SARS- 
CoV-2 isolate hCoV-19/France/lDF0372/2020 
(Figure 1a). Viral loads in nasopharyngeal and tra-
cheal fluids were analyzed using an RT-qPCR assay. 
SARS-CoV-2 RNA was detected at 3 days post- 
infection (dpi); levels declined then rapidly, and the 
virus was undetectable at 20 dpi (Figure 1b). It is 
noteworthy that the viral load was higher in rhesus 
macaques than in cynomolgus macaques. The SARS- 
CoV-2 RNA was detected in rectal fluids of two 
macaques (one from each species) out of four 
sampled at 7 dpi (Figure 1b). Overall, the SARS- 
CoV-2 RNA load was higher (by a factor of 100 to 
1000) in airway samples than in intestinal samples. 
As reported in patients,34 the SARS-CoV-2 RNA 
load decreased less rapidly over time in rectal sam-
ples than in nasopharyngeal and tracheal swabs; it 
could still be detected in rectal samples at 20 dpi and, 
for one animal, at 26 dpi (end of the study). No 
quantifiable viral RNA was detected in plasma at 
any time point in the study. No overt clinical signs 
and no significant weight loss were observed 
(Supplementary Figure 1a). However, the two rhesus 
macaques had transient diarrhea at 4 dpi.

Patients experiencing COVID-19 have enhanced 
levels of various inflammatory markers in blood.4,5 

We observed elevated plasma levels of the inflam-
matory marker C-reactive protein (CRP, peaking at 
13 dpi) and creatine kinase (peaking at 20 dpi) 
(three out of four animals) (Figure 1c and 
Supplementary Figure 1b). Analysis of plasma cyto-
kine and chemokine levels revealed increased con-
centrations of interleukin (IL)-8, IL-1RA, 
C-C motif chemokine ligand (CCL)2, CCL11, and 
chemokine (C-X-C motif) ligand (CXCL)13 
(Figure 1d and Supplementary Figure 1b). The 
time to peak for the various cytokines and chemo-
kines and the duration of elevation varied from one 
animal to another. Collectively, our results are in 
line with the literature data36–40 showing that rhe-
sus macaques and cynomolgus macaques are sus-
ceptible to SARS-CoV-2 experimental infection 
and develop systemic inflammation concomitantly 
to the early phase of viral replication in respiratory 
tract.

SARS-CoV-2 infection alters the composition of 
the fecal microbiota in macaques

We then turned to analyze the consequences of 
a SARS-CoV-2 infection on the composition of 
the gut microbiota. To this end, stool samples 
were collected prior to and during infection (9 
longitudinal samples per animal) and were ana-
lyzed using 16S rRNA gene amplicon sequencing. 
In total, 689,818 sequence reads were analyzed with 
an average of 19,161 sequence reads per sample 
(min = 16,433; max = 22,763). Alpha diversity, as 
assessed by the number of observed species and 
Shannon indices, did not change significantly over 
the course of the infection (Supplementary Figure 
2a). Beta diversity analysis based on Bray-Curtis 
index showed clustering per specie and inter- 
individual variability (Supplementary Figure 2b). 
However, an analysis of the Bray-Curtis distance 
on day 0 versus the other time points showed a drift 
in the fecal microbiota following infection from day 
10 and a peak at day 13 (Figure 2a). Of note, β 
diversity tended to return to basal levels at day 20 
and 26 postinfection. A same observation was done 
when day −9 served as the control (Supplementary 
Figure 2c). These analyses revealed that SARS-CoV 
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-2 infection induces some alterations in the gut 
microbiota’s composition.

The fecal microbiota of rhesus macaques and, to 
a lesser extent, of cynomolgus macaques was domi-
nated by bacteria from the phylum Firmicutes 
(Figure 2b). Among the other phyla, Bacteroidetes 

(more prevalent in cynomolgus), and 
Proteobacteria were detected. With regard to the 
Firmicutes, we observed some differences at base-
line between rhesus macaques and cynomolgus 
macaques (Figure 2c). Bacteria from the classes 
Bacilli and Clostridia were the most strongly 
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represented in rhesus macaques, while only 
Clostridia and Bacteroidia were present in cyno-
molgus macaques.

Phylum- and class-level analyses revealed 
changes in bacterial composition during infection 

(Figure 2b). In particular, we observed an increase 
in the relative abundance of members of the 
Proteobacteria phylum (mostly from the class 
Gammaproteobacteria) (Figure 2c) To identify the 
significant alterations in the gut microbiota at lower 
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s__uncultured_Clostridia_bacterium|ASV_7df855
g__Ruminococcaceae_UCG-013|ASV_af24d4
g__Lachnospiraceae_FCS020_group|ASV_906b0c
g__uncultured_bacterium
c__Deltaproteobacteria
o__Betaproteobacteriales
f__Aerococcaceae
g__Mogibacterium|ASV_bfd966
g__Peptococcus
g__Dorea|ASV_e5eed4
g__[Eubacterium]_coprostanoligenes_group|ASV_80c440
g__[Eubacterium]_xylanophilum_group|ASV_434fd4
g__[Eubacterium]_hallii_group|ASV_d67938
o__Cardiobacteriales
g__Ruminococcaceae_UCG-005|ASV_bd7b5b
g__Allisonella|ASV_9baca1
g__Oribacterium|ASV_64dcc2
g__Rikenellaceae_RC9_gut_group|ASV_d1e7ec
g__Ignatzschineria|ASV_a0e06c
g__[Eubacterium]_hallii_group|ASV_bbb693
g__[Eubacterium]_ruminantium_group|ASV_66d4fd
g__Dialister|ASV_4ffac2
g__Ruminococcaceae_UCG-005|ASV_470e7b
g__Lachnoclostridium
f__Wohlfahrtiimonadaceae
g__Dialister
g__Ignatzschineria
g__Ruminococcaceae_UCG-003|ASV_b99268
g__Ruminococcaceae_UCG-002|ASV_363958
g__Roseburia|ASV_4b4042
g__Lachnoclostridium|ASV_b70e42
f__Veillonellaceae
g__Allisonella
g__Lachnospiraceae_UCG-010|ASV_d44045
c__Gammaproteobacteria
g__Oribacterium
g__Ruminococcaceae_UCG-010|ASV_dd2e70
g__Lachnospiraceae_AC2044_group|ASV_f20e3b
g__Lachnospiraceae_AC2044_group
g__[Eubacterium]_eligens_group|ASV_852aa0
f__Clostridiales_vadinBB60_group|ASV_2c1738
f__Lachnospiraceae|ASV_6c640d
g__Anaerostipes|ASV_06a2d8
o__Mollicutes_RF39
f__Ruminococcaceae|ASV_d780c8
g__Clostridium_sensu_stricto_1|ASV_fd8bae
g__Ruminococcaceae_UCG-005|ASV_6f58e4
f__Clostridiaceae_1
g__Ruminococcaceae_UCG-008|ASV_41ef56
g__Ruminococcaceae_UCG-008
g__Ruminiclostridium_6
g__Rikenellaceae_RC9_gut_group|ASV_81bb75
g__Defluviitaleaceae_UCG-011
f__Lachnospiraceae|ASV_905057
g__Peptococcus|ASV_03a2b9
s__uncultured_beta_proteobacterium|ASV_ca73ec

Figure 3. Alterations in the fecal microbiota’s composition over the course of a SARS-CoV-2 infection. A linear discriminant analysis 
effect size (LEfSe) analysis shows that the representation of the various bacterial taxa changed over the course of the infection. Only 
taxa with a statistically significant LDA score (log10) > 2 (compared with day −9 & 0) are shown. The heat map on the left shows the 
relative abundance of the taxa, and the heat map on the right shows the LDA scores. The taxa are clustered by abundance pattern 
by day compared to D-9 and D0.
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taxonomic levels, we compared the composition at 
each time point post-infection with the two time 
points before infection (days −9 and 0). Application 
of the LEfSe pipeline revealed a large number of 

changes in bacterial taxon abundance during the 
course of infection – especially 13 dpi (Figure 3). 
Interestingly, some alterations in the fecal micro-
biota were still present at 26 dpi, although they 
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Figure 4. Alteration of the fecal microbiota interaction network during a SARS-CoV-2 infection. Genus-level correlation 
networks for bacterial abundance were built using Spearman’s correlation test for four time periods. A, days −9 & 0, before infection. 
B, days 3 & 5 post-infection. C, days 10 & 13 post-infection. D, day 20 & 26 post-infection. Each circle (node) represents a genus, the 
color represents the phylum (blue: Firmicutes; green: Bacteroidetes; yellow: Actinobacteria; orange: Proteobacteria; gray: other), and 
the size increases with the number of direct edges. The edges color indicates the direction of the correlation (green for positive and red 
for negative). Only significant correlations (p < .05 and q < 0.25 after correction for false discovery rate using the Benjamini-Hochberg 
procedure) are shown. E, The mean ± standard error of the mean degree of connectivity and neighborhood connectivity are indicated. 
*p < .05; ***p < .001; ****p < .0001.
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differed from those observed at earlier time points. 
Most noticeably, the relative abundance of mem-
bers of the genus Acinetobacter (in the 
Proteobacteria phylum) increased at early time 
points. Several other members of the 
Proteobacteria phylum (notably the 
Gammaproteobacteria, Betaproteobacteria and 
Deltaproteobacteria classes) were more abundant 
at 10 and 13 dpi but also at the later time points. 
Conversely, the relative abundance of some mem-
bers of the Firmicutes phylum (notably from the 
Ruminococcaceae and Lachnospiraceae families) 
decreased at several time points (Figure 3). 
Although most of the alterations observed at day 
10 and 13 were resolved at the later time points, 
other types of perturbations were observed in post- 
infection setting at day 26. Overall, SARS-CoV-2 
infection in both rhesus macaques and cynomolgus 
macaques is associated with changes in the compo-
sition of the gut microbiota, with a peak at 13 dpi.

SARS-CoV-2 infection alters the fecal microbiota 
interaction network

Instead of a simple collection of individual micro-
organisms, the gut microbiota is rather an ecosystem 
in which the microorganisms interact together. 
Networks based on bacterial abundance correlation 
can be used to explore the complex interplay of 
microbial communities including potential interde-
pendence or competition between taxa.41 The global 
analysis of the obtained network gives important 
information on the ecosystem, with a higher number 
of nodes and connections suggesting a stronger level 
of interactions within the community.

We thus built bacterial abundance correlation 
networks to evaluate the bacterial ecosystem’s 
structure during the course of SARS-CoV-2 infec-
tion. To this end, we grouped together samples 
from four pairs of successive time points, i.e. 
days −9 & 0 (before infection), days 3 & 5 (early 
time points), days 10 & 13 (end of the airway 
infection), and days 20 & 26 (end of the infection), 
giving four networks (Figure 4a-D). Dense, inter-
connected networks were obtained for days −9 & 0 
and for days 3 & 5. In contrast, the network for 
days 10 & 13 was highly atrophied, with few nodes 
and connections. The day 20 & 26 network had 
a stronger structure with evidence of resilience but 

was weaker than the initial network. These results 
were confirmed by a quantitative analysis of the 
four networks’ degree of connectivity and neigh-
borhood connectivity (Figure 4e). Collectively, 
these results suggest that COVID-19 infection 
induces ecological perturbations in the gut micro-
biota with a peak at 10–13 dpi.

Fecal microbiota taxa are correlated with 
features of a SARS-CoV-2 infection

Recent evidence suggests that blood inflammatory 
factors are correlated with the severity of COVID- 
193,4 and with changes in the relative abundance of 
operational taxonomic units.20,35 We therefore 
sought to determine whether changes in gut micro-
biota’s composition were correlated with infectious 
parameters, including the viral load and systemic 
markers (Figure 5). Interestingly, the relative abun-
dance of Acinetobacter was positively correlated 
with the presence of SARS-CoV-2 in the nasophar-
yngeal compartment, while the relative abundance 
of members of the Peptostreptococcaceae family 
(notably the Intestinibacter genus) was positively 
correlated with rectal SARS-CoV-2. Only one 
taxon from the group Christensenellaceae R-7 was 
negatively correlated with rectal SARS-CoV-2. 
Moreover, several members of the genus 
Streptococcus were strongly and positively corre-
lated with CCL11 and/or CXCL13 levels, while the 
opposite correlation was seen with several 
Firmicutes, notably SCFA producers from the 
family Ruminococcaceae and the group 
Christensenellaceae R-7.

SARS-CoV-2 infection alters the gut microbiota’s 
metabolic output

To evaluate the functional consequences of the 
infection-associated changes in the fecal microbio-
ta’s composition, we used a targeted metabolomics 
approach to quantify three of the most important 
categories of microbiota-derived metabolites:29 

SCFAs, bile acids (BA), and tryptophan 
metabolites.

SCFAs are produced from dietary fibers by some 
members of the gut microbiota (fermentation) and 
are key molecules for intestinal barrier and immune 
and metabolic functions.29,42–44 Even though the 
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two macaque species differed slightly with regard to 
the alterations in fecal metabolites, the overall pat-
tern was the same. As in humans, the dominant 
SCFAs in macaques are acetate, propionate, and 

butyrate (see the left panel in Figure 6a for indivi-
dual values, and Supplementary Figure 3a for the 
pooled values). Interestingly, the fecal concentra-
tions of these SCFAs changed over the course of 

Other

phylum
p__Bacteroidetes

p__Firmicutes
p__Proteobacteria

N
as
al
_v
ira
l_
lo
ad

R
ec
ta
l_
vi
ra
l_
lo
ad

C
R
P

C
X
C
L1
1

IL
1-
b

C
C
L1
1

C
X
C
L1
3

f__Ruminococcaceae|ASV_0e8ecc

g__Ruminococcaceae_UCG-002|ASV_66d34b

g__Acinetobacter

f__Aerococcaceae

g__Christensenellaceae_R-7_group|ASV_0c682d

g__Intestinibacter|ASV_210e87

f__Peptostreptococcaceae

g__Intestinibacter

g__Ruminococcaceae_UCG-010|ASV_17586f

g__Coprococcus_2|ASV_7f3deb

g__Ruminococcaceae_UCG-002|ASV_b9e4e5

g__Ruminococcaceae_UCG-005|ASV_87ceb5

g__Ruminococcaceae_UCG-005|ASV_bd7b5b

g__Streptococcus|ASV_7d1303

g__Streptococcus|ASV_998ce8

g__Peptococcus|ASV_235707

g__Rikenellaceae_RC9_gut_group|ASV_88fedf

g__Ruminiclostridium_6|ASV_a4981a

g__Ruminococcaceae_NK4A214_group|ASV_bf3c9a

g__Mogibacterium|ASV_bfd966

f__Muribaculaceae|g__

g__Ruminiclostridium_6

g__Lachnospiraceae_XPB1014_group

g__Candidatus_Saccharimonas

g__Ruminococcaceae_UCG-010|ASV_e9676a

g__Rikenellaceae_RC9_gut_group|ASV_c4a52d

g__Christensenellaceae_R-7_group|ASV_305a0b

f__Family_XIII|ASV_3d6591

g__[Eubacterium]_coprostanoligenes_group|ASV_fc375a

g__Christensenellaceae_R-7_group|ASV_6b0816

g__Helicobacter|ASV_62c36f

g__Ruminococcaceae_NK4A214_group|ASV_40b6d3

g__Ruminococcaceae_NK4A214_group|ASV_aef8e0

g__Ruminococcaceae_NK4A214_group|ASV_e6124b

g__Ruminococcaceae_UCG-002|ASV_f5886a

g__Ruminococcaceae_UCG-005|ASV_355bf1

g__Ruminococcaceae_UCG-005|ASV_f46d1c

s__Treponema_succinifaciens_DSM_2489|ASV_9e76e3

g__Peptococcus|ASV_4859c4

g__Candidatus_Soleaferrea|ASV_86cf97

g__Peptococcus|ASV_bdd728

g__Ruminococcaceae_UCG-005|ASV_58849a

g__Rikenellaceae_RC9_gut_group|ASV_beb4ef

g__Family_XIII_UCG-001

f__Family_XIII

g__Ruminococcaceae_UCG-005|ASV_15c433

g__Christensenellaceae_R-7_group|ASV_8d39d2

-0
.8
0

0.
80

0.
00

S
p
ea
rm
a
n

Figure 5. Correlations between bacterial taxa and infection-related variables. Correlation networks were built using Spearman’s 
correlation and figures were built using Cytoscape V.3.8.0. Only significant correlations (p < .05 and q < 0.15 after correction for the 
false discovery rate, using the Benjamini-Hochberg procedure) are shown.
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Figure 6. Fecal metabolite production is altered during a SARS-CoV-2 infection. A, SCFAs, BAs and tryptophan metabolites were 
measured in fecal samples from each animal and at each time point, using targeted quantitative metabolomics. Values for individual 
animals are presented. B, Correlations between fecal concentrations of tryptamine and serotonin. C, Correlations between fecal 
metabolites concentrations and plasma cytokine concentrations. Only significant correlations (p < .05) are shown. Correlations with 
q < 0.15 (after correction for the false discovery rate, using the Benjamini and Hochberg procedure) are indicated by an asterisk (*). 
TCA, taurocholic acid; GCDCA, glycochenodeoxycholic acid; LCA, lithocholic acid; CDCA, chenodeoxycholic acid; GDCA,
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infection, particularly between 3 and 13 dpi before 
going back to the baseline level. In the rhesus 
macaques, a transient drop of the SCFA concentra-
tions was clearly observed between day 3 and 10 
post-infection. In the cynomolgus macaques, the 
drop of SCFA concentrations was bi-phasic and 
decreased at 3/5 dpi and 13 dpi. These variations 
in the fecal SCFA concentration might either reflect 
changes in their production by bacteria and/or their 
use by host cells.

Primary BAs are produced by the liver as con-
jugates and then deconjugated and transformed 
into secondary BAs by the gut microbiota. BAs 
are important signaling molecules both within 
and outside the gastrointestinal tract, notably 
through their action on nuclear (farnesoid 
X receptor) and transmembrane (Takeda 
G-protein receptor 5) receptors.29,43 At all time 
points, the most prominent BAs in stools were the 
secondary unconjugated BA deoxycholic acid 
(DCA) and, to a lesser extent in cynomolgus maca-
ques, lithocholic acid (LCA). This suggests that the 
ability of the microbiota to metabolize BAs was 
globally conserved during the infection. However, 
small levels of cholic acid (CA) and chenodeoxy-
cholic acid (CDCA), two primary BAs, were seen 
mostly at 10 dpi and 13 dpi (Supplementary Figure 
4a). Similarly, the global amount of primary BAs 
and the primary to secondary BAs ratio increased 
in the stool during the course of the infection and 
particularly at 10 dpi and 13 dpi (Supplementary 
Figure 4b), suggesting some alteration in the BA 
metabolism by the gut microbiota at these time-
points. Interestingly, fecal DCA and LCA concen-
trations increased in cynomolgus macaques 
between day 5 and day 13 post-infection and then 
returned to basal levels (see the middle panel of 
Figure 6a and Supplementary Figure 3b). At steady 
state, 95% of the BAs produced in the liver are 
reabsorbed in the terminal ileum, and so only 5% 
reaches the colon and can be found in the feces. 

This increased BA concentration in the feces sug-
gests that reabsorption of the BA in the terminal 
ileum was impaired – perhaps due to an intrinsic 
alteration in the ileum’s functions or to accelerated 
transit. Importantly these altered functions 
occurred when the strongest microbiota distur-
bance was observed by 16S rRNA sequencing (day 
10–13).

Tryptophan is used by host cells in the gut to 
produce different types of metabolites via the ser-
otonin and indoleamine 2,3-dioxygenase (IDO) 
pathways. This amino acid is also metabolized 
into indoles by the gut bacteria. Indoles are impor-
tant factors in intestinal homeostasis – notably 
through their ability to activate the aryl hydrocar-
bon receptor. Changes in the abundance of several 
tryptophan metabolites were also observed, mostly 
between 3 and 13 dpi. An overall increase in the 
amount of indoles was observed (Figure 6a, right 
panel, Supplementary Figure 3c, Supplementary 
Figure 5), although this signal was mainly driven 
by increased amounts of 3-indole sulfate (3IS) and 
tryptamine. Interestingly, tryptamine is known to 
accelerate gastrointestinal transit through a variety 
of mechanisms. It induces the release of serotonin 
(5-hydroxytryptamine, 5HT) by enterochromaffin 
cells in the gut,45,46 which in turn stimulates the 
gastrointestinal motility.44 Accordingly, we found 
that the concentrations of metabolites from the 
serotonin pathway increased in parallel with that 
of tryptamine (Supplementary Figure 3), and that 
there was a strong correlation between the abun-
dances of tryptamine and serotonin (Figure 6b). It 
was recently shown that tryptamine can activate the 
serotonin receptor 4 and stimulate fluid secretion 
in the proximal colon.47 We also observed an 
increased in the abundance of metabolites from 
the IDO pathway in general and the latter’s end 
products (quinolinic and picolinic acids) in parti-
cular (Figure 6a right panel, Supplementary Figure 
3c). This overactivation of the IDO pathway 

glycodeoxycholic acid; GCA, glycocholic acid; TLCA, taurocholic acid; UDCA, ursodeoxycholic acid; CA, cholic acid; HCA, hyocholic acid; 
DCA, deoxycholic acid; TDCA, taurodeoxycholic acid; TCDCA, taurochenodeoxycholic acid; TRP, tryptophan; KYN, kynurenine; KA, 
kynurenic acid; XA, xanthurenic acid; QA, quinolinic acid; PICO, picolinic acid; 3-HAA, 3-hydroxyanthranilic Acid; CNB, cinnabarinic acid; 
3-IPA, 3-Indole propionic acid; 3IS, 3-Indole sulfate; I-3 CA, Indole-3-carboxaldehyde; IAM, indole-3-acetamide; IAA, indole-3-acetic acid; 
ILA, indole-3-lactic acid; 5HIAA, 5-hydroxyindole acetic acid; 5HT, serotonin; 5HTP, 5-hydroxytryptophan; NasSerotonin, 
N-Acetylserotonin; sum_indoles, sum of all the metabolites from the indole pathway; sum_IDO, sum of all the metabolites from the 
IDO pathway; sum_indoles_ratio, sum of all the metabolites from the indole pathway divided by the amount of all the trypophan 
metabolites; sum_IDO_ratio, sum of all the metabolites from the IDO pathway divided by the amount of all the trypophan metabolites.
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testifies the presence of intestinal inflammation.44 

Accordingly, total levels of IDO pathway metabo-
lites and the levels of some individual metabolites 
(such as quinolinic and 3-hydroxyanthranilic acids) 
were positively correlated with systemic levels of 
proinflammatory cytokines (Figure 6c). The oppo-
site signal was seen for several indoles and seroto-
nin (5HT). Overall, these data demonstrate that 
changes in the gut microbiota’s composition during 
a SARS-CoV-2 infection associates with alteration 
of bacteria’s metabolic output.

Discussion

Coronavirus disease 2019 threatens public health and 
the economy worldwide. The manifestations range 
from the absence of symptoms to an ARDS syndrome 
and fatal multi-organ failure. Although the lung is the 
main viral target, COVID-19 affects many organ sys-
tems – including the gastrointestinal tract. It is there-
fore very important to analyze the impact of a SARS- 
CoV-2 infection on the gut microbiota and the latter’s 
critical functions in human health.

Several studies have reported changes in the 
composition of the gut microbiota in humans 
with COVID-19.20,31–35 Although these clinical stu-
dies are informative and have identified operational 
taxonomic units associated with SARS-CoV-2 
infectivity and disease severity, they have various 
limitations. Firstly, the disease phase at the time of 
sample collection is not always known. Secondly, 
samples are not collected at baseline, before infec-
tion. Thirdly, in general, the studies lacked long-
itudinal data and thus did not determine whether 
or not the microbiotic changes persisted after 
recovery from COVID-19. Fourthly, the gut micro-
biota’s composition is influenced by clinical man-
agement. Lastly, the microbiota’s products and 
functional status were not explored in metabolomic 
studies. The latter type of analysis might be instru-
mental in understanding microbiota-host interac-
tions and their consequences on the disease 
outcome. In the present study, we took advantage 
of nonhuman primate systems – the closest to 
humans phylogenetically – and evaluated the con-
sequences of a SARS-CoV-2 infection on the com-
position and metabolic output of the gut 
microbiota. The use of experimental models to 
evaluate the effect of an infection on the gut 

microbiota has several advantages over the analysis 
of human samples. Firstly, the time points of sam-
ple collection (pre-infection, infection, post- 
infection) can be clearly defined. Secondly, different 
types of samples can be collected regularly while 
complying with ethical rules. Changes in the gut 
microbiota during a viral respiratory infection have 
been extensively studied in mouse models but not, 
surprisingly, in nonhuman primates. Furthermore, 
the impact of an experimental SARS-CoV-2 infec-
tion on the gut microbiota had not been previously 
addressed. In the present study, we decided to 
assess rhesus macaques and cynomolgus macaques, 
both currently used as SARS-CoV-2 infection 
models.36–40 Nonhuman primates share various 
behavioral, physiological and genetic similarities 
with humans as well as common microbial compo-
nents. Nonhuman primates and humans also har-
bor specific microbial signatures.48,49 At steady 
state, and as reported,50 we found that rhesus maca-
ques and cynomolgus macaques, which are closely 
related macaque species, differed with regard to the 
composition of their microbiota. However, in both 
macaque species, we observed clear alterations with 
a peak at 13 dpi, after SARS-CoV-2 had been 
cleared from the upper airways. This late change 
was surprising because the peak occurs earlier in 
the infection (7 to 9 dpi) in mouse models of viral 
respiratory infection, such as 
influenza.18,19,21,22,24–26,51 It is also noteworthy 
that although the gut microbiota showed evidence 
of resilience at later time points (20/26 dpi), some 
differences persisted after the resolution of the 
infection, in line with Yeoh and colleagues.35 This 
prolonged alteration might have a role in the post- 
COVID-19 symptoms that are currently being 
reported in patients.52

The changes in the fecal microbiota’s composition 
occurred mostly at the family taxonomic level and 
below. Interestingly, some changes correlated with 
viral loads and systemic cytokine levels. For instance, 
the abundances of the family Peptostreptococcaceae 
and the genus Intestinibacter were positively corre-
lated with the presence of SARS-CoV-2 in rectal 
swabs, whilst one taxa from the group 
Christensenellaceae R-7 was negatively correlated 
with rectal SARS-CoV-2. This differs with other 
reports in which patients with COVID-19 showed 
(i) a low abundance of SCFA producers, including 
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Parabacteroides merdae, Bacteroides (stercoris, dorei, 
thetaiataomicron, massiliensis and ovatus), Alistipes 
onderdonkii, and (ii) the presence of 
Lachnospiraceae was associated with higher viral 
loads in fecal samples.33,34 In the present study, we 
noted a positive correlation between several 
Streptococcus taxa and the amounts of virus- 
elicited chemokines. This finding is in line with 
recent human data on a positive association between 
Streptococcus infantis and Streptococcus parasangui-
nis and high SARS-CoV-2 infectivity.33,34 In con-
trast, we observed that the abundance of several 
taxa known to be SCFA producers (mostly from 
the Ruminococcaceae family) was negatively corre-
lated with systemic inflammatory markers. The latter 
data are in line with Zuo et al.’s finding that a low 
abundance of butyrate producers (Faecalibacterium 
prausnitzii, Roseburia) was negatively correlated 
with the severity COVID-19.33 In Zuo et al.’s study, 
Coprobacillus, Clostridium ramosum, and 
Clostridium hathewayi were also correlated with 
COVID-19 severity. Lastly, the increase abundance 
of Proteobacteria over the course of infection was 
positively correlated with other markers of infection. 
In line, certain taxa from the phylum Proteobacteria 
(Morganella Morganii) are positively associated with 
high SARS-CoV-2 infectivity34 and with disease 
severity (Morganella Morganii and Enterobacter 
cloacae) in patients with COVID-19.33

In the present study, changes in gut microbiota’s com-
position during experimental COVID-19 translated into 
several metabolic changes. The SCFA levels were altered 
during SARS-CoV-2 infection, particularly between day 3 
and 13. Changes in SCFA production have been observed 
during experimental influenza.22 However, it is not yet 
known whether this alteration impacts gut homeostasis 
(e.g., inflammation and barrier properties) and secondary 
systemic outcomes; this topic warrants future studies. Our 
recent data show that the drop of SCFAs during influenza 
infection lowers pulmonary defenses and favors secondary 
bacterial infection in mice.22 The present study is the first 
to have shown that a respiratory viral infection impacts 
BA and tryptophan metabolisms. A slight impairment in 
BA transformation was evidenced at 13 dpi, i.e. concomi-
tantly with the greatest changes in bacterial composition. 
Moreover, the primary-to-secondary BA ratio (a marker 
of BA transformation by the gut microbiota) was posi-
tively correlated with serum levels of chemokines such as 
CXCL13. We also observed an increase in the fecal BA 

level, suggesting that the infection leads to accelerated 
transit and/or impaired BA reabsorption in the ileum. 
An increase in the fecal concentration of the tryptophan 
metabolite tryptamine (known to accelerate transit44–46) 
was also observed and might have been involved in the 
increase in fecal BA output. The concomitant overall 
increase in metabolites from the IDO pathway suggests 
that the intestine was inflamed to some extent during the 
course of the infection. Accordingly, the levels of certain 
individual IDO metabolites and the cumulative levels of all 
IDO metabolites were positively correlated with systemic 
markers of inflammation. Conversely, some metabolites 
from the two other tryptophan metabolism pathways 
(including 5HT, tryptophol, and tryptamine) were nega-
tively correlated with the markers of inflammation. It 
remains to be seen whether these alterations in BA and 
tryptophan metabolism are involved in the severity of 
a SARS-CoV-2 infection.

The present study is the first to have evidenced altera-
tions in the gut microbiota’s composition and functional 
activity during an experimental SARS-CoV-2 infection. 
Relative to influenza infection in mice,18–26 alteration of 
the gut microbiota communities was less marked and 
most changes were observed at low taxonomic levels. 
This might be due to the low level of pathogenicity of 
SARS-CoV-2 in the nonhuman primate system. Indeed, 
macaques infected with SARS-CoV-2 develop only a mild 
illness, showing signs of pneumonia similar to those in 
humans with COVID-19 but without adverse clinical 
symptoms.36–40 It should be noted that the current study 
was a pilot study with limitations including the low num-
ber of animals used. Regarding the heterogeneity across 
animals, both in terms of clinical outcomes (viral load, 
blood markers) and gut microbiota composition at base-
line (as seen in humans), the data provided in the current 
study need confirmation with a higher number of animals. 
Another limitation lies on the correlation analysis. Indeed, 
it comprised a lot of variables (relative abundance of many 
taxa, at many levels) and not independent markers of 
COVID infection were analyzed. Although our findings 
provide guidance into future research, the real connection 
between bacterial taxa and disease markers need to be 
established. In particular, it will now be important to 
determine whether these alterations influence the gastro-
intestinal and pulmonary signs and symptoms of 
COVID-19. The development of relevant models of 
both low pathogenicity and high pathogenicity (i.e., mice 
and hamsters) will be instrumental in these 
investigations.53 If the severity and lethality of COVID- 
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19s are modulated by the gut microbiota, targeting the 
latter’s various components might constitute an attractive 
therapeutic strategy.

Materials and Methods

Ethics and biosafety statement

Young adult, 3–5 years of age, female cynomolgus maca-
ques (Macaca fascicularis) (3 years-old) and rhesus maca-
ques (Macaca mulatta) (5 years-old), and originating 
from Mauritian and Chinese AAALAC certified breeding 
centers, respectively, were used in this study. All animals 
were housed in Infectious Diseases Models for Innovative 
Therapies (IDMIT) infrastructure facilities (CEA, 
Fontenay-aux-roses), under BSL-3 containment (Animal 
facility authorization #D92-032-02, Prefecture des Hauts 
de Seine, France) and in compliance with European 
Directive 2010/63/EU, the French regulations and the 
Standards for Human Care and Use of Laboratory 
Animals, of the Office for Laboratory Animal Welfare 
(OLAW, assurance number #A5826-01, US). All animal 
procedures were in accordance with the institutional ani-
mal care and use committee (CEEA-044, Paris, France) 
under statement number A20-011. The study was author-
ized by the “Research, Innovation and Education 
Ministry” under registration number APAFIS#24434- 
2020030216532863v1.

Reagents

Methanol (MeOH), acetonitrile, and formic acid were of 
HPLC grade. Analytical grade of NaOH, propan-1-ol, 
pyridine, hexane, and propylchloroformate (PCF) were 
purchased as well from Sigma-Aldrich (Saint Quentin 
Fallavier, France). Deionized water comes from a Milli- 
Q Elix system fitted with a LC-PaK and a MilliPak filter at 
0.22 μm (Merck Millipore, Guyancourt, France). The 
following bile acid standards: cholic acid (CA), cheno-
deoxycholic acid (CDCA), deoxycholic acid (DCA), litho-
cholic acid (LCA), ursodeoxycholic acid (UDCA), 
hyodeoxycholic acid (HDCA), lycocholic acid (GCA), 
glycochenodeoxycholic acid (GCDCA), glycodeoxycholic 
acid (GDCA), glycolithocholic acid (GLCA), taurocholic 
acid (TCA), taurochenodeoxycholic acid (TCDCA), taur-
odeoxycholic acid (TDCA), tauroursodeoxycholic acid 
(TUDCA), and taurolithocholic acid (TLCA) and ammo-
nium acetate were purchased from Sigma Chemical 
(St. Louis, MO, USA). All tryptophan reference, isotope- 

labeled metabolites and SCFAs (acetate, propionate, buty-
rate, isobutyrate, valerate, isovalerate, acetate-D3, butyrate- 
13C2 and valerate-D9) were purchased from Sigma- 
Aldrich (Saint Quentin Fallavier, France). The stock solu-
tions of bile acids, tryptophan metabolite and SCFAs were 
prepared separately in methanol at the concentration of 
10 mmol/l, and the stock solutions were stored at −20°C.

Virus, animals and sample collection

The virus strain used in this study (hCoV-19/ 
France/lDF0372/2020 strain) was isolated by the 
National Reference Center for Respiratory 
Viruses (NRC-VIR, Institut Pasteur, Paris, 
France) from a nasopharyngeal swab from one 
of the first French cases.54, **55 Production of 
viral stock in Vero E6 cells is described in.38 

Animals were exposed to a total dose of 
2 × 107 PFUs of SARS-CoV-2 via the combina-
tion of intranasal and intra-tracheal routes. This 
procedure allowed infection in the upper and 
lower respiratory tracts. Atropine (0.04 mg/kg) 
was used for pre-medication and ketamine 
(5 mg/kg) with medetomidine (0.042 mg/kg) 
were used for anesthesia. To follow the kinetic 
of viral replication, nasopharyngeal, tracheal and 
rectal fluids (swabs) were collected at base line, 
3, 5, 7, 10, 13, 20, and 26 dpi. To study the 
SARS-CoV-2 infection’s impact on the gut 
microbiota, feces from each challenged macaque 
were sampled 9 days before infection, the day of 
infection (day 0, 1 h before) to characterize 
baseline microbiota composition, and at 3, 5, 7, 
10, 13, 20, and 26 dpi. Samples collected at day 
−9 and at day 0 served as references to identify 
potential changes in microbiota composition fol-
lowing infection. Fecal samples were stored at 
−80°C until further analysis. Blood samples 
were collected at baseline and at several time 
points during the course of infection with the 
limit of 7.5% of blood body volume per week.

Virus quantification in nonhuman primates

Upper respiratory (nasopharyngeal and tracheal) 
and rectal specimens were collected with swabs as 
described.38 Relative quantification of the viral gen-
ome was performed by one-step real-time quanti-
tative reverse transcriptase and polymerase chain 
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reaction (RT–qPCR) from viral RNA extracted 
using the Extraction NucleoSpin Dx Virus kit 
(Macherey Nagel). Primers and probes 
(RdRp_nCoV_IP4) were designed by the NRC- 
VIR to target the RdRp gene spanning nt 
14010–14116. Real-time one-step RT-qPCR was 
performed with the Superscript III one-step RT- 
PCR system with Platinum Taq Polymerase 
(Invitrogen, Darmstadt, Germany). Thermal 
cycling was performed at 55°C for 20 min for 
reverse transcription, followed by 95°C for 3 min 
and then 50 cycles of 95°C for 15 s, 58°C for 30 s, on 
a Light Cycler 480 (96) thermocycler (Roche)36].

Plasma cytokine quantification

Cytokines were quantified in EDTA-treated plasma 
using nonhuman primate ProcartaPlex immunoas-
say (ThermoFisher Scientific) and a Bioplex 200 
analyzer (Bio-Rad) according to manufacturer’s 
instructions.

Genomic DNA extraction and sequencing

Fecal Genomic DNA was extracted from 200 mg of feces 
as previously described.56 Following microbial lysis with 
both mechanical and chemical steps, nucleic acids were 
precipitated in isopropanol for 10 minutes at room tem-
perature, incubated for 15 minutes on ice and centrifuged 
for 30 minutes at 15,000 g and 4°C. Pellets were suspended 
in 112 µl of phosphate buffer and 12 µl of potassium 
acetate. After RNase treatment and DNA precipitation, 
nucleic acids were recovered via centrifugation at 
15,000 g and 4°C for 30 min. The DNA pellet was 
suspended in 100 µl of TE buffer. Microbial diversity 
and composition were determined for each sample by 
targeting a portion of the ribosomal genes. A 16S rRNA 
gene fragment comprising V3 and V4 hypervariable 
regions (16S; 5′-TACGGRAGGCAGCAG-3′ and 5′- 
CTACCNGGGTATCTAAT-3′) was amplified using an 
optimized and standardized 16S-amplicon-library pre-
paration protocol (Metabiote, GenoScreen). Briefly, 16S 
rRNA gene PCR was performed starting with 5 ng geno-
mic DNA and using unique barcoded primers (Metabiote 
MiSeq Primers, GenoScreen) at final concentrations of 
0.2 μM and an annealing temperature of 50°C f or 30 
cycles. The PCR products were purified using an 
Agencourt AMPure XP-PCR Purification system 
(Beckman Coulter), quantified according to the 

manufacturer’s protocol, and multiplexed at equal con-
centrations. Sequencing was performed using a 250-bp 
paired-end sequencing protocol on an Illumina MiSeq 
platform (Illumina) at GenoScreen. Positive (artificial bac-
teria Community comprising 17 different bacteria 
(ABCv2)) and negative (sterile water) control were also 
included.

Gut Microbiota analysis

Following DNA extraction and sequencing, raw paired- 
end reads were processed in a data curation pipeline, that 
includes a step of removal of low quality reads (Qiime2 
2019.10).57 Remaining sequences were assigned to sam-
ples based on barcode matches, and barcode and primer 
sequences were then trimmed. The sequences were 
denoized using the DADA2 method, and reads were 
classified using Silva reference database (version 132).58 

Alpha and beta diversity were computed using the phylo-
seq package (v1.24.2).59 Principal Coordinate analyses of 
the Bray Curtis distance and Jaccard index were per-
formed to assess beta diversity. The number of observed 
species, Chao1, Shannon and Simpson indexes were cal-
culated using rarefied data (depth = 24,000 sequences/ 
sample) and used to characterize alpha diversity. Raw 
sequence data are accessible in the European Nucleotide 
Archive (accession number:). Differential analysis was 
performed using the linear discriminant analysis effect 
size (LEfSe) pipeline.60 Correlation networks were built 
using Spearman’s correlation and figures were built using 
Cytoscape V.3.8.0. The connectivity degree of a node is 
defined by the number of edges of the node. The neigh-
borhood connectivity of a node is defined as the average 
connectivity of all neighbors of the node.

Metabolomic analysis of fecal samples

Fecal samples (1 g) from nonhuman primates were 
inactivated by 1.6 ml MeOH. After homogenization, 3 
aliquots (450 µL in each vial) were taken for bile acid, 
tryptophan metabolites and SCFA analysis, respec-
tively. Extraction steps were carried out at 4°C to 
avoid the degradation of compounds, especially for 
SCFAs. Samples were extracted and analyzed as fol-
lows. Tryptophan metabolites: 50 µl internal standard 
in MeOH and 500 µl H2O were added to the 450 µl 
fecal extracts. After 20 min, agitation at 4°C the sam-
ples were centrifugated at 12,000 g and 450 µl MeOH 
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were added to the pellet for homogenization and 
centrifugation. The two supernatants were pooled 
and evaporated under nitrogen. The dried residues 
were dissolved in 600 µl MeOH and 3 µl were injected. 
The LC-MS/MS procedure was performed as pre-
viously described.61 Mass spectra were obtained 
using an 5500 Q-Trap (Sciex, Concord, Ontario, 
Canada) equipped with a TurboIon electrospray 
(ESI) interface set in the negative mode (needle voltage 
+5000 V) with nitrogen as the nebulizer set at 40 
(arbitrary pressure unit given by the equipment pro-
vider). Curtain and heater pressures were set at 20 and 
40, respectively (arbitrary unit). The ion source tem-
perature was set at 350°C. Declustering and entrance 
potentials were set at +60 V and +10 V, respectively. 
The MS/MS detection was operated at unit/unit reso-
lution. The acquisition dwell time for each transition 
monitored was 25 ms. Data were acquired by the 
Analyst® software (version 1.6.2, -Sciex) in the 
Multiple Reaction Monitoring (MRM) mode. Bile 
acid molecular species. 2 ml of 0.2 M NaOH were 
added to the 450 µl fecal methanol extracts. After 
20 min agitation at 60°C, 4 ml H2O containing internal 
standard were added. The whole samples were centri-
fuged at 12,000 g and the supernatants were collected. 
Final extraction and Mass spectrometry analysis were 
performed as already described.62 SCFAs: sample pre-
paration was adapted from protocol of Zheng and 
collaborators.63 Approximatively 30 mg of fecal sam-
ples were used and suspended with 1050 µl of a solu-
tion of NaOH at 0.005 M including internal standard 
mix of acetate-D3, butyrate-13 C2 and valerate-D9 at 
61 µM and ceramic beads. Samples were homogenized 
at 6500 rpm, 3 × 20 s using Prescellys® Evolution 
(Bertin Technologies, Montigny-le-Bretonneux, 
France). 300 µl of each supernatant were collected 
and transferred to 5 ml glass tube. 500 µl of propa-
nol/pyridine mix (3:2 v/v) were added and then vor-
texed. 50 µl of PCF was successively added twice to the 
solution and vortexed. Mixtures were sonicated and 
centrifuged at 2000 x g and 4°C during 5 min. 200 µl of 
organic phase were transferred to GC/MS vials before 
their injections. SCFAs in fecal samples were quanti-
fied by Gas Chromatographic/mass spectrometry 
using an ISQ LT™ equipped with a Triplus RSH 
(Thermo Fisher Scientific, Illkirch, France). A fused- 
silica capillary column with a (5%-phenyl)- 
methylpolysiloxane phase (DB-5 ms, J&W Scientific, 
Agilent Technologies Inc., USA) of 50 m x 0.25 mm i.d 

coated with 0.25 µm film thickness was used. 
Temperatures of the front inlet, MS transfer line, and 
electron impact ion source were set at 260, 290, and 
230°C, respectively. Helium was supplied with carrier 
gas at a flow rate of 1 ml/min. Oven temperature was 
set initially at 50°C during 1.5 min. Temperature was 
raised to 70at 8°C/min and to 85°C at 6°C/min. Then, 
temperature was successively elevated to 110°C at 22° 
C/min and to 120 at 12°C/min. Oven temperature was 
finally set to 300at 125°C/min and held 3 min. The run 
time was 15 min in targeted SIM mode. Injected 
sample volume was set to 1 µl in split mode with 
a 20:1 ratio. Data processing was performed using 
Xcalibur® software (version 3.0, Thermofisher 
Scientific, Illkirch, France)

Statistical analysis

Statistical analysis was performed in the R statistical 
environment (R version 3.6.2). When appropriate, 
statistical analyses were performed using the two- 
tailed non-nonparametric Mann-Whitney test or 
Kruskal–Wallis test with Dunn’s multiple compar-
ison test. In all statistical analyses, differences with 
p values <.05 were considered significant. The 
p values were corrected using the Benjamini and 
Hochberg procedure to control for the false discov-
ery rate. Microbiota-specific analysis is described in 
the Gut Microbiota analysis section.
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