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Abstract

The role of commensal microbiota in enteric viral infections has been explored extensively, but the interaction between human 
gut microbiota (HGM) and human norovirus (HuNoV) is poorly understood. In this study, we established an HGM-Transplanted 
gnotobiotic (Gn) pig model of HuNoV infection and disease, using an infant stool as HGM transplant and a HuNoV GII.4/2006b 
strain for virus inoculation. Compared to germ-free Gn pigs, HuNoV inoculation in HGMT Gn pigs resulted in increased HuNoV 
shedding, characterized by significantly higher shedding titres on post inoculation day (PID) 3, 4, 6, 8 and 9, and significantly 
longer mean duration of virus shedding. In addition, virus titres were significantly higher in duodenum and distal ileum of HGMT 
Gn pigs on PID10, while comparable and transient HuNoV viremia was detected in both groups. 16S rRNA gene sequencing 
demonstrated that HuNoV infection dramatically altered intestinal microbiota in HGMT Gn pigs at the phylum (Proteobacteria, 
Firmicutes and Bacteroidetes) and genus (Enterococcus, Bifidobacterium, Clostridium, Ruminococcus, Anaerococcus, Bacteroides 
and Lactobacillus) levels. In summary, enhanced GII.4 HuNoV infection was observed in the presence of HGM, and host micro-
biota was susceptible to disruption upon HuNoV infection.

Introduction
Human noroviruses (HuNoVs), non-enveloped RNA viruses 
with a positive-sense single-stranded genome in the Calici-
viridae family, are the leading cause of epidemic acute gastro-
enteritis around the world [1]. Annually, HuNoV infections 
cause 685 million illnesses and over 212 000 deaths worldwide, 
in which 30 % of illnesses and 25 % of deaths are in children 
under 5 years old [2]. HuNoV gastroenteritis has an economic 
cost of ~$4 billion in direct healthcare costs and ~$60 billion 
in loss of productivity globally [3]. Despite the tremendous 
burden of disease and financial cost, no vaccines or antivirals 
are currently available to prevent or control HuNoV infections, 
primarily resulting from the long absence of a readily reproduc-
ible cultivation system and a suitable small animal model [4].

The ability of commensal microbiota to enhance enteric viral 
infections was first demonstrated by two landmark studies 
using poliovirus, reovirus and mouse mammary tumour 
virus [5, 6]. The microbiota-driven enhancement of murine 
rotavirus infection was evidenced by the reduced rotavirus 
infectivity and diarrhea in antibiotic-treated suckling mice 
[7]. Similarly, antibiotic treatment reduced the acute murine 
norovirus (MNV) infection and prevented the persistent 
MNV infection in mice [8, 9], and the persistent infection 
could be restored by microbial colonization [9]. However, it 
is also known that gut microbiota can serve as a shield against 
pathogenic micro-organisms due to their colonization resist-
ance and immunomodulatory functions [10]. The existence 
of contradictory reports suggests that the microbiota’s role 
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in viral infections varies in regard to the individual virus 
and host. For example, after depletion of the gut microbiota 
with antibiotics, mice were more susceptible and vulnerable 
to multiple flaviviruses such as West Nile, Dengue and Zika 
virus [11].

While commensal bacteria has been found to promote MNV 
infections in mice [8, 9, 12], the effects of human gut micro-
biota (HGM) on HuNoV infectivity remain elusive. Disrup-
tion of HGM due to HuNoV infection was observed in human 
patients. Seven out of thirty-eight HuNoV-infected patients 
showed significantly decreased abundance of Bacteroidetes 
and increased abundance of Proteobacteria [13]. In a study 
analysing saliva and stool samples obtained from healthy 
human volunteers, lower salivary anti-HuNoV IgA titres, 
which is an indicator of previous exposure to HuNoV, were 
correlated with higher abundance of certain bacterial groups 
such as Ruminococcus spp. and Faecalibacterium, demon-
strating a potential link between the susceptibility to HuNoV 
infection and HGM composition [14]. Human B lympho-
cytes (BJAB cell line) supported moderate in vitro HuNoV 
replication using an unfiltered HuNoV-positive stool sample 
as inoculum, whereas the filtered inoculum failed to estab-
lish HuNoV infection [8]. This cultivation system has been 
replicated and applied for the evaluation of a viral polymerase 
inhibitor [15], suggesting a stimulatory role of commensal 
bacteria in HuNoV infection of target cells. In efforts to dissect 
such microbiota-dependent infection, synthetic histo-blood 
group antigen (HBGA) or HBGA-expressing bacteria such as 
Enterobacter cloacae was identified as the helper for HuNoV 
infection of B cells [8]. However, our previous study using a 
gnotobiotic (Gn) pig model showed that E. cloacae inhibited 
HuNoV infection in vivo, and viral infection of B cells was not 
observed with or without the presence of E. cloacae [16]. In 
addition, bacteria were not required for efficient viral infection 
of human intestinal enteroids, which have been established as a 
novel HuNoV cultivation system for multiple GII.3 and GII.4 
strains [17, 18]. These conflicting results raise new questions 
about the role and importance of HGM on HuNoV infection.

Neonatal Gn pigs share high similarity of gastrointestinal 
physiology and immune system with infants and young 
children, and have been widely used for the studies of patho-
genesis, host immunity, and the role of microbiome/bacteria 
in enteric virus infections [19]. The evaluations of vaccine 
candidates and therapeutic agents against enteric viruses in 
Gn pigs have high translational implications [20–24]. In addi-
tion, Gn pigs recapitulate the hallmark features of HuNoV 
biology, such as natural oral route of infection, faecal viral 
shedding, transient viremia, and increased and prolonged 
infection in immunodeficient host [19, 25]. More importantly, 
the germ-free environment is ideal for the reconstruction of 
HGM in animal models. Microbiome analysis revealed that 
the HGM-transplanted (HGMT) Gn pigs were colonized 
by microbiota similar to that of the original infant donors, 
indicating transplant success in previous studies [26, 27]. The 
HGMT Gn pig model has enabled research into the effects 
of enteric dysbiosis and protein malnutrition on rotavirus 
vaccine efficacy [28, 29].

In this study, with the aim of illuminating the complex 
interactions between HGM and HuNoV in vivo, we first 
established an HGMT Gn pig model of HuNoV infection and 
disease. Subsequently, HuNoV-induced disease, virus shed-
ding in faeces, and virus distribution in tissues were evaluated 
and compared between HGMT Gn pigs and control groups. 
Finally, the composition of established HGM in Gn pigs with 
and without HuNoV infection was analysed, respectively.

Results
HGMT Gn pig model of HuNoV infection and disease
The infant stool used for transplantation in Gn pigs in this 
study was determined with a representative and healthy 
HGM. To establish and validate the HGMT Gn pig model, we 
tested HuNoV infection and/or HGM colonization using four 
treatment groups: (i) mock (n=5), naïve Gn pigs; (ii) HuNoV 
(n=19), Gn pigs were inoculated with HuNoV (GII.4/2006b 
strain); (iii) HGM (n=7), Gn pigs were colonized with HGM 
only; (iv) HGM+HuNoV (n=11), Gn pigs were pre-colonized 
with HGM prior to HuNoV inoculation (Fig. 1a). All pigs 
received intraperitoneal porcine serum injections on post-
partum day (PPD) 1 and were euthanized on post inoculation 
day (PID) 3 or 10. To confirm the colonization of HGM in 
Gn pigs, faecal bacteria shedding was monitored after HGM 
feeding. Bacteria shedding was detected in all pigs in the 
HGM group and HGM+HuNoV group, whereas pigs in the 
mock group and HuNoV group remained sterile during the 
entire study (Fig. 1b).

Increased HuNoV shedding and diarrhea in HGMT 
Gn pigs
As a characteristically self-limiting enteric pathogen, HuNoV 
shedding in Gn pigs peaked on PID4 with or without HGM 
colonization (Fig. 2a). Daily faecal virus shedding increased 
in the HGM+HuNoV group, and statistical significance was 
observed on PID3, 4, 6, 8 and 9 (Fig. 2a). Compared to the 
HuNoV group, the peak shedding in the HGM+HuNoV 
group was significantly higher on PID1–3 (Fig. 2b), and the 
cumulative shedding in the HGM+HuNoV group was signifi-
cantly higher on PID1–3 and PID4–10 (Fig. 2c). In addition, 
HGM+HuNoV pigs had a significantly longer mean dura-
tion of virus shedding on PID1–3 and PID4–10 (2.4 versus 
1.5 days and 6.8 versus 4.9 days, respectively) (Table 1). Taken 
together, these data demonstrated higher HuNoV shedding in 
HGMT pigs, suggesting that the presence of HGM promoted 
HuNoV infectivity in Gn pigs.

The faecal consistency was evaluated daily for all groups, 
the mock and HGM group had comparable scores (Fig. 3 
and Table  1). Consistent with the higher virus shedding, 
more severe HuNoV-induced diarrhea was observed in the 
HGM+HuNoV group, characterized by significantly higher 
cumulative faecal consistency scores and mean duration of 
diarrhea (3.8 versus 2.0 days) on PID4–10 compared to those 
of the HuNoV group (Fig. 3b and Table 1). Interestingly, pigs 
in the HGM+HuNoV group experienced lower incidence and 
mean duration of diarrhea on PID1–3 (Table 1), indicating 



initial protection due to the pre-colonization of HGM, which 
might delay the occurrence of HuNoV-induced diarrhea.

HuNoV distribution in gut tissues, blood and 
mononuclear cells
After HuNoV inoculation, pigs were euthanized at PID3 
or PID10 for the collection of gut tissues and blood. Virus 
titres in all sections of intestine were comparable between the 
HuNoV group and HGM+HuNoV group on PID3 (Fig. 4a). 
However, virus titres were significantly higher in duodenum 
and distal ileum of the HGM+HuNoV group compared to 
the HuNoV group on PID10 (Fig. 4b). Viral genomes were 
detected in plasma and whole blood cells in both groups, 
although statistical significance was not observed (Fig. 4c and 
d), suggesting unaltered and transient HuNoV viremia in Gn 
pigs colonized with HGM. In an attempt to examine whether 
HuNoV could infect immune cells in the presence of HGM 
in Gn pigs, we performed qRT-PCR to detect viral genomes 
in mononuclear cells (MNC) from ileum, duodenum, spleen 
and blood. Although a small portion of pigs in both groups 
had detectable virus in MNC, the titres were generally as low 
as 200 genomic copies per 107 MNC (Fig. 4e).

HuNoV infection altered intestinal microbiota in 
HGMT Gn pigs
To investigate the impact of HuNoV infection on intestinal 
microbiota, we collected the large intestinal contents from 
HGMT Gn pigs euthanized on PPD16 without and with 

HuNoV infection (Fig.  1a), and then performed high-
throughput sequencing of 16S rRNA genes. As shown by 
the bacterial abundance (Fig. 5a), the microbiome composi-
tion was consistent across samples in the HGM group and 
HGM+HuNoV group, respectively. Their beta diversity was 
visualized with a principal coordinate analysis (PCoA) using 
weighted UniFrac, which includes both sequence distance 
and abundance information. The results showed that HGM 
pig microbiota was highly similar and distinct from those of 
HuNoV infected pigs (Fig. 5b). Specifically, at the phylum 
level, Proteobacteria (95.6 % versus 56.5 %) and Firmicutes 
(3.6 % versus 0.5 %) significantly decreased in HuNoV-
infected HGMT Gn pigs, while Bacteroidetes (0.1 % versus 
42.9 %) significantly increased (Fig. 5c). At the genus level, 
Enterococcus, Bifidobacterium, Clostridium, Ruminococcus 
and Anaerococcus significantly decreased in HuNoV-infected 
HGMT Gn pigs, while Bacteroides and Lactobacillus signifi-
cantly increased (Fig.  5d). Taken together, the variations 
of microbiota composition at the phylum and genus levels 
demonstrated that HuNoV infection dramatically altered the 
transplanted HGM in Gn pigs.

Discussion
The microbiota is indispensable for the development and 
maintenance of a healthy enteric immune system [10], 
nervous system [30] and gastrointestinal physiology [31]. The 
lack of maternal antibodies and gut microbiota in neonatal 

Fig. 1. Experimental design and faecal bacteria shedding. (a) Schematic representation of Gn pig study. HGM, human gut microbiota; PPD, 
post-partum day; PID, post inoculation day. (b) HGM colonization in Gn pigs. Concentrations of culturable aerobic bacteria were measured 
in serial dilution of pig faeces and enumeration of colony-forming unit (c.f.u.) grown on lysogeny broth (LB) media agar plates. Data 
were combined from four independent experiments and presented as individual animal data points. Sample sizes are shown in Table 1.



Gn pigs contributes to their underdeveloped mucosal 
immunity, predisposing these pigs to enteric pathogens [32]. 
However, enhanced GII.4 HuNoV infection and disease 
were observed in HGMT Gn pigs than that of germ-free Gn 
pigs in this study, indicating a favourable role of HGM in 
HuNoV lifecycle. Experimental HuNoV infections have not 
been successful in conventional pigs, presumably resulting 
from the well-developed mucosal immunity promoted by 
the naturally acquired porcine gut microbiota. Therefore, it 
is likely that HGM has a unique component that facilitates 

HuNoV infection in pigs, and such a component could be 
illuminated by systematic analysis, including transcriptome 
analysis of viral target cells and metabolome profiling of 
intestinal contents. Meanwhile, it is worth trying to transplant 
HGM in specific pathogen-free or even conventional pigs, so 
that HuNoV challenge study might be performed in those pig 
models without the need for a Gn facility.

The commensal bacterial enhancement of poliovirus infec-
tion in mice was attributed to viral binding to the bacterial 

Fig. 2. Increased faecal HuNoV shedding in HGMT pigs. (a) Daily virus shedding was measured from PID1 to PID10 by quantitative 
reverse transcription (qRT) PCR to quantify HuNoV genomes in faeces. (b) Peak shedding titres during PID1 to PID3 and PID4 to PID10 in 
individual pigs were present. (c) Individual pigs’ cumulative shedding was shown as the area under curve based on daily virus shedding 
in (a). Sample sizes are indicated in Table 1. Dashed line shows the limit of detection. Data were combined from four independent 
experiments and presented as individual animal data points with mean±sem. Statistical significance was determined by Mann–Whitney 
test. NS, not significant, *P<0.05, **P<0.01.



outer-membrane component polysaccharides, resulting in 
virion thermos-stabilization and attachment to host cells 
[33]. HuNoV has also been shown to bind to a variety 
of bacteria, including a commensal bacterial species, E. 
cloacae [34], the representatives in HGM [35], and multiple 
probiotic strains [36, 37]. One underlying mechanism is the 
direct interaction between the viral capsid and HBGA-like 
carbohydrates on bacterial surface, which might also enhance 
HuNoV integrity when under acute heat stress [34, 38]. Both 
enhancement and inhibition of HuNoV P particles attach-
ment on cells have been observed in vitro in the presence 
of HuNoV-binding probiotics, such as Escherichia coli Nissle 
1917 and Lactobacillus casei BL23 [36]. HBGA-expressing 
E. cloacae has been suggested as a helper in HuNoV infec-
tion of human B cells, which is a novel HuNoV cell culture
system, despite the inconsistent results in other laboratories
[8, 39]. However, previous studies in Gn pigs showed that
E. cloacae, Lactobacillus rhamnosus GG, and Escherichia coli
Nissle 1917 exhibited inhibitory effects on HuNoV infection
in vivo [16, 37], presumably resulting from bacteria-and-virus 
interaction and/or bacterial immunomodulatory functions.
Therefore, the impact of HuNoV-binding bacteria on viral
infections differs in different studies. In addition, there should 
be certain bacterial strains in HGM that inhibit HuNoV infec-
tion such as E. cloacae and some others enhance, resulting in
the average effects of HGM, and further investigations are in
great demand to differentiate the influence of different bacte-
rial strains on HuNoV infection.

Although most enteric pathogens target intestinal epithelial 
cells, the presence of HuNoV antigens or virions has not been 
reported in clinical biopsy samples from immunocompetent 
humans, and the cell tropism of HuNoV has long been obscure 

[40–42]. Using intestinal biopsies from an immunocompro-
mised patient cohort, HuNoV replication was observed only 
in enterocytes from sections of duodenum and jejunum, and 
the HuNoV-associated histopathological features in entero-
cytes were present as well [43]. Additionally, enterocytes in 
the stem cell-derived and nontransformed human intestinal 
enteroids supported the cultivation of multiple HuNoV strains 
[17], altogether indicating enterocytes as the primary target 
for HuNoV infection in vivo and in vitro. Previous studies 
indicated that enterocytes are the only target of HuNoV in 
different types of Gn pig models, including germ-free Gn 
pigs [44, 45], E. cloacae colonized Gn pigs [16], and RAG2/
IL2RG immunodeficient Gn pigs [46]. Tuft cells have been 
recognized as a rare intestinal target of MNV strain CR6, and 
microbiota-promoted MNV-CR6 infection in mice could 
be partially explained by the immune-privileged tuft cells, 
whose proliferation could be induced by type 2 immunity 
[47]. Tuft cells might also be a potential HuNoV target in 
HGMT Gn pigs, contributing to the increased HuNoV titres 
in duodenum and distal ileum in the HGM+HuNoV group on 
PID10 (Fig. 4b), which requires further investigation.

Biased analysis showed that a minority of HuNoV-infected 
adults had decreased abundance of Bacteriodetes and 
increased abundance of Proteobacteria in their microbiota 
[13]. In another study analysing intestinal microbiota in 
children, those disruptions were not observed [48]. Under 
HuNoV infection in HGMT Gn pigs, significant increase of 
Proteobacteria and Firmicutes but decrease of Bacteroidetes 
were observed in the current study (Fig. 5b). It was noted that 
high abundance of Ruminococcus spp. was correlated with 
lower anti-HuNoV antibody titres and thus lower infection 
in humans [14]. This reverse correlation was noticed again 

Table 1. Summary of clinical sign and virus shedding in Gn pigsa

Group Time n Diarrheab Virus shedding

Pigs with 
diarrhea (%)*

Mean duration days 
(semc)**

Pigs with virus shedding 
(%)*

Mean duration 
days (sem)**

Mock PID1-3 5 0 0 0 0

HuNoV 19 11 (58 %)A 0.9 (0.2)A 16 (84 %) 1.5 (0.2)A

HGM 7 0 0 0 0

HuNoV+HGM 11 1 (9 %)B 0.1 (0.1)B 11 (100 %) 2.4 (0.2)B

Mock PID4-10 3 0 0 0 0

HuNoV 9 7 (78 %) 2.0 (0.5)A 9 (100 %) 4.9 (0.7)A

HGM 3 0 0 0 0

HuNoV+HGM 6 6 (100 %) 3.8 (0.7)B 6 (100 %) 6.8 (0.2)B

a, Gn pigs were inoculated with a HuNoV GII.4 2006b variant 092895 at 6 days of age. Rectal swabs were collected daily after 
inoculation to determine faecal consistency scores and virus shedding.
b, Faecal consistency was scored as follows: 0, solid; 1, semisolid; 2, pasty; 3, semiliquid; and 4, liquid. Pigs with scores of or over 2 
were considered with diarrhea.
c, sem, standard error of the mean.
*Fisher's exact test or **Mann–Whitney test was used for statistical analysis. Groups with significant differences (P<0.05) were 
indicated with letters A and B.



in this study by the decreased abundance of Ruminococcus 
spp. after HuNoV infection. Decreased abundance of Bacte-
roides spp., Bifidobacterium spp. and Lactobacillus spp. were 
detected by RT-PCR in HuNoV-infected patients in an 
early study [49], but our data showed differential alterations 
among these bacterial families (Fig. 5c). Notably, microbiota 
structures differ over time in infants and young children [50], 
indicating that the age of HGM donor and timeline of viral 

infection after HGM transplantation might affect experi-
mental outcomes.

Due to a variety of potential factors such as age, host, anti-
biotic usage, viral strain and initial microbial composition, 
it is an unsettled question whether or how HuNoV infec-
tion might affect the host microbiota and vice versa [12]. 
In this study, we used the well-established Gn pig system 

Fig. 3. Faecal consistency scores. (a) Daily faecal consistency scores after HuNoV inoculation. Faecal consistency was scored as follows: 
0, solid; 1, semisolid; 2, pasty; 3, semiliquid; and 4, liquid. Dashed line shows the minimal value to be considered as diarrhea. (b) 
Individual pigs’ cumulative faecal scores were shown as the area under curve based on daily faecal consistency scores in (a). Data were 
combined from ten independent measurements and presented as individual animal data points with mean±sem. Statistical significance 
was determined by Mann–Whitney test, *P<0.05.



to develop an HGMT Gn pig model of HuNoV infection 
and disease, in which univariate analysis was performed 
with one infant HGM and one GII.4 strain. It is not impos-
sible that the outcomes from the current study were HGM 
donor-specific and HuNoV strain-specific; future studies 
with multiple HGM and virus strains will shed more light 
on their complex interactions. In summary, the colonization 

of HGM in Gn pigs was associated with the enhanced GII.4 
HuNoV infection, evidenced by increased virus shedding 
and genome titres in intestinal tissues. Significant intes-
tinal microbiota alterations were observed under HuNoV 
infection in HGMT Gn pigs. To our best knowledge, this is 
the first in vivo evaluation on the direct effects of HGM on 
HuNoV infection, and our study provides a platform and 

Fig. 4. HuNoV distribution in gut tissues, blood and MNCs. HuNoV genomes in gut tissues from pigs euthanized on PID3 (a) and PID10 
(b) were quantified by qRT-PCR. P-ileum, proximal ileum; d-ileum, distal ileum. HuNoV genomes in plasma (c), whole blood cells (d), and 
mononuclear cells (MNCs) were quantified by qRT-PCR. (a, b) HuNoV group size: PID3 n=7, PID10 n=6. HGM+HuNoV group size: PID3 n=5, 
PID10 n=6. (c–e) Group sizes were shown in Table 1. Dashed line shows the limit of detection. Data were combined from four to five
independent experiments and presented as individual animal data points with mean±sem. Statistical significance was determined by
Mann–Whitney test. NS, not significant, *P<0.05, **P<0.01.



guidance for future investigations of HuNoV pathogenesis, 
host response, antiviral and vaccine efficacies in regard to 
gut microbiota.

Methods
HuNoV inoculum
The HuNoV inoculum containing the GII.4/2006b variant 
092895 (GenBank accession number KC990829) was prepared 
from a stool sample, which was obtained from a child with 
norovirus gastroenteritis at the Cincinnati Children’s Hospital 
Medical Center in 2008 [45].

HGM inoculum
The stool candidates for HGM transplantation were prepared 
from infant stool samples collected from León, Nicaragua, 
and the stool sample used in this study (ID number SV5) 
came from a vaginally delivered and breast-fed male infant 
[28, 51]. Previous analysis of SV5 showed diverse bacterial 
taxonomy composition and low enteropathy score [51, 52]. 
SV5 was confirmed negative for rotavirus, astrovirus, noro-
virus, sapovirus, adenovirus and Klebsiella spp. via PCR 
prior to oral transplantation into the Gn pigs [28]. The 5 % 
stool sample was washed with tenfold volume of sterile PBS 

Fig. 5. Microbiome composition analysis of HGMT Gn pigs. (a) Bacterial taxonomic summary showing relative abundance at the genus 
level. Unassigned and minor group includes genus less than 0.1 % of total community in each sample. (b) Principal coordinate analysis 
(PCoA) of beta diversity based on weighted UniFrac distances among HGMT Gn pigs. The first two axes that explain largest variations 
(PC1 and PC2) are plotted. Significantly different taxa at the phylum level (c) and at the genus level (d) between the HGM group and 
HGM+HuNoV group. (c, d) Data are presented as individual animal data points with mean±sem. Statistical significance was determined 
by Mann–Whitney test. *P<0.05, **P<0.01.



to remove glycerol, centrifuged at 2000 r.p.m. for 10 min at 
4 °C to pellet bacteria, and then resuspended to the original 
volume with sterile PBS as HGM inoculum.

Gnotobiotic pigs and treatments
Near-term Yorkshire pigs were derived via hysterectomy, 
maintained in Gn isolator units, and fed with sterile cow 
milk [32]. Neonatal Gn pigs were randomly assigned to the 
four treatment groups: mock (n=5), HuNoV (n=19), HGM 
(n=7) and HGM+HuNoV (n=11). Due to the lack of maternal 
antibody transfer across the porcine placenta and the depriva-
tion of sow colostrum/milk in Gn system, Gn pigs have no 
maternal antibodies and thus are more susceptible to enteric 
pathogens than conventional pigs. In an attempt to provide 
immune protection (i.e. antibodies) against potentially patho-
genic bacteria in the HGM transplants, all piglets received 
60 ml gamma-irradiated, non-heat treated porcine serum 
(Rocky Mountain Biologicals) via three intraperitoneal injec-
tions at 24, 30 and 36 h post derivation. The porcine serum 
was screened using a luciferase immunoprecipitation system 
assay [53], and no antibodies against a broad range of geno-
type of HuNoVs, including GI.5, GI.6, GII.1, GII.2, GII.3, 
GII.4/MD145, GII.6, GIV.1 or GII.4/2006b were detected 
(data not shown). Pigs in the HGM group and HGM+HuNoV 
group received 450 µl HGM inoculum each day at 4 and 5 days 
of age. Pigs in the HuNoV group and HGM+HuNoV group 
were orally inoculated at 6 days of age with 2.74×104 viral 
RNA copies of HuNoV, the dosage was determined as 10 ID50 
for neonatal pigs based on a previous study [45]. Then, 4 ml 
of 200 mM NaHCO3 was given 15–20 min prior to HuNoV 
inoculation to neutralize stomach acids. Pigs were euthanized 
on PID3 or PID10 for collection of blood, tissues and intes-
tinal contents.

Assessment of faecal consistency and detection of 
HuNoV
Faecal consistency and virus shedding were monitored daily 
after HuNoV inoculation by rectal swab sampling. Faecal 
consistency assessment system: 0, solid; 1, semisolid; 2, pasty; 
3, semiliquid; 4, liquid. HuNoV genomes in faeces, blood, 
mononuclear cells and tissues were detected by a one-step 
TaqMan qRT-PCR as described previously [46].

Microbiome analysis
Pig large intestinal contents were collected at necropsy, snap 
frozen and stored in liquid nitrogen. 16S rRNA amplicon 
sequencing was performed at the UNC Microbiome Core 
Facility as previously described [28]. Multiplexed paired-end 
fastq files were produced from the sequencing results of the 
Illumina MiSeq using the Illumina software BclToFastq, and 
then joined into a single multiplexed and single-end fastq 
using the tool fastq-join. Quality analysis was performed 
using the software FastQC. Bioinformatics analysis of bacte-
rial 16S rRNA amplicon sequencing data was conducted using 
the Quantitative Insights Into Microbial Ecology (QIIME) 
[54]. OTU picking was performed on the quality-filtered 
results. Chimeric sequences were detected and removed 

using ChimeraSlayer. Alpha diversity and beta diversity 
analysis were performed on the dataset using the QIIME 
routines [54, 55]. Taxa of the genus level OTU with a relative 
abundance of 0.1 % or greater within totally community were 
compared between groups.

Statistics
Pigs were randomly divided into treatment groups upon 
derivation regardless of gender and body weight, and pigs 
in each group were randomly assigned for euthanasia on 
PID3 or PID10. For assessing faecal virus shedding and 
consistency scores after HuNoV infection, pigs in the 
PID10 subgroup contributed data to the PID3 subgroup. 
Statistical analysis was performed using GraphPad Prism 8 
(GraphPad Software) with different significance specified in 
figure legends, while only P-value<0.05 was considered as 
statistically significant.
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