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In aquatic birds, influenza A viruses mainly replicate in the intestinal tract without significantly affecting the health of the host,
but in mammals, they replicate in the respiratory tract and often cause disease. Occasionally, influenza viruses have been de-
tected in stool samples of hospitalized patients and in rectal swabs of naturally or experimentally infected mammals. In this
study, we compared the biological and molecular differences among four wild-type avian H1N1 influenza viruses and their cor-
responding fecal and lung isolates in DBA/2J and BALB/cJ mice. All fecal and lung isolates were more pathogenic than the origi-
nal wild-type viruses, when inoculated into mice of both strains. The increased virulence was associated with the acquisition of
genetic mutations. Most of the novel genotypes emerged as PB2E627K, HAF128V, HAF454L, or HAH300P variations, and double muta-
tions frequently occurred in the same isolate. However, influenza virus strain- and host-specific differences were also observed in
terms of selected variants. The avian H1N1 virus of shorebird origin appeared to be unique in its ability to rapidly adapt to
BALB/cJ mice via the fecal route, compared to the adaptability of the H1N1 virus of mallard origin. Furthermore, a bimodal dis-
tribution in fecal shedding was observed in mice infected with the fecal isolates, while a normal distribution was observed after
infection with the lung isolates or wild-type virus. Fecal isolates contained HA mutations that increased the activation pH of the
HA protein. We conclude that influenza virus variants that emerge in fecal isolates in mammals might influence viral transmis-
sion, adaptation to mammals, and viral ecology or evolution.

Influenza A viruses are naturally found in wild aquatic birds,
mainly in the orders Anseriformes (e.g., ducks, geese, and

swans) and Charadriiformes (e.g., gulls and shorebirds), prefer-
entially replicating in the epithelial lining of the intestines and
causing no apparent disease (1–3). Virus is shed via feces, contam-
inating open water sources (e.g., ponds, lakes) and the surround-
ing environment, and is transmitted orally to infect naive birds.
Influenza viruses that cause seasonal or pandemic influenza in
humans and epidemics in pigs and horses are ultimately derived
from the aquatic bird reservoir (1) and replicate primarily in the
upper and lower respiratory tract. However, the literature con-
tains several reports of fecal shedding of influenza viruses from
mammals after natural or experimental infection with influenza
viruses of avian, swine, equine, or human origin (4–22).

Although the main route of influenza virus infection is respi-
ratory in mammals, gastrointestinal manifestations can occur, es-
pecially during the early stages of the disease. During the 2009
H1N1 pandemic, gastrointestinal symptoms were observed in
25% of the hospitalized patients (23). In a recent case-control
study, viral RNA for influenza B virus, 2009 pandemic H1N1 vi-
rus, and seasonal H3N2 virus was detected in stool samples from
adult patients with diarrhea (16). Furthermore, fecal shedding has
been detected by viral RNA analysis of hospitalized adult and pe-
diatric patients (5, 7) and high-risk influenza patients of various
ages (4 to 92 years) (4) who were infected with seasonal influenza
A viruses (H1N1 or H3N2 subtypes) or influenza B viruses. Infec-
tious virus was isolated from stool samples from two patients with
seasonal H1N1 infections; one was an adult patient (5), and the
other was an immunocompromised pediatric patient with long-
term viral shedding (�2 months) (10). Viral RNA from pandemic
H1N1 has been detected in stool samples (11, 12), and the infec-
tious virus was isolated in rare cases (11). In patients with highly
pathogenic H5N1 influenza, viral RNA was frequently detected in
rectal swab/stool samples (9, 17, 18). Virus recovery by cell culture

has also been reported (6, 17, 18). In addition to gastrointestinal
symptoms, hematuria and viremia were observed in association
with renal pathology as a consequence of infection with seasonal
influenza virus or the 2009 pandemic H1N1 virus (24–26).

Viral RNA and infectious viruses have also been detected in
intestines, feces, and rectal swabs of mammals (i.e., mice, ferrets,
cats, and pigs) experimentally infected with influenza A viruses of
various origins. Infection of ferrets with human viruses (H1N1,
H3N2, H5N1, H7N7, H7N3, and H7N2) (14, 15, 19, 20) or viruses
of swine or equine origin (8) or avian origin (8, 21) results in
moderate viral titers in rectal swabs and intestines, regardless of
the route of inoculation. In pigs, human influenza A virus (H3N2)
was found in the feces (8) and viral RNA for swine H1N1 virus was
detected in the intestines (27), though other human (H5N1) and
swine (H3N2 and H1N1) viruses were not detected (28). The 2009
pandemic H1N1 virus has been isolated in the rectal swabs and
intestines of experimentally infected cats, though no lesions were
observed (22). Avian influenza A viruses were found at moderate
titers in the feces and intestines of mice (21) but not in those of
pigs (27, 28). Although avian influenza A viruses replicate well in
the intestines of aquatic bird hosts, human and swine influenza
viruses could not be detected in the intestinal tracts of ducks (29).
Thus, the presence of influenza A viruses in the fecal material or
intestinal tract appears to be not only subtype specific but also host
specific.

Despite multiple reports of the detection of viral RNA and
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infectious influenza viruses in the feces of naturally and experi-
mentally infected mammals, the source of virus in feces is still not
clear. We do not know whether some strains of influenza A viruses
can replicate in the intestinal tract of mammals, originate from a
secondary replication site, or simply transfer from the respiratory
tract to the digestive tract by the mucociliary escalator when the
virus is swallowed. Regardless of the site of replication, the virus
reaches the intestinal tract of mammals and is shed in the feces. To
date, the molecular and biological features of influenza viruses in
feces and the gastrointestinal tract have not been studied. We do
not know the duration of fecal shedding, the amount of infectious
particles in feces during influenza virus infection, or the potential
that these viruses have to be transmitted via the fecal-oral route
and cause infections in mammals. Additionally, we do not know
whether fecal shedding serves as a tool for the selection of novel
variants in mammals or plays any role in viral evolution. There-
fore, it is important to address these questions to understand the
biology of influenza viruses thoroughly.

In our previous study (21), we detected infectious viruses in the
feces of DBA/2J mice and BALB/cJ mice and in the rectal swabs of
ferrets infected with North American avian H1N1 influenza A
viruses. In this study, we compared the molecular and biological
properties of lung and fecal isolates to those of the original wild-
type viruses. We examined the fecal isolates recovered from in-
fected mice to determine whether they can cause respiratory in-
fection in mammals upon intranasal inoculation and whether the
viruses shed in feces are novel variants of the original wild-type
virus selected during respiratory infection. We also report on how
the genetic variants that emerged via different routes (feces versus
lung) affect the viral shedding pattern in feces and pathogenesis
during the subsequent round of infection.

MATERIALS AND METHODS
Ethics statement. All animal experiments were conducted in an animal
biosafety level 2� (biosafety level 2 with enhanced biocontainment for
pandemic H1N1 influenza A virus) facility at St. Jude Children’s Research
Hospital (St. Jude). Studies were done in compliance with the policies of
the National Institutes of Health and the Animal Welfare Act and with the
approval of the St. Jude Institutional Animal Care and Use Committee.

Animals. Six-week-old female DBA/2J or BALB/cJ mice were pur-
chased from the Jackson Laboratories (Bar Harbor, ME). Upon arrival, all
mice were acclimatized in the Animal Resources Center at St. Jude for 1
week before infection. They were given food and water ad libitum.

Pathogenicity of wild-type viruses and passage isolates. Four avian
H1N1 viruses (A/mallard/MN/AI07-3136/2007 [md/MN/07a], A/mal-
lard/MN/AI07-3100/2007 [md/MN/07b], A/shorebird/DE/300/2009 [sb/
DE/09], and A/mallard/ALB/88/2004 [md/ALB/04]) were selected from
among the most pathogenic avian H1N1 viruses, as determined by their
pathogenicity scores in DBA/2J mice in our previous study (21). To de-
termine the pathogenicity of the wild-type viruses, DBA/2J mice and
BALB/cJ mice were inoculated intranasally with 106 50% egg infective
doses (EID50s)/ml of a wild-type virus (n � 5/group). Fecal and lung
samples were collected from all infected mice, and viral isolation was
carried out in 10- to 11-day-old embryonated chicken eggs as described
previously (21). To test the pathogenicity of the fecal and lung isolates,
infection-naive DBA/2J mice and BALB/cJ mice were infected intranasally
with a fecal or lung isolate of each wild-type virus as described above. The
mice were then monitored for 14 days (n � 5/group). Fecal specimens
were collected daily, and daily viral titers in each group’s pooled feces were
determined in terms of the number of EID50s/ml by inoculating 10- to
11-day-old embryonated chicken eggs with 10-fold serial dilutions of each
sample in a solution of sterile phosphate-buffered saline (PBS) and anti-

biotics. Viral titers were calculated by the method of Reed and Muench
(30).

Statistical analyses for survival curves were done by log-rank (Mantel-
Cox) and Gehan-Breslow-Wilcoxon tests using GraphPad Prism software
for Windows (v5; GraphPad Software, Inc., La Jolla, CA). Statistical sig-
nificance was determined at a P value of 0.05.

Histopathology. DBA/2J or BALB/cJ mice were infected with 106

EID50s/ml of the sb/DE/09 fecal isolate. As a negative control, 1� sterile
PBS was used to inoculate DBA/2J and BALB/cJ mice. At 3 and 4 days
postinoculation (dpi), the mice were euthanized, and tissue for histologic
examination was collected from several organs (i.e., lungs, nasal cavity,
small intestine, large intestine, pancreas, kidney, liver, spleen, and brain)
and fixed in 10% neutral buffered formalin. The fixed tissue was embed-
ded in paraffin, cut into 4-�m sections, stained with hematoxylin-eosin,
and examined by light microscopy. Histopathologic assessment of the
organ samples was conducted in a blinded manner.

Immunohistochemistry. Goat anti-influenza virus NP antibody
(USBiological, Swampscott, MA) was used for detecting virus-infected
cells by immunohistochemistry. Deparaffinized tissue sections were
treated in antigen retrieval buffer (target retrieval, pH 9) at 110°C for 15
min and subsequently allowed to reach room temperature in 30 min.
Endogenous peroxidase activity was quenched by incubating the slides
with 3% H2O2 for 5 min, and nonspecific binding of secondary antibody
was blocked using the Background Sniper reagent (BioCare Medical,
Concord, CA) for 30 min. Endogenous biotin reactivity was inhibited by
incubating the slides in avidin/biotin blocker (Dako, Carpinteria, CA) for
10 min. Polyclonal goat anti-influenza virus NP (1:1,000) was applied to
the sections for 60 min at room temperature. Following washing, donkey
anti-goat biotin-conjugated antibody (1:200; Santa Cruz, Santa Cruz, CA)
was applied for 30 min. Visualization of primary antibody binding was
achieved by application of streptavidin-horseradish peroxidase (Thermo-
Shandon, Fremont, CA) for 10 min, followed by application of diamino-
benzidine (Thermo-Shandon; Freemont, CA) for 5 min. The tissue was
then rinsed with tap water and counterstained with hematoxylin. Before
use, the primary antibody was adsorbed by diluting it in 5% mouse serum
(Jackson ImmunoResearch, West Grove, PA) in antibody diluent for 4 to
18 h. Tissue sections were also reacted with an equivalent amount of PBS
as a negative control.

Genomic analyses of the virus isolates. Whole-genome sequence
analyses were performed to identify genetic variants that emerged due to
passaging in mice and the route that the virus was shed or replicated. For
this study, we sequenced the fecal isolates obtained from DBA/2J mice
during our previous study (21) and the corresponding wild-type avian
H1N1 viruses; the fecal and lung isolates acquired after intranasal inocu-
lation of DBA/2J mice or BALB/cJ mice with wild-type md/ALB/04, sb/
DE/09, md/MN/07a, or md/MN/07b virus; and the fecal and lung isolates
obtained after intranasal inoculation of DBA/2J or BALB/cJ mice with the
fecal isolate of md/ALB/04, sb/DE/09, md/MN/07a, or md/MN/07b virus
obtained during the current study. The fecal and lung isolates obtained
upon intranasal inoculation with wild-type viruses are described as pas-
sage 1 isolates, and those obtained after intranasal inoculation with the
fecal isolates are described as passage 2 isolates.

The viral RNA was extracted from each isolate by using a QIAamp viral
RNA kit (Qiagen, Germantown, MD) according to the manufacturer’s
instructions and subjected to sequencing on high-throughput (Illumina,
San Diego, CA) and traditional (Sanger) sequencing platforms. Multiple
cDNA libraries were prepared using the standard Illumina protocol.
Briefly, gene segments were amplified by universal influenza virus primers
MBTuni12 and MBTuni13 (31) using a SuperScript III One-Step reverse
transcription-PCR (RT-PCR) Platinum Taq HiFi kit (Invitrogen, Grand
Island, NY). Then, Illumina adapters were ligated to DNA fragments to
which a sheared, end-repaired, and poly(A) tail was added. The index
sequences were inserted into each sample during the last round of ampli-
fication.

Whole-genome sequencing was done on an Illumina Genome Ana-
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lyzer IIx system. Multiplex sequencing runs were performed to allow all
wild-type viruses to be sequenced in one lane and all passage isolates to be
sequenced in another. Single reads of 125 to 140 bases were collected for
the samples. The sequencing reads were uniformly truncated to 75 bases
due to low base-calling qualities after that position. Illumina adapter se-
quences were then removed using the program Cutadapt (32). The wild-
type viruses were sequenced by both Sanger and Illumina sequencing, and
the Sanger sequences were used as mapping references for the passaged
fecal and lung isolates. In the few cases where Sanger data were not avail-
able, publicly available sequences matched by host species, region, and
year were substituted as references. The Burrows-Wheeler alignment
(BWA) tool was used for mapping (33). PCR duplicates were removed
using the Picard program (http://picard.sourceforge.net).

Reads from samples sequenced together in multiplex have been re-
ported to contaminate each other in Illumina sequencing instruments
(34). Possible contaminant reads from the multiplexed samples in the
same lane were removed by iteratively mapping each read to pairs of
strains: the strain’s known wild-type reference and an alternate competing
strain from the same sequencing run. Reads that mapped uniquely to the
alternate strain were discarded. The remaining reads were used for map-
ping for variant detection. In cases where no sequence for the expected
contaminating strains was available, a list of public strains representing
the known diversity of the virus was used for decontamination.

Genetic variants were detected using the program Bambino (35). Vari-
ants were required to meet a minimum minor allele frequency of 20%.
Some automatically detected variants were removed after manual inspec-
tion in the Bambino graphical viewer, if they showed characteristics of
contaminants or low-quality sequencing. Randomly selected groups of
genetic variants that were detected by high-throughput sequencing were
validated by Sanger sequencing. Each gene segment was amplified sepa-
rately using the Qiagen one-step RT-PCR kit. Amplified products were
cleaned with a QIAquick gel extraction kit (Qiagen) according to the
manufacturer’s instructions. Each amplicon was sequenced with a BigDye
Terminator (v3.1) cycle sequencing kit on Applied Biosystems 3730xl
DNA analyzers. For amplification and sequencing, previously published
primer sequences were used (36). Sequence reads were assembled using
the SeqMan program in the DNASTAR Lasergene 9 Core Suite
(DNASTAR, Inc., Madison, WI). The consensus sequences were aligned
using MEGA (v5.0) software (37) and checked for the genetic variants.

HA activation pH. To measure the hemagglutinin (HA) activation pH
values of fecal isolates from passages 1 and 2 compared to the activation
pH value of the wild-type virus sb/DE/09, we performed fusion-induced
hemolysis and acid stability assays. The fecal isolates used in these assays
were selected on the basis of the HA mutations that they acquired. The pH
of fusion-induced hemolysis was determined using horse red blood cells
(hRBCs) as previously described (38). Briefly, virus stock was standard-
ized to 128 hemagglutinating units in 50 �l solution. Standardized virus
was then diluted in 1% hRBCs at a ratio of 1:4 and incubated on ice for 1
h to allow the binding of virus to the cells. The cells were then pelleted at
72 � g for 3 min. Pellets were resuspended in 100 �l pH-adjusted buffer
consisting of PBS supplemented with Ca2� and Mg2� (PBS�) and incu-
bated at 37°C for 1 h to allow activation of the HA protein and promote
fusion. Cells were then pelleted at 72 � g for 3 min, and the amount of
HA-induced cell lysis was determined as a function of the amount of
hemoglobin released into the supernatant, which was measured at an
absorbance of 405 nm.

To determine the acid stabilities of the viruses, prestandardized virus
stock (107 50% tissue culture infective doses [TCID50s]/ml) was diluted at
1:100 in PBS� acid buffers adjusted to the desired pH at increments of 0.2
pH unit by using 0.1 M citric acid and incubated at 37°C for 1 h. Following
incubation, acid-treated viruses were neutralized in virus infection me-
dium (1� minimal essential medium [MEM], 4% bovine serum albumin,
3% NaHCO3, 1� antibiotic-antimycotic solution, 1� MEM vitamin so-
lution, 200 mM L-glutamine, 40 mg/liter gentamicin sulfate). The remain-

ing infectious virus titer was then determined by measuring the number of
TCID50s.

Nucleotide sequence accession numbers. Sequences for the wild-type
viruses (n � 23) were deposited in the GenBank nucleotide database at the
National Center for Biotechnology Information (NCBI) (GenBank acces-
sion numbers KF424015 to KF424198).

RESULTS
Patterns of fecal shedding in mice. To determine the pattern of
viral shedding in the feces of mice infected with wild-type, fecal, or
lung isolates of avian H1N1 viruses (md/MN/07a, md/MN/07b,
sb/DE/09, or md/ALB/04), we collected fresh fecal samples daily
from each group of BALB/cJ mice. Due to the rapid progression of
the disease in DBA/2J mice after inoculation with fecal or lung
isolates, fecal samples could not be collected from those animals.
Therefore, we could not compare the differences in fecal virus
shedding between DBA/2J mice and BALB/cJ mice.

The viral shedding patterns in the feces of the BALB/cJ mice
were distinctly different between animals infected with fecal iso-
lates of avian H1N1 viruses and those infected with lung isolates or
wild-type viruses. Upon infection with wild-type viruses, fecal
shedding was detected in modest titers (2.25 to 3.5 log10 EID50s/
ml). We observed the peak viral titer only at one time point in two
groups of mice infected with sb/DE/09 (3 dpi) or md/MN/07b (4
dpi). For the other two groups of mice, the peak viral titers were
detected on several consecutive days that followed a normal dis-
tribution (Fig. 1). Mice infected with the lung isolates shed virus at
modest viral titers (2.25 to 3.5 log10 EID50s/ml) at 1 to 3 dpi.
Thereafter, the titers fell to undetectable levels (�1 log10 EID50/
ml) (Fig. 1). In contrast, mice infected with the fecal isolates shed
various amounts of virus for a longer period: moderate viral titers
(2.5 to 4.25 log10 EID50s/ml) were detected at 1 to 2 dpi, followed
by a drop to almost undetectable levels and then a return to ap-
proximately the initial titers (2.25 to 3.25 log10 EID50s/ml) at 5 to
6 dpi. This result was consistent for each group of BALB/cJ mice
infected with the fecal isolates from mice inoculated with avian
H1N1 viruses. Thus, BALB/cJ mice infected with fecal isolates
follow a bimodal distribution in their viral shedding pattern in
feces (Fig. 1). The pattern of viral shedding in mice infected with
wild-type viruses was almost indistinguishable from that of ani-
mals infected with the lung isolate in terms of the normal distri-
bution of shedding, although the peak viral titers were obtained at
different time points upon infection with the wild-type or lung
isolate.

Pathogenicity of fecal and lung isolates in mice. To compare
the pathogenicity of passage 1 fecal isolates and lung isolates with
that of the corresponding wild-type viruses, we inoculated
DBA/2J and BALB/cJ mice intranasally. The fecal and lung isolates
were significantly more lethal than their wild-type counterparts
(P � 0.05) in both strains of mice (Fig. 2). However, the pathoge-
nicity of most fecal isolates did not differ from that of the corre-
sponding lung isolates (P � 0.05).

Overall mortality was slightly delayed in animals inoculated
with lung isolates compared to that in mice inoculated with fecal
isolates (Fig. 2). The pattern of early mortality (i.e., 20% by 3 dpi)
was consistent between mouse strains infected with the fecal iso-
lates. However, early mortalities were delayed by 1 to 2 days in the
mice infected with the lung isolates (Fig. 2). We could not com-
pare the fecal isolate of md/MN/07a to its corresponding wild-
type virus or lung isolate, because virus could not be recovered
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from the feces of DBA/2J mice infected with wild-type md/MN/
07a. In general, we could not assess the differences in pathogenic-
ity of fecal and lung isolates in DBA/2J mice because the animals
were so highly sensitive to influenza A virus infections (21, 39–41).

Three of the four wild-type H1N1 viruses (md/MN/07b, sb/
DE/09, and md/ALB/04) did not cause mortality in BALB/cJ mice,
but md/MN/07a caused 80% mortality by 9 dpi (Fig. 2b). In the
groups of BALB/cJ mice infected with the fecal or lung isolates of
md/MN/07b or md/ALB/04, the pathogenicity of fecal and lung
isolates was significantly higher than that of wild-type viruses (P �
0.05), but no statistically significant difference in pathogenicity
was observed between the fecal isolates and lung isolates (P �
0.05) (Fig. 2b). The fecal isolates of md/MN/07a or sb/DE/09 were
significantly more pathogenic than the corresponding wild-type
viruses (P � 0.05), but the lung isolates were not (P � 0.05). The
pathogenicity of the fecal isolate of sb/DE/09 was significantly
different from that of the corresponding lung isolate (P � 0.05).
However, there was no difference between the pathogenicities of
fecal and lung isolates of md/MN/07a (P � 0.05) (Fig. 2b).

Overall, the pathogenicities of fecal and lung isolates were virus
strain specific. The passage isolates obtained from BALB/cJ mice
infected with avian H1N1 viruses of mallard origin showed no
difference in pathogenicity, while the pathogenicities of isolates
obtained from the same strain of mice infected with an avian
H1N1 virus of shorebird origin differed significantly.

Histopathologic features of infected organs. The lungs of the
DBA/2J mice and BALB/c mice infected with the fecal isolate of
sb/DE/09 had similar pathological features, but the lesions ob-
served in DBA/2J mice were more extensive and severe than those
observed in BALB/cJ mice. The lungs had necrotizing bronchitis

and bronchiolitis with acute patchy alveolitis in the adjacent alve-
oli. Pathological changes were not observed in any of the other
organs examined.

Immunohistochemical assay showed that viral antigens were
mainly in the upper and lower respiratory tissues, such as the nasal
cavity, trachea, bronchioles, and alveoli. In comparison, no viral
antigens were observed in the pancreas, small or large intestine,
kidney, gallbladder, liver, or brain.

Genetic variations in fecal isolates of DBA/2J mice infected
with wild-type viruses. To analyze whether the fecal isolates ob-
tained from DBA/2J mice (n � 22) in our previous study (21) were
genetically different from the corresponding wild-type viruses
used for inoculation, we examined the whole-genome sequences
of each fecal and wild-type isolate after deep sequencing. Genetic
variations were present in 19 of 22 fecal isolates from DBA/2J
mice. Of those, 15 isolates carried HA mutations (Table 1).

In five fecal isolates, PB2E627K mutations were detected, and
four of these were in mice infected with viruses of shorebird and
gull origin. This suggests that avian H1N1 viruses isolated from
Charadriiformes species have the unique ability to rapidly adapt to
mammals. The other amino acid substitutions were observed in
the NP gene (N483K and N498S) of the five isolates, the NA gene
(S42N, K111N, and A232V) of three isolates with no consistent
pattern, the PA gene (G316S) of one isolate, and the NS1 gene
(P215S) of another isolate. The mutations detected in the PB2 and
NP genes were observed in the fecal isolates from mice inoculated
with either the most pathogenic (pathogenicity index [PI], 4) or
moderately pathogenic (PI, 3) avian H1N1 viruses. The mutations
in other genes did not show any correlation to the pathogenicity of
the initial viruses described in DBA/2J mice (21). Half of the fecal
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isolates examined were found to be double mutants (i.e., viruses
with simultaneous mutations in two genes).

Because we frequently detected HA mutations in the fecal iso-
lates, we sought to determine the location of these mutations on
the structure of the HA molecule to understand whether they may
have functional significance (Fig. 3). One mutation (L8I) was de-
tected in the signal peptide (Table 1). Four other mutations (L86F,
I96L, L122M, and F128V) were detected in the vestigial esterase
domain. Six mutations (D52N, H300P, V324I, V410A, D434N,
and F454L) were located in the stalk region (Fig. 3).

Selection of variants from passaged viruses. To further inves-
tigate whether fecal isolates are genetically different from their

corresponding wild-type viruses and lung isolates, we analyzed the
passage 1 fecal and lung isolates from DBA/2J and BALB/cJ mice
after inoculation with a wild-type virus (md/ALB/04, sb/DE/09,
md/MN/07a, or md/MN/07b). Then, we analyzed the passage 2
fecal isolates obtained at two time points and passage 2 lung iso-
lates obtained at one time point (as shown in Table 2) from both
strains of mice inoculated with a passage 1 fecal isolate to examine
the selection of variants via the fecal route versus lung replication
during the second infection.

We found that nearly all passage 1 fecal and lung isolates ob-
tained from both strains of mice differed from the wild-type vi-
ruses, with the exception of the isolates obtained from DBA/2J
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mice infected with md/MN/07b (Table 2). Moreover, the muta-
tions acquired by the fecal isolates differed from those acquired by
the lung isolates (Table 2). The PB2E627K mutation and HA muta-
tions (HAD52N, HAF128V, and HAF454L in md/ALB/04 and HAH300P

in sb/DE/09) were frequently detected simultaneously in the fecal
isolates of both mouse strains (Table 2). The double mutations
were also associated with the pathogenicity of the fecal isolates
obtained from passage 1 when inoculated in mouse models (Fig.
2). In the fecal isolate from BALB/cJ mice infected with md/ALB/
04, instead of PB2E627K, the PB2D161N mutation was observed in
association with the HAD52N, HAF128V, and HAF454L mutations. In
fact, this isolate was less pathogenic than the corresponding lung
isolate (Fig. 2b). On the other hand, the PB2E627K and HAH300P

mutations in the fecal isolate from BALB/cJ mice infected with the
sb/DE/09 virus were strongly associated with the increased patho-
genicity of the fecal isolate, whereas the lung isolate, which did not
acquire either the PB2E627K or the HAH300P mutation during the
first infection, was nonpathogenic.

None of the isolates from the most pathogenic avian H1N1
virus in BALB/cJ mice (md/MN/07a) acquired the PB2E627K mu-
tation, though both passage 1 isolates were more pathogenic than
the original wild-type virus. The cumulative effects of mutations
in HA (L61M in the fecal isolate and V125I in the lung isolate) and
NAR430K might increase the pathogenicity of these isolates due to
the HA-NA balance. The accumulation of NS1S94N might also be
important in pathogenicity. Overall, increased pathogenicity in
mice was associated with the emergence of the PB2E627K mutation

in three viruses, and HA mutations accompanied the PB2E627K

mutation in two (Table 2).
Upon infection with the passage 1 fecal isolates, genetic differ-

ences were detected between passage 2 fecal and lung isolates.
Moreover, novel variations emerged in the fecal isolates obtained
at two different time points. The simultaneous occurrence of
PB2E627K and HAF128V and F454L in md/ALB/04 was maintained in
passage 2 fecal isolates from DBA/2J and BALB/cJ mice, while lung
isolates carried only two of these mutations (PB2E627K and
HAF128V in DBA/2J mice and HAF128V and HAF454L in BALB/cJ
mice). Additional mutations were acquired by the fecal isolates
obtained on a later day (PB1K578E, PB1P607S, and NS1L95I at 2 dpi in
DBA/2J mice and PB2E65D, PB2D161N, and PAK19R at 5 dpi in
BALB/cJ mice). On the other hand, the fecal isolates obtained
from the DBA/2J and BALB/cJ mice infected with wild-type sb/
DE/09 acquired the double mutation PB2E627K and HAH300P in
passage 1; therefore, these mutations were inherited by passage 2
fecal and lung isolates of both mouse strains infected with the
passage 1 fecal isolate of sb/DE/09. However, additional muta-
tions were acquired by different isolates (e.g., NS1N207D in the fecal
isolates of DBA/2J mice at 1 dpi, HAQ406K in the lung isolates of
DBA/2J mice at 4 dpi, and NAP120L and NAA232V in the fecal iso-
lates of BALB/cJ mice at 6 dpi) (Table 2).

Although some mutations were inherited from the passage 1
fecal isolates and were maintained in passage 2 fecal and lung
isolates, novel mutations were acquired in the fecal isolates ob-
tained later (5 to 6 dpi) (Table 2). Furthermore, we observed ge-

TABLE 1 Nonsynonymous genetic variants detected in fecal samples from DBA/2J mice at 3 or 4 dpi after intranasal inoculation with avian H1N1
viruses

Influenza A virus fecal isolate PIb

Variation(s) in the following influenza virus genesa:

PB2 PA HA NP NA NS1

A/mallard/ALB/119/1998 4 N498S
A/mallard/MN/AI07-3100/2007c 4
A/shorebird/DE/300/2009 4 E627K H300P
A/mallard/ALB/201/1998 4 L8I, V324I
A/pintail/ALB/210/2002 4 I96L
A/mallard/OH/4809-9/2008 4 N483K
A/shorebird/DE/324/2009 4 E627K H300P, F454L
A/mallard/ALB/88/2004 4 A84D, E627K D52N, F128V, F454L

A/redheaded duck/MN/Sg-00123/2007 3 F128V, D434N N483K
A/pintail/ALB/69/2005 3 G316S
A/northern shoveler/MN/Sg-00651/2008 3 L86F
A/gull/DE/428/2009 3 E627K H300P
A/mallard/ALB/267/96 3 V324I K111N
A/shorebird/DE/170/2009 3 E627K H300P
A/mallard/MO/466554-14/2007 3 F128V S42N
A/blue-winged teal/LA/B228/86 3 L122 M N483K
A/mallard/TN/11464/85 3 F454L N483K
A/canvasback/ALB/276/2005c 3
A/mallard/MN/Sg-00628/2008 3 L86F

A/mallard/MN/Sg-00627/2008c 2
A/shorebird/DE/274/2009 2 A232V

A/green-winged teal/LA/Sg-00090/2007 1 V410A P215S
a No genetic variations were detected in the PB1 or M genes of any fecal isolate.
b PI, pathogenicity index. Pathogenicity index values were previously determined in DBA/2J mice (21). PI values are as follows: 4, most pathogenic; 3, moderately pathogenic; 2, low
pathogenic; 1, least pathogenic.
c No genetic variations were detected in this isolate.
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netic differences between passage 2 fecal isolates and lung isolates.
In each passage, we detected virus- and host-specific differences in
the accumulated or maintained mutations that contributed to the
increased pathogenicity of the passage isolates.

HA activation pH and acid stability. Mutations that alter the
acid stability of the HA protein are associated with adaptation and
the increased virulence of influenza viruses in mice (42–45).
Therefore, we tested whether HA mutations in the fecal isolates
altered the acid stability of the wild-type virus so that it could
better adapt to replication in mice. Fecal isolates from passages 1
and 2 in DBA/2J mice inoculated with sb/DE/09 were triggered for
fusion and caused hemolysis of hRBCs at pH 5.4 or lower. In
comparison, fecal isolates from BALB/cJ mice caused an equiva-
lent amount of fusion-induced hemolysis at pH 5.2 or lower (Fig.
4a). The wild-type sb/DE/09 virus was the most stable of the five,
causing fusion-induced hemolysis occurring at pH 5.0 or lower
(Fig. 4a). We then compared the stability of these viruses upon
treatment with acidic pH buffers to measure the retention of in-
fectivity after acid exposure of wild-type and mutant viruses (Fig.
4b). The infectivity of the fecal isolates from both DBA/2J and
BALB/cJ mice was completely destroyed at pH 5.4, whereas that of
the wild-type virus was maintained until exposure to pH 5.2.
Overall, these results suggest that HA mutations in the fecal iso-
lates destabilized the HA protein, resulting in activation of this

protein for fusion at higher pHs, thus increasing the virulence of
the fecal isolates.

DISCUSSION

Although the source of influenza virus in feces and how it passes
through the mammalian digestive tract are poorly understood, we
hypothesize that there is a strong selection for genetic variants that
are shed in feces during an influenza virus infection. Here we
demonstrated that the fecal isolates obtained from mice infected
with avian H1N1 viruses caused a severe respiratory infection and
a longer period of viral shedding in feces upon intranasal inocu-
lation. Furthermore, the fecal isolates were at least as pathogenic
as the corresponding lung isolates. In BALB/cJ mice infected with
the fecal isolate of sb/DE/09, however, a drastic increase in the
pathogenicity of the fecal isolate compared to that of the lung
isolate, which was nonpathogenic, was shown. The fecal isolate of
sb/DE/09 acquired two mutations (PB2E627K and HAH300P), but
the lung isolate acquired only one (PB2T105A). Therefore,
pathogenicity was associated with the mutations acquired by
the fecal isolate. The mutations in HA were located at regions
that might affect the acid stability of the isolate. We showed
that mice infected with fecal isolates have a bimodal distribu-
tion of viral shedding in the feces, whereas mice infected with a
wild-type virus or lung isolates have a normal distribution of
viral shedding in the feces.

Molecular analyses demonstrated that both fecal and lung iso-
lates were genetically different from the wild-type viruses. Fur-
thermore, genetic differences were detected between fecal and
lung isolates. Molecular dissimilarities between the passage iso-
lates and the parental strain used for inoculation suggested that
the viruses shed via the feces did not originate by swallowing of
parental viruses during intranasal inoculation on day 0. Detailed
examination of human colonic samples indicated that sialic acid
�-2,6 receptors are abundant on the epithelial cells of the gastro-
intestinal tract, and sialic acid �-2,3 receptors can be found from
the ileum to the rectum, with abundant expression of avian sialic
acid �-2,3 receptors in goblet cells being found in the large intes-
tine (46). However, we did not detect viral antigens or lesions in
the pancreas, liver, or intestines. Thus, we can only speculate that
a portion of infectious influenza viruses in a quasispecies popula-
tion is selected during replication in the upper or lower respiratory
tracts and displaced to the gastrointestinal tract due to mucocili-
ary movements. However, this phenomenon merits further inves-
tigation.

The emergence of novel variants among fecal and lung isolates
was also related to the pathogenicity phenotype in the corre-
sponding mouse models. The PB2E627K mutation determines the
host range for influenza viruses (47) and increases the virulence in
a mouse model (48). The increased virulence of the fecal isolates
might well be due to the selection of the PB2E627K mutation, which
was associated with the increased pathogenicity of fecal isolates in
three of the four viruses examined. However, it is noteworthy that
neither passage isolate of the most pathogenic avian H1N1 virus in
BALB/cJ mice acquired the PB2E627K mutation, suggesting that
multiple molecular strategies were implemented by each virus to
adapt to the mammalian host.

Although the PB2E627K mutation is important for efficient viral
replication in mice, it was not the sole factor associated with the
increased virulence of the fecal isolates. The adaptive genetic vari-
ations were mainly detected in the PB2 and HA genes of the fecal
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FIG 3 Structural illustration of the genetic variations detected in the HA
molecule of the passage 1 fecal isolates after intranasal inoculation of DBA/2J
mice with avian H1N1 influenza A viruses. The HA1 subunit is shown in red,
and the HA2 subunit is shown in blue. The fusion peptide of the HA2 subunit
is shown in yellow. Orange spheres indicate the mutations detected in HA1,
and the light blue spheres indicate the mutations detected in HA2. The amino
acid substitutions observed in fecal isolates are indicated (H1 numbering). The
PyMOL molecular graphics system (62) was used to generate the structure
using avian H1 protein structure (Protein Data Bank accession number
3HTO) (63).
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and lung isolates, which is consistent with the findings of other
laboratories, in terms of influenza virus adaptation and virulence
in mice (49). Moreover, these mutations were generally main-
tained in the fecal isolates after the second passage, and additional
mutations in different gene segments were acquired, especially on
later days postinfection.

The day-to-day variation in the accumulation of mutations in
passage 2 fecal isolates was associated with the bimodal fecal shed-
ding pattern in BALB/cJ mice infected with the passage 1 fecal
isolates. The emergence of novel variants and the increased viral
titers in the feces by 5 to 6 dpi, regardless of the decreasing number
of mice in each group due to infection, suggest that the appearance
of novel variants later during the infection is replication depen-
dent. However, some of those mutations were eliminated from the
virus population during respiratory infection and were replaced
with other mutations in lung isolates. For instance, during infec-
tions with the fecal isolates after passage 1 of md/ALB/04,
PB1K578E and HAF454L mutations were not selected in the passage
2 lung isolate of DBA/2J mice and PB2E65D, PB2D161N, PB2E627K,
PB2A684S, PB1K578E, PB1P607S, and PAK19R mutations were not se-
lected in the passage 2 lung isolate of BALB/cJ mice. Thus, our

findings demonstrate the selection of novel variants through fecal
shedding, regardless of the parental strain used for intranasal in-
oculation.

In terms of the distribution of the genetic variants across the
genomes, pathogenesis was observed to be a polygenic trait that is
not only virus specific but also host specific. This result is consis-
tent with the findings of others (49, 50). Fecal isolates were ob-
tained from pooled samples from each group of mice, and lung
isolates were obtained from individual mice. Due to the small
amount of fecal samples collected from each mouse as a result of
appetite loss during influenza virus infection, we had to pool fecal
samples from each group for successful virus isolation. Although
the use of pooled fecal samples might introduce discrepancies into
the sequence analyses, the genetic differences between the fecal
and lung isolates were clear. For instance, in BALB/cJ mice in-
fected with passage 1 fecal isolates from mice infected with md/
ALB/04 or md/MN/07b, lung isolates were recovered from mice
that died of infection at 3 dpi. None of the mice carried the
PB2E627K mutation in their lung isolates, but the fecal isolates had
PB2E627K at 1 and 5 dpi. Thus, we would expect to find PB2E627K in
the lungs at 3 dpi, especially because that mutation is strongly

TABLE 2 Selection of variants in fecal and lung isolates from mice infected with avian H1N1 influenza viruses

Virus
Mouse
strain Passage

Source of
virus
(dpi)

Variation(s) in the following influenza virus genesa:

PB2 PB1 PA HA NP NA NS1

A/mallard/ALB/88/
2004

DBA/2J 1 Fecal (4) A84D, E627K D52N, F128V, F454L
DBA/2J 1 Lung (6) E627K H300P, F128V, F454L
DBA/2J 2 Fecal (1) E627K F128V, F454L
DBA/2J 2 Fecal (2) E627K K578E, P607S F128V, F454L L95I
DBA/2J 2 Lung (4) E627K P607S F128V L95I
BALB/cJ 1 Fecal (3) D161N D52N, F128V, F454L L95I
BALB/cJ 1 Lungb

BALB/cJ 2 Fecal (1) E627K, A684S K578E, P607S F128V, F454L L95I
BALB/cJ 2 Fecal (5) E65D, D161N, K578E, P607S K19R F128V, F454L L95I

E627K, A684S
BALB/cJ 2 Lung (3) F128V, F454L L95I

A/shorebird/DE/
300/2009

DBA/2J 1 Fecal (4) E627K H300P
DBA/2J 1 Lung (5) E627K
DBA/2J 2 Fecal (1) E627K H300P, F454L N207D
DBA/2J 2 Fecal (2) E627K H300P
DBA/2J 2 Lung (4) E627K H300P, Q406K, F454L
BALB/cJ 1 Fecal (4) E627K H300P
BALB/cJ 1 Lung (3) T105A
BALB/cJ 2 Fecal (1) E627K H300P
BALB/cJ 2 Fecal (6) E627K H300P P120L, A232V
BALB/cJ 2 Lung (6) E627K H300P

A/mallard/MN/
AI07-3136/2007

DBA/2Jc 1 Lung (6) L61 M R430K S94N
BALB/cJ 1 Fecal (3) L61 M R430K S94N
BALB/cJ 1 Lung (6) V125I R430K S94N
BALB/cJ 2 Fecal (1) D52E, H300Q R430K S94N
BALB/cJ 2 Fecal (6) L61M, V324I S94N
BALB/cJ 2 Lung (3) R430K S94N

A/mallard/MN/
AI07-3100/2007

DBA/2J 1 Fecal (4)
DBA/2J 1 Lung (5)
DBA/2J 2 Fecal (1)
DBA/2J 2 Fecal (4)
DBA/2J 2 Lung (4)
BALB/cJ 1 Fecal (4) E627K E349G
BALB/cJ 1 Lungb

BALB/cJ 2 Fecal (1) E627K
BALB/cJ 2 Fecal (5) E627K
BALB/cJ 2 Lung (3) N498S

a Predominant mutations are formatted in bold. No genetic mutations were detected in the M gene of any isolate.
b This isolate was not sequenced.
c No fecal isolate was obtained.
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associated with mammalian adaptation and increased pathoge-
nicity in mice.

The HA mutations that we identified were mainly in the stalk
and vestigial esterase domain of the HA molecule and not in the
receptor-binding domain. This is most likely due to the expression
of �-2,3 sialic acid receptors in mouse models (51, 52). Increased
fusion pH is associated with increased virulence in mice (42). Due
to the positions of the amino acid substitutions and the nature of
the wild-type avian influenza viruses, we studied the stability of
fecal and lung isolates in different pH environments. The fusion
pH of the fecal isolates was higher than that of the wild-type virus.
Therefore, mutations detected on HA might contribute to the
increased pathogenesis of the fecal isolates by altering the acid
stability. The pH of the mouse’s stomach is 3.0 in animals that
have been recently fed and 4.0 in animals that are in a fasted state;
the intestinal pH is less than 5.2 (53).

In a hypothetical scenario of viruses passing through the gas-
trointestinal tract, one would expect that they would be com-
pletely inactivated in the feces after being exposed to acidic con-
ditions. The fact that infectious viruses with an HA activation pH
of �5.4 were isolated from the feces suggests either that the novel
variants were mixed with food and well protected during passage
through the acidic environment of the digestive tract or that the
novel variants were the products of viral replication at another, as
yet unidentified site. They may perhaps pass through the acid
environment with uncleaved HA proteins—thereby being pro-
tected from acid inactivation—and then be primed for infectivity

by subsequent proteolytic cleavage. Computational analyses per-
formed on the basis of 2009 pandemic H1N1 sequences available
from the National Center for Biotechnology Information Influ-
enza Virus Resource showed that the HAQ310H mutation is asso-
ciated with mild cases and fatal cases (54). Therefore, the imme-
diate acquisition of HAH300P in the fecal isolates of sb/DE/09
might have significance, on the basis of the close proximity of
these two mutations in the stalk of the HA molecule. The func-
tional importance of these mutations needs to be further investi-
gated.

As shown previously, the adaptation of the 2009 pandemic
H1N1 virus (A/CA/04/2009) to BALB/cJ mice requires at least
nine passages in the lung (55). Similarly, the adaptation of human
H3N2 virus (A/Hong Kong/1/68) requires 20 serial passages in the
lung to observe adaptive mutations in the CD-1 mouse model
(49). Increased pathogenicity has been observed with mouse-
adapted avian H9N2 following eight lung-to-lung passages (56).
However, we observed increased pathogenicity in fecal isolates
after only one passage. Although this rapid adaptation could be
the result of the unique nature of avian H1N1 viruses, this finding
suggests that fecal shedding is a novel strategy for the rapid adap-
tation of some influenza viruses to mammalian hosts.

The differences between fecal isolates and lung isolates, in
terms of pathogenesis and molecular changes, indicated strain-
specific variations on the basis of the host of origin. The avian
H1N1 viruses isolated from Charadriiformes may have the unique
ability to rapidly adapt to mammals via the fecal route, and those
isolated from Anseriformes may use both fecal and respiratory
dissemination for this purpose. However, this phenomenon needs
further investigation. The emergence of novel variants via differ-
ent routes during influenza virus infection might influence the
emergence of epidemics and perhaps pandemics. The lack of hy-
gienic conditions in underdeveloped regions and parts of devel-
oping countries might also contribute to the accumulation of
novel variants in the population. Influenza virus transmission can
occur via fomites, and the maintenance of virus infectivity on such
objects varies, depending on whether their surfaces are porous or
nonporous (57–59). Therefore, the transmission of novel variants
selected through the fecal route may be increased, especially in
public areas, due to a lack of proper hand washing.

Coprophagy, or feeding on excrement, is common in lago-
morphs (rabbits), rodents (mice, rats, guinea pigs), foals, swine,
and nonhuman primates (60). Some of these animals are natural
hosts for influenza A viruses, but others are prone to influenza
virus infections only in experimental settings. To our knowledge,
rectal swabs are not examined for viral detection during equine
influenza outbreaks (Thomas Chambers, Gluck Equine Research
Center, University of Kentucky, personal communication).
Therefore, coprophagy might result in the contact transmission of
novel influenza virus variants shed by feces in nature, especially
among mammals that commonly consume feces. In such inci-
dents, fecal isolates with novel genetic variations might cause
more severe respiratory disease, leading to the emergence of influ-
enza outbreaks in nature. A few consequences of such an event
would be contact transmission of fecal isolates in mammals and
selection of different variants that contribute to viral evolution
and viral ecology. This could lead to the emergence of new mam-
malian reservoirs for influenza, and the potential for transmission
of these fecal variants to humans would be higher, especially in
locales where the human-animal interface is high.
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In conclusion, this study addresses the potential importance of
fecal shedding during influenza virus infection in mammals.
Whether viral shedding via feces provides an additional source of
transmission for mammals in nature is unknown. Nonetheless,
during the 2009 H1N1 pandemic, the Centers for Disease Control
and Prevention suggested that all bodily fluids be handled with
precaution due to the unknown transmissibility of the virus (61).
With increased awareness of risk assessment efforts for influenza
A virus epidemics and pandemics, this study raises concern for the
lack of proper hygienic conditions, especially in underdeveloped
and developing countries where humans commonly interact with
animals.
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