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ABSTRACT Outbreaks of highly pathogenic avian influenza (HPAI) virus subtype
H7N3 have been occurring in commercial chickens in Mexico since its first introduc-
tion in 2012. In order to determine changes in virus pathogenicity and adaptation in
avian species, three H7N3 HPAI viruses from 2012, 2015, and 2016 were evaluated in
chickens and mallards. All three viruses caused high mortality in chickens when
given at medium to high doses and replicated similarly. No mortality or clinical signs
and similar infectivity were observed in mallards inoculated with the 2012 and 2016
viruses. However, the 2012 H7N3 HPAI virus replicated well in mallards and transmit-
ted to contacts, whereas the 2016 virus replicated poorly and did not transmit to
contacts, which indicates that the 2016 virus is less adapted to mallards. In vitro, the
2016 virus grew slower and to lower titers than did the 2012 virus in duck fibroblast
cells. Full-genome sequencing showed 115 amino acid differences between the
2012 and the 2016 viruses, with some of these changes previously associated
with changes in replication in avian species, including hemagglutinin (HA) A125T,
nucleoprotein (NP) M105V, and NP S377N. In conclusion, as the Mexican H7N3 HPAI
virus has passaged through large populations of chickens in a span of several years
and has retained its high pathogenicity for chickens, it has decreased in fitness in
mallards, which could limit the potential spread of this HPAI virus by waterfowl.

IMPORTANCE Not much is known about changes in host adaptation of avian influ-
enza (AI) viruses in birds after long-term circulation in chickens or other terrestrial
poultry. Although the origin of AI viruses affecting poultry is wild aquatic birds, the
role of these birds in further dispersal of poultry-adapted AI viruses is not clear. Pre-
viously, we showed that HPAI viruses isolated early from poultry outbreaks could
still infect and transmit well in mallards. In this study, we demonstrate that the Mex-
ican H7N3 HPAI virus after four years of circulation in chickens replicates poorly and
does not transmit in mallards but remains highly pathogenic in chickens. This infor-
mation on changes in host adaptation is important for understanding the epidemiol-
ogy of AI viruses and the role that wild waterfowl may play in disseminating viruses
adapted to terrestrial poultry.

KEYWORDS H7N3, avian influenza virus, chickens, highly pathogenic avian influenza,
mallards, virus adaptation

Avian influenza (AI) continues to be a threat to poultry worldwide. Recurring
outbreaks of H5 and H7 highly pathogenic avian influenza (HPAI) viruses in

chickens and other terrestrial poultry, and the continuing spread of H5Nx goose/
Guangdong/1996 (Gs/GD) lineage viruses by wild migratory birds, underscore the need
to better understand the pathogenesis and transmission of HPAI viruses in gallinaceous
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poultry and the role wild birds may play in initial introductions in an area and as
continued vectors for farm-to-farm spread (1–3). Wild aquatic birds, especially of the
orders Anseriformes (ducks, geese, and swans) and Charadriiformes (shorebirds, gulls,
terns, and auks), are the natural reservoirs of AI viruses (4). AI viruses typically do not
cause disease or mortality in these birds and are shed primarily through feces and
spread by fecal contamination of the water or directly to other birds. Sporadically, these
AI viruses can transmit to domestic birds producing subclinical infections, or occasion-
ally, respiratory disease and drops in egg production (5). This phenotype of the virus is
termed low-pathogenic avian influenza (LPAI) virus, based on low mortality produced
by in vivo testing in chickens, and can be any combination of the 16 hemagglutinin (HA)
and 9 neuraminidase (NA) virus subtypes (6). Some H5 and H7 LPAI viruses after
circulating in gallinaceous poultry (chickens, turkeys, quail, etc.) have evolved to
produce the HPAI virus pathotype. These HPAI viruses cause severe systemic disease
and high mortality in gallinaceous poultry (7).

In June 2012, an outbreak of H7N3 HPAI was reported in commercial egg layer
chickens in the state of Jalisco, Mexico. Since then, cases in poultry, principally chickens,
have been repeatedly documented, mostly in the states of Jalisco, Guanajuato, and
Puebla (http://www.oie.int/wahis_2/public/wahid.php/Reviewreport/Review?page_refer
�MapFullEventReport&reportid�26143). Although the LPAI virus precursor has not been
identified, the virus was determined to be closely related to wild aquatic bird isolates
from North America (8). Thus, it is presumed that an LPAI virus from wild aquatic birds
infected chickens and evolved into the HP form. In order to aid control, vaccination
started in August 2012, and the initial vaccine strain, a 2006 H7N3 LPAI virus isolated from
a cinnamon teal, was experimentally proven to confer protective immunity against the
earlier virus (9, 10). Despite the use of vaccine, the H7N3 HPAI virus continues to
circulate and evolve in chickens in Mexico (http://www.oie.int/wahis_2/public/wahid
.php/Reviewreport/Review?page_refer�MapFullEventReport&reportid�26143).

Although wild aquatic birds are the genetic reservoirs of LPAI viruses, they are not
considered genetic or long-term reservoirs of HPAI viruses (11). Experimental or natural
infections and disease in domestic and wild ducks caused by HPAI viruses had been
infrequently reported before the outbreaks of the Gs/GD lineage H5N1 HPAI viruses in
Asia (5, 12, 13). In most experimental studies, ducks intranasally inoculated with
non-Gs/GD H5 or H7 HPAI viruses showed mild or no clinical signs (14–20), but virus
was isolated in some cases from tracheal and cloacal swabs (16, 19, 20) and recovered
from the trachea, gut, liver, brain, and spleen (15). However, in a previous study, we
demonstrated that mallards can become subclinically infected with HPAI viruses other
than Gs/GD lineage H5N1 viruses and transmit to naive mallards under experimental
conditions (21). Among these viruses, one of the early Mexican H7N3 HPAI chicken
isolates from 2012, A/chicken/Jalisco/CPA1/2012 (H7N3), caused typical severe clinical
signs of HPAI and high mortality in chickens (9) but no disease or mortality in mallards
(21). The fact that mallards became infected and transmitted the early Mexican H7N3
virus suggests that the virus was still adapted to wild waterfowl. Long-term circulation
of H7N3 HPAI viruses in gallinaceous poultry in Mexico since 2012 has provided ample
opportunity to further adapt to gallinaceous species.

The presence of H7N3 HPAI virus in poultry in Mexico is of concern not only to
Mexico’s poultry industry but also to neighboring countries. Spillover of poultry viruses
into wild passerine birds was reported during the initial epizootic of H7N3 HPAI in June
to October 2012 in Jalisco, Mexico, with infections detected in wild endemic great-
tailed grackles (Quiscalus mexicanus) (22). The virus was also isolated from endemic
clay-colored thrush (Turdus grayi) and plain chachalaca (Ortalis vetula) in a natural
reserve in the State of Chiapas in 2015 (http://www.oie.int/wahis_2/public/wahid
.php/Reviewreport/Review?page_refer�MapFullEventReport&reportid�17686). It is not
known how common spillover into nonpoultry avian species happens with viruses that
have circulated for long periods of time in gallinaceous poultry and if migratory
waterfowl could become infected and spread these viruses. In this study, we deter-
mined the infectivity, pathogenesis, and transmission of Mexican H7N3 HPAI viruses in
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chicken and mallards, as representatives of the most common gallinaceous poultry and
migratory waterfowl species affected by AI, to examine changes of virus adaptation
between the initial isolate from 2012 and later isolates from 2015 and 2016.

RESULTS
Infectivity, transmission, and pathogenicity of the 2012, 2015, and 2016 H7N3

HPAI viruses in chickens. The results for virus infectivity and transmission in chickens
are shown in Table 1. Birds, both directly inoculated and contacts, were considered
infected if they shed virus and/or seroconverted by 10 days postinoculation (dpi). All
chickens inoculated with the 104 and 106 50% egg infectious dose (EID50) of any of the
three viruses became infected and died by 3 days. Chickens infected with A/chicken/
Puebla/CPA-28973/2015 (A/CK/PB/15) survived for longer than chickens infected
with A/chicken/Jalisco/CPA1/2012 (A/CK/JL/12) and A/chicken/Puebla/CPA-03191-16-
CENASA-95076/2016 (A/CK/PB/16) viruses. One chicken inoculated with the 102 dose of
A/CK/PB/15 shed virus and died, but all other chickens in the 102 groups survived. The
50% bird infectious dose (BID50), although lowest for the A/CK/PB/15 virus, was similar
for all three viruses (2.8 to 3.0 log10 BID50). Most chickens that became infected died
without showing clinical signs (peracute disease). Ruffled feathers, lethargy, anorexia,
prostration, swollen heads, green diarrhea, and cyanotic combs were observed in the
rest. No differences in clinical signs were found between the groups infected with the
three different viruses. The surviving chickens did not show evidence of clinical disease
and were serologically negative.

Moderate to high titers of all three viruses, as determined by viral RNA quantifica-
tion, were shed by both the oropharyngeal (OP) (4.5 to 7.5 log10 EID50/ml) and cloacal
(CL) (3.6 to 6.8 log10 EID50/ml) routes by the infected chickens at 2 dpi (Fig. 1). The OP
titers were significantly higher than CL titers with all three viruses at the 106 dose.
Among the chickens inoculated with the 106 dose of the three viruses, the mean virus
titer of OP swabs in chickens infected with A/CK/JL/12 virus was higher than that in
chickens infected with A/CK/PB/15 and A/CK/PB/16 viruses at 1 dpi (P � 0.0001) and
with A/CK/PB/15 at 2 dpi (P � 0.0454). In groups inoculated with the 104 dose, the
mean viral titer with A/CK/JL/12 virus was higher than with A/CK/PB/15 and A/CK/PB/16
viruses (P � 0.0006) at 1 dpi but only higher than that of A/CK/PB/16 at 2 dpi
(P � 0.0477). In the CL swabs, the mean virus titer with A/CK/JL/12 was also significantly
higher than that with A/CK/PB/15 and A/CK/PB/16 at 1 dpi (P � 0.0001) and with
A/CK/PB/15 at 2 dpi (P � 0.0001).

Only one contact chicken in the group inoculated with the 104 dose of the
A/CK/JL/12 virus became infected and died. Low levels of viral RNA were detected in

TABLE 1 Number of infected birds, 50% bird infectious dose, mortality, and seroconversion in chickens inoculated by the intrachoanal
route or contact exposed with three H7N3 HPAI viruses from 2012, 2015, and 2016

Virus

Inoculated birds (n � 5) Contact-exposed birds

Virus dose
(log10 EID50)

No. of infected
birds/total no. of
birds inoculateda

BID50

(log10 EID50)b

Mortality
(MDT)c Serologyd

No. of infected
birds/total no.
of birds

Mortality
(MDT)c Serologyd

A/CK/JL/12 2 0/5 3.0 0/5 0/5 0/3 0/3 0/3
4 5/5 5/5 (2) NA 1/3 1/3 (4) 0/2
6 5/5 5/5 (2) NA 0/3 0/3 0/3

A/CK/PB/15 2 1/5 2.8 1/5 (3) 0/4 0/3 0/3 0/3
4 5/5 5/5 (2.8) NA 0/3 0/3 0/3
6 5/5 5/5 (2.8) NA 0/3 0/3 0/3

A/CK/PB/16 2 0/5 3.0 0/5 0/5 0/3 0/3 0/3
4 5/5 5/5 (2.6) NA 0/3 0/3 0/3
6 5/5 5/5 (2) NA 0/3 0/3 0/3

aNumber of chickens infected/total number of birds inoculated; determined by qRRT-PCR and serology.
bBID50, 50% bird infectious dose.
cNumber of dead birds/total number of birds inoculated (days postinoculation). MDT, mean death time (days post-virus exposure).
dNumber of birds with positive antibody titers/total number of birds that survived. NA, not applicable (because all died).
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FIG 1 Scatter plot of oropharyngeal (OP) and cloacal (CL) virus shedding detected by qRRT-PCR from chickens inoculated with the 2012, 2015,
and 2016 H7N3 HPAI viruses or exposed by direct contact. Virus titers are expressed as log10 with error bars. For statistical purposes,

(Continued on next page)
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swabs taken from a few contact chickens. However, as these birds did not show clinical
signs and did not seroconvert, they were not considered infected.

The two birds necropsied at 2 dpi from each of the 106-dose groups had empty
intestines and were dehydrated. Mild to moderate splenomegaly with parenchymal
mottling, enlarged kidneys, catarrhal rhinitis, pale pancreas, and congested lungs were
observed in all birds. Similar types and severities of histological lesions and virus
antigen staining in tissues were present in all birds examined and were similar to
lesions reported previously with A/CK/JL/12 in chickens (Table 2) (9). Moderate to
severe multifocal necrosis was present in the parenchymal cells of many tissues but
especially in the lung, heart, brain, liver, spleen, and adrenal gland, in some cases
accompanied by mild to severe inflammation. Virus antigen, detected by immunohis-
tochemical (IHC) analysis, was present in areas of necrosis and in infiltrating mononu-
clear cells in many organs, including the lung, brain, liver, adrenal gland, spleen, bursa,
and thymus, as well as in parenchymal cells of some organs, including cardiac myo-
cytes, Kupffer cells, hepatocytes, microglial cells and neurons, epithelium of air capil-
laries in the lung, kidney tubular epithelial and glomerular cells, bursa epithelium, and
feather follicle epithelial cells (Table 2). Viral antigen staining in capillary endothelial
cells was uncommon, restricted mainly to capillaries in the eyelid, comb, and air
capillaries of the lungs. High virus titers were found in the lung, spleen, brain, heart, and
muscle from all infected birds examined at 2 dpi (Table 3). Noninoculated control
chickens showed no clinical signs or evidence of infection.

In summary, although chickens infected with the 2012 H7N3 virus shed higher virus
titers than did the 2015 and 2016 viruses, all three H7N3 HPAI viruses had similar
infectivity (i.e., BID50) and pathogenicity and were poorly transmissible.

Infectivity, pathogenicity, and transmission of the 2012 and 2016 H7N3 HPAI
viruses in mallards and comparison with a mallard-origin H6N2 LPAI virus. Since
the results for the three H7N3 HPAI viruses were similar in chickens, the earlier and later
viruses were examined in mallards. The results for virus infectivity and transmission in
mallards of the 2012 and 2016 viruses and an H6N2 LPAI virus are shown in Table 4. No
mortality was observed in any of the mallards inoculated with three viruses and the

FIG 1 Legend (Continued)
qRRT-PCR-negative samples were given a value of 0.1 log10 below the qRRT-PCR test limit of detection (1.5 log10 EID50/ml for the A/CK/JL/12
and A/CK/PB/16 viruses and 1.3 log10 EID50/ml for A/CK/PB/15 viruses). The circle (�) and triangle (Œ) plots indicate viral shedding from
inoculated and contact chickens, respectivelly.

TABLE 2 AI virus antigen staining in tissues from chickens inoculated by the intrachoanal
route with H7N3 HPAI viruses

Tissue

Result by virus (bird 1/bird 2)a

A/CK/JL/12 A/CK/PB/15 A/CK/PB/16

Nasal epithelium ���/��� ���/� ���/���
Trachea ��/��� ��/��� ���/���
Lung ���/��� ���/�� ���/���
Air sac ��/� ��/� �/�
Brain ��/�� ���/�� ���/���
Heart ���/��� ���/��� ���/���
Spleen ���/��� ���/��� ���/���
Liver ��/�� ���/� ���/���
Kidney ��/�� �/� ���/���
Adrenal gland �/� ��/� ��/��
Skeletal muscle ��/�� ��/�� ��/��
Pancreas �/� �/� ���/�
Cloacal bursa ���/��� ���/�� ���/��
Cecal tonsils ���/�� ���/� ��/���
Thymus ���/��� ��/�� �/�
Proventriculus ��/�� �/� ���/���

aThe chickens were euthanized at 2 dpi. �, no positive cells; �, single-positive cells; ��, scattered groups of
positive cells; ���, widespread positivity.
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contacts regardless of the virus dose given. Based on virus shed and seroconversion,
mallards inoculated with the 104 and 106 EID50 of A/CK/JL/12 virus, and all the contacts
in these groups, became infected, which resulted in a BID50 of 3 log10 EID50. Serocon-
version was observed in 2 to 5 mallards inoculated with all doses of A/CK/PB/16 virus,
also resulting in a BID50 of 3 log10; however, no transmission to contacts occurred, and
low or undetectable levels of virus was shed (Fig. 2). While viral shedding from the OP
and CL routes was detected in all the mallards inoculated with 104 and 106 doses of
A/CK/JL/12 virus and contacts, only one and three mallards inoculated with 104 and 106

doses of A/CK/JL/16 virus, respectively, shed virus from the OP route, with no viral
shedding detected in contact mallards. No gross lesions were observed in the two
mallards necropsied from the A/CK/PB/16 virus 106-dose group, and no microscopic
lesions or virus staining was found in tissues collected from these birds. Noninoculated
control mallards showed no clinical signs or evidence of infection.

The mallard-origin H6N2 virus (A/ML/MN/98) was shed by all inoculated mallards by
both the OP and CL routes regardless of the dose given. The BID50 was calculated to be
less than 102 EID50. A/ML/MN/98 was transmitted to all the contacts based on viral
shedding, but only contact mallards in the high-dose group seroconverted. No gross
lesions were observed in the two necropsied mallards. Microscopic lesions consisted of
mild lymphocytic rhinitis and tracheitis, and sporadic viral antigen staining was present
in epithelial cells and infiltrating mononuclear cells of the nasal turbinates, intestine,
and bursa of Fabricius.

TABLE 3 Comparison of AI virus titers in the lung, spleen, brain, muscle, and heart in
chickens and mallards

Virus by host

Virus titer (log10 EID50/g) for bird 1/bird 2 ina:

Lung Spleen Brain Heart Muscle

Chickens
A/CK/JL/12 8.6/8.5 8.3/8.4 9.1/8.4 9.4/9.3 8.5/8.7
A/CK/PB/15 7.5/6.8 7.5/6.9 8.8/8.7 8.3/8.3 8.2/7.6
A/CK/PB/16 8.0/7.3 7.6/7.9 8.3/8.4 8.0/8.4 7.5/7.9

Mallards
A/CK/JL/12b 3.5/3.7 2.6/4.3 –/5.2 ND ND
A/CK/PB/16 2.1/– 2.0/– –/– –/– –/–
A/ML/MN/98 3.0/– –/– –/– –/3.0 –/–

aTissues were taken from two birds per group at 2 dpi for chickens and 4 dpi for mallards. –, negative; ND,
not done.

bData adopted from Pantin-Jackwood et al. (21).

TABLE 4 Number of infected birds, 50% bird infectious dose, mortality, and seroconversion in mallards inoculated via the intrachoanal
route or contact exposed with two H7N3 HPAI viruses from 2012 and 2016, and a mallard origin H6N3 LPAI virus

Virus

Inoculated birds (n � 5) Contact-exposed birds (n � 3)

Virus dose
(log10 EID50)

No. of
infected
birdsa

BID50

(log10 EID50)b Mortality

Serology (range
of antibody
titers, [log2])c

No. of
infected
birds Mortality

Serology (range
of antibody
titers [log2])c

A/CK/JL/12 (H7N3) 2 0 3.0 0 0 0 0 0
4 5 0 5 (4–5) 3 0 3 (4–6)
6 5 0 5 (4–5) 3 0 3 (4–5)

A/CK/PB/16 (H7N3) 2 2 3.0 0 2 (5) 0 0 0
4 4 0 4 (4–6) 0 0 0
6 5 0 5 (4–5) 0 0 0

A/ML/MN/98 (H6N2) 2 5 �2 0 1 (8) 3 0 0
4 5 0 3 (7–9) 3 0 0
6 5 0 5 (7–8) 3 0 3 (7–8)

aDetermined by qRRT-PCR and serology.
bBID50, 50% bird infectious dose.
cNumber of birds with positive antibody titers.
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FIG 2 Scatter plot of oropharyngeal (OP) and cloacal (CL) virus shedding detected by qRRT-PCR in from mallards inoculated with the 2012
and 2016 H7N3 HPAI viruses and an H6N2 LPAI virus or exposed by direct contact. Virus titers are expressed as log10 with error bars. For

(Continued on next page)
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The mean viral titers from OP and CL swabs were significantly lower in mallards
inoculated with A/CK/PB/16 than with A/CK/JL/12 at all time points. In groups inocu-
lated with the 106 dose, the mean virus titer with A/ML/MN/98 OP, 4.7 log10 EID50/ml;
CL, 6.3 log10 EID50/ml) was higher than with the A/CK/JL/12 virus (OP, 3.7 log10

EID50/ml; CL, 1.9 log10 EID50/ml) in both OP (P � 0.0031) and CL (P � 0.0001) swabs at
2 dpi (Fig. 2). With the 104 dose, the mean virus titer from CL swabs with A/ML/MN/98
(2.2 log10 EID50/ml) was higher than with A/CK/JL/12 virus (1.6 log10 EID50/ml) at 2 dpi
(P � 0.0059). The A/ML/MN/98 virus had faster onset of viral replication and higher
earlier titers than did the 2012 H7N3 virus, but the A/CK/JL/12 virus was detected in
cloacal swabs for longer than the A/ML/MN/98 virus in inoculated mallards.

The presence of viral RNA was examined in the tissues of the mallards necropsied
at 4 dpi (Table 3). Because of limited mallard supply, we could not allocate mallards for
pathogenicity testing with the A/CK/PB/12 virus. For comparison, we used the tissue
viral titers of lung, spleen, and brain from a similar study we previously conducted
following the exact methods used in this study (21). While the A/CK/PB/16 and
A/ML/MI/98 viruses did not replicate or replicated poorly in the organs examined, the
A/CK/JL/12 virus replicated to moderate titers in the lung, spleen, and brain.

In summary, the 2012 and 2016 H7N3 HPAI viruses showed similar infectivity and
induced no mortality in mallards. However, while the 2016 H7N3 virus was barely shed
and replicated poorly in tissues, the 2012 H7N3 virus replicated well in the respiratory
and intestinal tract and internal organs and transmitted to contact mallards.

Comparison of viral growth in chicken and duck cells. The growth of A/CK/JL/12
and A/CK/PB/16 viruses was examined in chicken and duck cells. In chicken embryo
fibroblasts (CEF), both viruses grew to high titers (105.2 PFU/ml), without notable
differences (Fig. 3A). This result is similar to the in vivo results in chickens. In contrast,
in duck embryo fibroblasts (DEF), the A/CK/JL/12 virus grew to titers 1 to 2 logs higher
than the A/CK/PB/16 virus at all time points (Fig. 3B), again similar to what was found
in vivo in mallards.

To compare the replication ability between A/CK/JL/12 and A/CK/PB/16 virus poly-
merases, we compared the expression of viral RNA (vRNA), cRNA, and mRNA in CEF and
DEF lysates during exponential viral growth (from 12 to 24 hours postinoculation [hpi])
(Fig. 3C and D). Although the mean fold increase of mRNA in the A/CK/PB/16 virus was
higher than in the A/CK/JL/12 virus, no significant difference in fold increase was found
in all three types of RNA in CEF. However, the mean fold increases in cRNA and mRNA
of the A/CK/JL/12 virus (cRNA, 11.22 � 1.42; mRNA, 13.33 � 1.13) were higher than
those of the A/CK/JL/16 virus (cRNA, 8.44 � 1.25; mRNA, 8.37 � 0.86) in DEF, which
correlated with the significant viral growth difference in the supernatant.

Sequence analysis. The phylogenetic analysis showed that the all eight sequences
of the initial H7N3 HPAI virus isolate from 2012 were genetically closely related to North
American lineage wild bird isolates (see Fig. S1 in the supplemental material). After the
first outbreak in 2012, and based on available sequences in the public database, all
eight genes of H7N3 HPAI viruses evolved into two separate genetic clusters, which we
designated clusters A and B. Consistent clustering of each gene suggests that the
viruses evolved through genetic drift from initial outbreak viruses without gene reas-
sortment. The nucleotide and amino acid similarities between clusters A and B are
summarized in Table 5. The HA genes bifurcated into two clusters with extensive
mutations (95.42% to 95.89%) compared to other segments, which was more weighted
in the HA1 region (93.71% to 94.79%) than the HA2 region (97.44% to 98.04%).
Sequence analysis also showed that the early H7N3 virus acquired a novel extended
cleavage site, which probably originated from recombination with 28S rRNA from the
avian host (23), and recent sequence analysis showed that the insertion has been

FIG 2 Legend (Continued)
statistical purposes, qRRT-PCR-negative samples were given a value of 0.1 log10 below the qRRT-PCR test limit of detection (1.5 log10 EID50/ml
for A/CK/JL/12 and A/CK/PB/16 viruses and 1.0 log10 EID50/ml for A/ML/MN/98 virus). The circle (�) and triangle (Œ) plots indicate viral
shedding from inoculated and contacted chickens, respectively.
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maintained until 2016, with some amino acid changes (A/CK/JL/12, PENPKDRKSRHRR
TR|GLF; cluster A, PENPKDRKNRHRRTR|GLF; cluster B, PENPKGKKSRHRKTR|GLF; and 2015
isolates, PENSKDMKSRHRKTR|GLF). In the polymerase segments, the PB1 gene showed
the farthest nucleotide identity (95.33% to 95.68), which was not necessarily linked to
the most distinct amino acid homology, the PA protein (96.93% to 97.35%).

Full-genome sequence comparison between the A/CK/JL/12 and A/CK/PB/16 viruses
showed 115 amino acid differences between the two viruses (PB2, n � 17; PB1, n � 7;
PB1-F2, n � 1; PA, n � 25; HA, n � 29; NP, n � 12; neuraminidase [NA], n � 13; M1,
n � 4; M2, n � 3; and NS1, n � 4). The amino acid changes are visualized in Fig. 4, with
putative or functional domain annotation inferred from other studies (24–26). A total of
24 amino acid changes corresponding to those found in other studies associated with
chicken or duck adaptation or virulence were identified and are summarized in Table
6 (27–40).

Many amino acid changes in the polymerase complex proteins were observed
between the 2012 and the 2016 viruses (Fig. 4 and S2), including changes in the PB2
and NP interaction site and RNA binding site of NP, endonuclease domain at the N

FIG 3 Viral growth kinetics and relative viral RNA quantification in chicken and duck cells. (A and B) CEF and DEF
were inoculated with two chicken origin H7N3 HPAI viruses (A/CK/JL/12 and A/CK/PB/16 viruses) at a multiplicity
of infection (MOI) of 0.001. The plaque titers from supernatant were determined at 12, 24, 48, and 72 h
postinfection on MDCK cells, and each point represents the average of three independent replicates. The asterisk
indicates the significance between the two H7N3 HPAI viruses (P � 0.05). (C and D) Total RNA was extracted from
CEF and DEF lysates at 12 and 24 h postinfection. vRNA, cRNA, and mRNA were measured by strand-specific
RRT-PCR. The fold increase was calculated by comparing the viral RNA detection at 24 hpi to that at 12 hpi for each
type of RNA. Each value is the average from three independent experiments. Statistical significance was analyzed
by using two-way ANOVA with Bonferroni multiple-comparison test. A P value of �0.05 was considered to be
significant.
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terminus of PA, the C-terminal domain of PA, the contact area of the C terminus of PA,
and the N terminus of PB1, the contact area of the C terminus of PB1 and the N
terminus of PB2 the cap-binding site on PB2, and the 627-nuclear localization signal
(627-NLS) domain of PB2. Some of the changes observed have been associated with
changes related to adaptation or increased virulence in chickens or ducks (Table 6) (28,
30–33, 35–38).

Differences in HA amino acids and the acquisition of potential N-glycosylation sites
of the A/CK/PB/16 virus compared to the A/CK/JL/12 virus are shown in Fig. 4 and 5A.
The A/CK/PB/16 virus acquired four potential glycosylation sites at 123, 133, 149, and
164, all of which were localized in the globular head (H7 numbering). Overall, between
2012 and 2016, H7N3 Mexican strains obtained additional glycosylation sites in the
globular head of the HA protein at the positions 123, 133, 149, and 164 (cluster A, 123,
133, 149, and 164; cluster B, 123 and 149). Some of the changes observed have been
reported previously (Table 6) (27, 34, 39). Potential deglycosylation sites in the hyper-
variable region of the NA were found in the A/CK/PB/16 virus (Fig. 4 and 5B). Overall,
between 2012 and 2016, the NA lost two potential glycosylation sites at positions 14
and 57 (cluster A, 57 and 2; cluster B, 14 and 57).

A lower number of changes were found in the M and NS genes; however, some of
the changes have also been identified by others in association with increased adapta-
tion in chickens or virulence in ducks (Table 6) (29, 35, 37, 40).

DISCUSSION

Surveillance of migratory waterfowl on the American continent has shown that the
H7N3 subtype is predominant within H7 subtype viruses over all other subtype
combinations (41). When it comes to domestic poultry, H7N3 LPAI virus was the second
most frequently reported subtype and on four occasions mutated to HPAI virus by
acquiring basic amino acids through homologous or nonhomologous recombination
(23, 42). In 2002, an H7N3 HPAI outbreak at a broiler breeder farm in Chile was identified
and later controlled by depopulation and strict biosecurity (43). H7N3 LPAI virus
precursors were also suspected to be introduced to commercial poultry operations in
Canada (2004 and 2007) and Jalisco, Mexico (2012), and evolved to cause outbreaks of
H7N3 HPAI (8, 44, 45). Because all four HPAI viruses have different internal gene
constellations and varied polybasic cleavage sites, each event represents a separate
introduction of an LPAI virus from wild birds to domestic poultry. However, the
similarity of viral genes between domestic and wild birds supported that virus flow
from wild birds to domestic poultry (41). The LPAI poultry precursor for the Mexican
H7N3 HPAI virus was not reported during the 2012 outbreak, so it is not clear for how
long the LPAI virus circulated in poultry before evolving into the highly pathogenic
form. After the initial outbreak of HPAI, with the accompanying severe disease in

TABLE 5 Nucleotide and amino acid similarities between H7N3 HPAI virus clusters A and B

Segment

% identity

Nucleotide Amino acid

PB2 96.62–96.97 97.63–97.89
PB1 95.33–95.68 97.23–97.62
PA 96.83–97.07 96.93–97.35
HA 95.42–95.89 95.00–96.07
NP 96.72–97.26 98.39–98.80
NA 96.52–96.94 95.74–96.80

M 97.25–98.17
M1 98.02–98.81
M2 94.85–95.88

NS 96.72–97.26
NS1 93.91–96.09
NS2 98.35
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chickens, the implementation of a vaccine campaign reduced the severity of clinical
disease and the incidence of cases, but the H7N3 HPAI virus has not been eradicated
in poultry in Mexico.

The objective of the present study was to compare the pathobiology of early (2012)
and more recent (2015 and 2016) Mexican H7N3 HPAI viruses in chickens and mallards
to determine if the continuing circulation of these viruses in gallinaceous poultry has
affected the fitness of the virus in migratory waterfowl, using the mallard as a model for
waterfowl and using chickens as a model for gallinaceous poultry. We define virus
adaptation as the ability of a virus to efficiently infect, replicate, and transmit in a host.
This includes strategies developed by viruses to improve fitness and survival within the

FIG 4 Amino acid changes and functional domain annotation. Amino acid changes between the A/CK/JL/12 and A/CK/PB/16 viruses are marked at each
segment in red lines. Specific amino acid changes underlined correspond to changes found in other studies associated with chicken or duck adaptation. Specific
amino acid changes written in red indicate possible associations with vaccine escape mutations. Four amino acids marked with asterisks in the HA gene are
linked to possible N-glycosylation acquisitions. RdRp, RNA-dependent RNA polymerase.
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host. No differences in infectivity in chickens, as defined by BID50, were found between
the 2012, 2015, and 2016 viruses, and all three viruses caused 100% mortality in
infected birds. Gross and microscopic lesions, virus tissue tropism, and amount of virus
staining were similar between the three viruses; however, some differences in the
patterns of virus replication and shed were observed, with earlier virus detection and
1-log10-higher titers at peak of shedding in OP and CL swabs in chickens infected with
the A/CK/JL/12 virus. With the exception of one chicken from the A/CK/JL/12 virus
104-dose group, no virus transmission to contacts was observed despite the BID50 of all
three viruses being lower than the suggested dose needed for virus transmissibility in
chickens (�4.7 log10 EID50) (46). The one contact chicken in the group that received a
104 dose of A/CK/JL/12 virus became infected and died at 4 dpi, but chickens in the
group that received the high dose survived. As the virus shed by inoculated chickens
was comparable between doses of 106 and 104, it is inferred that there was no
significant difference in virus exposure. Therefore, this discrepancy is likely caused by
differences in susceptibility in individual birds. The transmission results obtained in this

TABLE 6 Amino acid changes associated with increase in virulence or adaptation of AI virus in chickens and ducks

Protein
Amino acid
substitution(s)a

Corresponding substitutions
or sites in other studiesb Remarks Reference

NP K77R K77R Introduction of wild bird H7N3 virus into domestic turkeys Campitelli et al. (38)
M105V M105V

PA K19N K19N (in quail) H7N3 HPAI virus experimentally passaged in quail or
turkeys

Giannecchini et al. (28)
H266R R266H (in turkey)

M2 S31N S31N Evolution of Gs/GD H5N1 HPAI virus after circulation in
vaccinated commercial chickens

Arafa et al. (29)

PA E237K E237K Increased pathogenicity of Gs/GD lineage H5N1 HPAI virus
in chickens due to early destruction of innate immune
response

Suzuki et al. (30)
NP K77R K77R

M105V M105V
S377N S377N

PB2 D309N N309D Decreased mortality in chickens with Gs/GD lineage H5N1
HPAI reassortant viruses

Wasilenko et al. (31)
R389K K389R

PB2 V480I V480I Mexican H5N2 LPAI virus mutation to HPAI virus in
chickens

Horimoto et al. (32)
PB1 M317I M317I

R486K R486K
PA G99R G99R
NP M105V M105V Amino acid change in Gs/GD lineage H5N1 HPAI virus

increased polymerase activity and growth in chicken
cells

Tada et al. (33)

HAc A125T A125T H7N3 LPAI virus evolution in vaccinated poultry in
Pakistan

Abbas et al. (34)

HAc A125T A/V/K125T Amino acid sites positively selected after transmission of
H7 viruses from wild to domestic birds

Lebarbenchon et al. (27)
R130T 130
S134P 134
V258I 258
S266P 266

PB1-F2 E4G E4G Increased mortality in chickens with Gs/GD lineage H5N1
HPAI reassortant viruses

Bogs et al. (35)
NP M105V M105V

S377N S377N
M2 S82N S82N
PB2 R389K K389R Increased mortality in ducks with Gs/GD lineage H5N1

HPAI reassortant viruses
Song et al. (36)

PB2 K190R R190K Increased mortality in ducks with Gs/GD lineage H5N1
HPAI reassortant viruses

Kajihara et al. (37)
PA E237K K237E
NP S377N N377S
NS1 D209N N209D
HAc Q213K K213Q Changes in Gs/GD lineage H5 HPAI viruses associated with

increased binding in duck intestines
Guo et al. (39)

NS1 D209N N209D Decreased mean death time in ducks with Gs/GD lineage
H5N1 HPAI reassortant viruses

Sarmento et al. (40)

aAmino acid changes from A/CK/JL/12 to A/CK/PB/16.
bAmino acid changes specifically indicated in the publication or obtained from the published sequences.
cH7 numbering was used following the recommended numbering scheme (81). Amino acid numbers for the H5 sequences used in this table were obtained by
aligning sequences and converting to H7 numbering (81).
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study in chickens are similar to what we have found with other HPAI viruses examined
under the same experimental conditions, in which, in spite of the virus causing severe
disease and being shed in high titers, little or no transmission is observed (47–50).
However, LPAI viruses that are known to be well adapted to chickens, including the
Asian H9N2 and H7N9 viruses, readily transmitted in chickens in our model (51). Results
from other research groups show that the transmissibility of AI viruses in chickens,
including HPAI viruses, varies depending on the virus strain and how long the virus has
circulated in chickens (14, 52, 53). It is not clear why HPAI viruses do not transmit well
under experimental conditions when they easily transmit under field conditions. One
explanation might be the relatively short period of contact exposure due to the
acuteness of the disease during experimental HPAI infection. Also, under field condi-
tions, other factors could increase virus transmissibility in chickens, such as breed and
age of the birds, stress, higher density of birds, different husbandry conditions, expo-
sure to other pathogens, and extended viral shedding periods under improper vaccine
immune status. Further studies are needed to better understand the transmission of AI
viruses in birds.

In order to address the possible role of waterfowl in the spread of H7N3 HPAI
viruses, the infectious dose and transmissibility of the 2012 and 2016 H7N3 HPAI viruses
were examined in mallards and compared to those of a mallard origin LPAI virus
(A/ML/MI/98). No mortality or clinical signs were observed in any of the experimental
groups. The BID50 for A/ML/MI/98 virus was �2 log10 EID50, and the virus transmitted
to all contacts, indicating as expected that this virus is well adapted to mallards. For the

FIG 5 The hemagglutinin (HA) and neuraminidase (NA) structure of A/CK/PB/16 virus. The amino acid changes from A/CK/JL/12 to
A/CK/PB/16 are shown as gray spheres using H7 numbering and N3 numbering. (A) Ribbon diagram of H7 HA. Only a monomer is shown.
Potential vaccine escape mutations and residues related to chicken and duck adaptation are labeled in red and blue, respectively. The HA1
is depicted in green (F= subdomain), yellow (vestigial esterase subdomain), and violet (receptor binding domain). The HA2 is shown in
magenta (fusion peptide) and red (F subdomain). The amino acid changes from A/CK/JL/12 to A/CK/PB/16 are represented as gray spheres.
The possible glycosylation sites are represented as black spheres. (B) Ribbon diagram of the head region of N3 NA. Only one monomer
is shown. Amino acid changes located in the 340-, 370-, and 400-loop regions are marked in parentheses.
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2012 Mexican HPAI virus (A/CK/JL/12), the BID50 was 3 log10 EID50, and the virus
transmitted to all contacts in the groups infected with the medium and high doses.
Although the BID50 was the same for the more recent 2016 virus, virus shed was minimal,
and the virus did not transmit to contacts, indicating that this virus was less adapted
to mallards. Generally, when a gallinaceous poultry-adapted virus infects ducks, the
virus retains the respiratory-tropic replication pattern (54, 55). The early Mexican H7N3
virus did not seem to be fully gallinaceous poultry adapted based on virus being shed
by mallards by the CL route. In contrast, very low OP viral titers and no CL virus shed
were found in mallards infected with A/CK/PB/16 virus, suggesting that long-term
circulation in terrestrial poultry affected the ability of the virus to replicate in the
respiratory and enteric tracts of mallards, and systemically. This decreased in virus
fitness in mallards was also observed with HPAI viruses from previous outbreaks, such
as the 1983 Pennsylvania H5N2 and the 1994 Mexican H5N2 HPAI outbreaks (21). The
mallards inoculated with A/ML/MN/98 shed virus by both the OP and CL routes but
primarily through the CL route, which is typical in wild ducks (21). The contact mallards
in the group that received a medium dose of A/ML/MN/98 virus exhibited OP and CL
virus shed with no detectable seroconversion, which also has been observed when
ducks are exposed to low-LPAI-virus titers (56, 57). Antibody titers could have also been
detected if serology was done beyond 10 dpi, but in our experience, most birds
seroconvert by this time point. On the other hand, contact mallards in the group that
received a medium dose of A/CK/JL/12 shed virus and seroconverted, even though the
A/CK/JL/12-inoculated mallards shed an amount of virus comparable to that of mallards
inoculated with the same dose of A/ML/MN/98 virus. It is assumed that, because HPAI
virus replication is not limited to the respiratory and intestinal tracts, the systemic virus
replication was able to induce seroconversion.

In order to confirm that the host species affects the replication of A/CK/JL/12 and
A/CK/PB/16 viruses, we compared the growth kinetics of the two viruses in CEF and
DEF. Consistent with the results of the experimental infection in mallards and chickens,
we found that A/CK/JL/12 virus replicated at 1.6 times higher titers than did A/CK/PB/16
in DEF, but the two viruses replicated equally in CEF. These observed differences in virus
replication in chicken and duck cells might be a reflection of the differences in amino
acid homology in the polymerase proteins of the two viruses (PB2, 97.5%; PB1, 96.8%;
PA, 97.1%). Several amino acid changes (PB2 R389K and V655A, PB1 M317I, and PA
I323V) in the functional domains were observed between the polymerase genes of the
A/CK/JL/12 and A/CK/PB/16 viruses, similar to what reported in other studies (31, 37,
58), thus contributing to the higher replication of A/CK/JL/12 virus in DEF. Changes in
the other virus genes, including the HA (94.8% homology) and NA (97.2% homology),
could contribute to virus receptor binding and cell release, which could also explain the
differences observed in viral growth in CEF and DEF.

Although there are not many studies examining the adaptation of AI viruses in
different bird species, 24 of the changes we found have been previously reported to be
changes associated with chicken or duck virus adaptation or virulence (Table 6) (27–40).
Among the 14 references, five studies analyzed sequences of cases of virus transmission
from wild bird to domestic poultry and circulation in domestic poultry in vaccinated or
unvaccinated flocks (27, 29, 32, 34, 38). Six studies examined pathogenicity in chickens
and ducks by using reassortant viruses (30, 31, 35–37, 40). Two studies determined
amino acid changes that increased polymerase activity in chicken cells and receptor
binding properties in chicken and duck cells (33, 39). Another study showed that
experimental passages of wild duck influenza virus in quail or turkey resulted in amino
acid changes possibly associated with adaptation (28). In our studies, we found 29 and
13 amino acid differences in the HA and NA proteins, respectively, between A/CK/JL/12
and A/CK/PB/16 viruses. Three amino acid changes in the HA receptor binding domain
(G133N, A151T, and Q201L) were consistent with mutations found in H7N3 LPAI viruses
from poultry in Italy following heterologous vaccination (59). The addition and sub-
traction of N-glycosylation sites in the HA and NA genes could be a consequence of
vaccine immune pressure and host-specific viral replication fitness (60–62). In the NA
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protein, six out of 13 amino acid changes were located in the 340-, 370-, and 400-loop
regions, where secondary a sialic acid-binding site is adjacent to the active neuramin-
idase region (63, 64). The heterogenicity of the loop regions was also found to affect in
vitro replication but was not necessarily associated with changes in viral replication in
ducks (65). Two changes in NP, M105V and S377N, have been repeatedly found
in several independent studies as being associated with increased pathogenicity in
chickens and adaptation in chickens and turkeys (30, 33, 35, 37, 38). Some studies
report that deletions in either NA or NS are associated with an increase in pathogenicity
in avian species (28, 38, 66). However, no deletions were observed in the Mexican H7N3
viruses. As more studies similar to those mentioned above are conducted, a better
understanding on the molecular markers of AI virus adaptation in different avian
species will be achieved.

The phylogenetic analysis of the H7N3 HPAI viruses showed that after 2012, the
viruses evolved into separate genetic clusters. Since there were not enough sequence
data available for 2012 to 2014, it is assumed that the A/CK/PB/15 virus clustered
independently as a transitional virus on the way of bifurcation. Both the A/CK/PB/15
and A/CK/PB/16 viruses have further evolved from the A/CK/JL/12 virus. The A/CK/
PB/15 virus did not cluster with A/CK/PB/16 virus, and only seven of the changes
observed in the A/CK/PB/16 virus compared to A/CK/JL/12 virus were also found in
A/CK/PB/15 (PB2 K190R and V655A; PB1 M317I; HA A125T, S134P, and V258I; and NP
S377N). In this study, we did not examine A/CK/PB/15 virus in mallards, so we do not
know if it is less fit in mallards than A/CK/JL/12; however, of the 93 amino acid changes
in A/CK/PB/15, 39 matched amino acid changes in the A/CK/PB/16 virus. For both
viruses, it is not clear which changes are the result of normal accumulation of mutations
during virus replication and vaccine immune pressure, or are related to changes in viral
fitness in terrestrial poultry. Additional studies using reverse genetics would be re-
quired to elucidate which gene or amino acid substitutions contribute to the changes
in host adaptation.

Historically, after the introduction into poultry, AI viruses, including HPAI viruses,
rarely reinfect wild birds, with the exception of the H5Nx HPAI Gs/GD lineage viruses,
which have undergone unique circumstances by circulating in both domestic chickens
and ducks. Long-term surveillance in North America did not detect reverse transmis-
sion, i.e., from domestic to wild birds, for H7 viruses (both LPAI and HPAI viruses) (67),
but most of the poultry outbreaks were short-lived, with the virus eradicated in a timely
matter, the exception being the Mexico H7N3 HPAI virus. In this study, we showed that
H7N3 HPAI virus after several years of circulation in poultry has changed to replicate
and transmit less in mallards while maintaining similar pathogenicity in chickens. These
results might explain why no spillover of H7N3 HPAI virus to migratory waterfowl has
been reported and that the outbreaks have been confined to Mexico. The unusual
extensive mutations with acquisition of possible glycosylation sites on HA suggests that
the H7N3 HPAI virus has evolved to evade vaccine immunity (58). By comparing the
mutations observed to ones previously reported in other studies, it is clear that host
adaptation of AI viruses can be achieved by changes in more than one viral gene.
Further studies are needed to continue elucidating the phenotypic markers associated
with AI virus adaptation in different bird species.

MATERIALS AND METHODS
Viruses. The following Mexican H7N3 HPAI viruses were used as challenge viruses: A/chicken/Jalisco/

CPA1/2012 (A/CK/JL/12), A/chicken/Puebla/CPA-28973/2015 (A/CK/PB/15), and A/chicken/Puebla/CPA-
03191-16-CENASA-95076/2016 (A/CK/PB/16) (courtesy of Joaquín B. Delgadillo, Igor Romero, and Mario
Solís Hernández, Servicio Nacional de Sanidad, Inocuidad y Calidad Agroalimentaria [SENASICA], Mexico).
An LPAI virus, H6N2 A/mallard/MN/232/1998 (A/ML/MN/98) from the Southeast Poultry Research Labo-
ratory (SEPRL) repository, was also used for bird challenge. The viruses were propagated and titrated in
specific-pathogen-free (SPF) embryonating chicken eggs (ECE) using standard methods (68). Stocks were
diluted to the target dose with brain heart infusion (BHI) broth (Becton, Dickinson and Company, Sparks,
MD). The experiments were performed in biosecurity level 3 enhanced facilities in accordance with
procedures approved by the U.S. National Poultry Research Center (USNPRC) Institutional Biosecurity
Committee.
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Animals and housing. Three-week-old SPF white Leghorn chickens (Gallus gallus domesticus) were
obtained from the USNPRC in-house flocks. Mallard ducks (Anas platyrhynchos) were provided at 1 day
of age by a commercial hatchery and held for 2 weeks at the USNPRC. Serum samples were collected
from 15 chickens and 15 ducks to confirm that the birds were serologically negative to AI virus by
blocking enzyme-linked immunosorbent assay (ELISA; FlockCheck avian influenza multiscreen antibody
test; Idexx Laboratories, Westbrook, ME, USA). Each experimental group was housed in self-contained
isolation units ventilated under negative pressure with inlet and exhaust high-efficiency particulate air
(HEPA)-filtered ventilation. Feed and water were provided with ad libitum access. This study and
associated procedures were reviewed and approved by the USNPRC Institutional Animal Care and Use
Committee.

Experimental design and sampling. Similar experiments were conducted with each bird species to
evaluate the 50% bird infectious dose (BID50), pathogenicity, and transmissibility of the viruses. A/CK/
JL/12, A/CK/PB/15, and A/CK/PB/16 were examined in chickens. A control group using a chicken-adapted
virus was not included since our previous studies have shown efficient transmission of chicken-adapted
viruses with the model used (51). Based on the results in chickens, A/CK/JL/12 and A/CK/PB/16 were
chosen to be examined in mallards. A control group for a mallard-adapted virus, the A/ML/MN/98 LPAI
virus, was included. To evaluate the BID50, birds were divided into three groups of five birds, and birds
from each group were inoculated intranasally (by the choanal cleft) with 102, 104, or 106 50% egg
infectious doses (EID50) in 0.1 ml of the respective viruses. The inoculum titers were verified by back
titration in ECE. Sham birds were inoculated intranasally with 0.1 ml of sterile allantoic fluid diluted 1:300
in brain heart infusion broth. To evaluate the transmissibility of the viruses, 3 noninoculated hatch mates
were added to each dose group at 1 day postinoculation (dpi). Oropharyngeal (OP) and cloacal (CL)
swabs were collected from chickens at 1, 2, 3, and 6 dpi and from mallards at 2, 4, 7, 10 dpi; these
schedules were based on our previous studies (47). Swabs were placed in 1.0 ml of BHI with penicillin
(2,000 units/ml; Sigma-Aldrich), gentamicin (200 �g/ml; Sigma-Aldrich), and amphotericin B (5 �g/ml;
Sigma-Aldrich), and stored at �80°C. At 10 dpi, survivors were bled to evaluate seroconversion and
euthanized.

For each species, two additional birds challenged with the 106 EID50 of the viruses were euthanized
and necropsied at 2 dpi (chickens) and 4 dpi (mallards) to evaluate gross and microscopic lesions, with
the exception of A/CK/JL/12, which was previously characterized in mallards (21). The timing of the
necropsies is based on our previous study (9). A full set of tissues were collected from each bird and fixed
in 10% neutral-buffered formalin solution, paraffin embedded, sectioned, and stained with hematoxylin
and eosin for histopathologic evaluation. Duplicate sections were stained by immunohistochemical (IHC)
methods to determine influenza viral antigen distribution in tissues (69). Portions of the lung, heart,
brain, muscle, and spleen were also collected and stored at �80°C for subsequent virus detection and
quantification. Serum samples were collected from all surviving birds at the end of each experiment to
evaluate infection status by determining antibody levels by hemagglutination inhibition (HI) assays using
standard methods and homologous antigen (70). The virus infectious dose was calculated by the
Reed-Muench method (71), using the criteria that birds were considered infected if they shed detectable
levels of virus at any time and/or were positive for antibody at the end of the study.

Viral RNA quantification in swabs and tissues. OP and CL swabs and tissues were processed for
quantitative real-time reverse transcription-PCR (qRRT-PCR) to quantify viral RNA. RNA was extracted
using MagMAX-96 AI/ND viral RNA isolation kit (Ambion, Inc.), following the manufacturer’s instructions.
qRRT-PCRs targeting the influenza virus M gene (72) were conducted using the AgPath-ID one-step
RT-PCR kit (Ambion, Austin, TX) and the ABI 7500 fast real-time PCR system (Applied Biosystems,
Carlsbad, CA). Total RNA was extracted from tissues using TRIzol LS reagent (Invitrogen, Carlsbad, CA) and
the Qiagen RNeasy minikit (Qiagen Corp., Valencia, CA). Virus titers in tissue samples were determined
by weighing, homogenizing, and diluting tissues in BHI to a 10% (wt/vol) concentration. In order to
further standardize the amount of nonspecific RNA from the tissue, the resulting RNA extracts were
quantified using a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific), following the manu-
facturer’s instructions, and accordingly diluted with phosphate-buffered saline to obtain 50 ng/�l. For
virus quantification, standard curves were established with RNA extracted from dilutions of the same
titrated stock of the challenge virus. This methodology has been used as a standard protocol among
many published veterinary influenza studies and has demonstrated a high correlation between qRRT-PCR
results and infectious titers (73). Results were reported as EID50/ml or EID50/g equivalents, and the lower
limit of detection was set based on each standard curve. For statistical purposes, qRRT-PCR-negative
samples were given a value of 0.1 log10 below the qRRT-PCR test limit of detection.

Viral growth kinetics and relative cellular virus RNA. In order to compare in vitro growth of H7N3
HPAI viruses, 12-well plates were seeded with chicken embryo fibroblasts (CEF; ATCC CRL-12203) or duck
embryo fibroblasts (DEF; ATCC CCL-141) and allowed to grow until confluent monolayers were obtained.
One monolayer from each type of cells was trypsinized in 0.25% trypsin-EDTA and counted in a
hemocytometer. Titrated viral stocks of A/CK/JL/12 and A/CK/PB/16 viruses were diluted and used to
infect cells in triplicate at a multiplicity of infection of 0.001. Briefly, viruses were allowed to adsorb for
60 min, and then the virus inoculum was aspirated and cells were washed once with sterile PBS.
Supernatants were collected at 12, 24, 48, and 72 h postinfection (hpi) and titrated by plaque assay on
fresh Madin-Darby canine kidney (MDCK) monolayers (74).

For relative quantification of viral, complementary, and mRNA (vRNA, cRNA, and mRNA) of the AI
viruses, virus-infected CEF and DEF were lysed at 12 and 24 hpi using the TRIzol reagent (Life
Technologies, Carlsbad, CA). Total RNA extraction was performed using the RNeasy minikit (Qiagen),
according to the manufacturer’s instructions. Strand-specific real-time RT-PCR was utilized to distinguish
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the three different forms of virus RNA, as described previously (75), with primer modifications. Briefly,
cDNAs complementary to the three types of influenza virus RNA were synthesized using SuperScript IV
reverse transcriptase with saturated trehalose (Sigma-Aldrich). As a trigger of viral RNA polymerase
switching from a transcriptase to a replicase (76), real-time PCR targeting the NP gene of influenza was
performed with PowerUp SYBR Green mastermix (Thermo Fisher Scientific). The replicating virus RNA was
normalized with a housekeeping gene expression (glyceraldehyde 3-phosphate dehydrogenase
[GAPDH]) (77, 78). The primer sets used are found in Table 7. The fold increase was calculated by
comparing virus RNA detection between 12 hpi and 24 hpi for each RNA type.

Statistical analysis. Statistical differences in the mean hemagglutinin inhibition (HI) titers and mean
virus shedding titers were analyzed using the Tukey one-way analysis of variance (ANOVA) with the
GraphPad Prism 7 software. Viral growth kinetics and virus RNA quantification were determined using
two-way ANOVA with a Bonferroni multiple-comparison test. A P value of �0.05 was considered to be
significant.

Sequence analysis. Full-length-genome sequencing of the 2012, 2015, and 2016 H7N3 HPAI viruses
was conducted using next-generation sequencing. All eight DNA segments were synthesized and
amplified by reverse transcription-PCR (RT-PCR) using the OneTaq one-step RT-PCR kit (New England
BioLabs) (79). The Nextera XT DNA sample preparation kit (Illumina, USA) and 5 �l of 0.2 ng/�l of
double-stranded (ds) cDNA were used to generate multiplexed paired-end sequencing libraries, accord-
ing to the manufacturer’s instructions. The library pool was loaded into the flow cell of the 500-cycle
MiSeq reagent kit v2 (Illumina). The barcoded multiplexed library sequencing (2 � 250 bp) was per-
formed on a MiSeq platform (Illumina). The sequences were reconstituted by de novo and directed
assembly using the Geneious 10.0.9 software. All eight sequences from A/CK/JL/12 were identical to the
sequences from GenBank (accession numbers JX317626, JX397993, and JX465631 to JX465636). All the
Mexican H7N3 HPAI and the ancestral wild bird sequences with high homology to initial H7N3
(A/CK/JL/12) were collected from GenBank and included to construct the phylogenetic trees. The
maximum likelihood tree of each gene was estimated by RAxML (80) using the general time-reversible
model of nucleotide substitution. Bootstrap support values were generated by using 1,000 rapid
bootstrap replicates. Bootstrap values of �70% are shown at the branch nodes. Genotypes were
designated with a bootstrap value of �70%. In order to identify genetic changes associated with the
changes observed in virus adaptation, complete coding regions of each segment of the 2012 (A/CK/JL/
12) and 2016 (A/CK/PB/16) H7N3 viruses were aligned and used for amino acid change identification. The
coding sequences discriminating single-nucleotide polymorphisms (SNPs) were classified as either
nonsynonymous or synonymous based on whether or not they correspond to differences in encoded
amino acid sequences. Amino acid changes were compared to changes found in other studies examining
chicken or duck adaptation or virulence of AI viruses. For changes in the HA gene, alignments were
conducted to compare with other HA subtypes following the recommended numbering scheme (81).

Molecular characterization of the hemagglutinin, neuraminidase, and polymerase proteins:
residues and protein structure. The molecular characterization of A/CK/JL/12 and A/CK/PB/16 proteins
was performed using different methodologies. The A/CK/JL/12 and A/CK/PB/16 protein sequences were
used for alignment and residue analysis in the Lasergene 12 using Clustal W MegAlign software (DNAStar,
Madison, WI). The potential N-glycosylation sites for HA and NA were predicted using the NetNGlyc
server 1.0 (82). The A/CK/PB/16 HA (PDB ID 3M5G), NA (PDB ID 4HZV), and polymerase fragment
(endonuclease and PA-Cter-PB1-Nter [PDB IDs 2ZN1 and 3CM8], PB1-Cter/PB2-Nter [PDB ID 3A1G],
PB2-cap, and 627-NLS domains [PDB ID 2VY6] structures were modeled using the known structures of
influenza A in the SWISS-MODEL server (28–30). The three-dimensional (3D) molecular structures were
visualized using the PyMOL molecular graphics system (version 2.0; Schrödinger, LLC).

Data availability. The A/CK/PB/15 (accession numbers MK027368 to MK027375) and A/CK/PB/16
(accession numbers MK027376 to MK027383) sequences have been deposited in GenBank.

TABLE 7 Reverse transcription and real-time PCR primer sets used for vRNA, cRNA, and mRNA quantification

Target Purpose Primer name Sequence (5=–3=)
vRNA Reverse transcription vRNAtag_CPAseg5_675F GGCCGTCATGGTGGCGAATAAATGGACGGAGGACAAGAATTGC

Real-time PCR vRNAtag GGCCGTCATGGTGGCGAAT
CPAseg5_822R CTCAGAATGAGAGCAGACCGTGCA

cRNA Reverse transcription cRNAtag_CPAseg5_1541R GCTAGCTTCAGCTAGGCATCAGTAGAAACAAGGGTATTTTTCTTT
Real-time PCR cRNAtag GCTAGCTTCAGCTAGGCATC

CPAseg5_1466F CGATCGTGCCTTCCTTTG

mRNA Reverse transcription mRNAtag_CPAseg5_dTR CCAGATCGTTCGAGTCGTTTTTTTTTTTTTTTTTCTTTAATTGTC
Real-time PCR mRNAtag CCAGATCGTTCGAGTCGT

CPAseg5_1466F CGATCGTGCCTTCCTTTG

Chicken GAPDH Normalization CGAPD_F CCTCTCTGGCAAAGTCCAAG
CGAPDH_R CATCTGCCCATTTGATGTT

Duck GAPDH Normalization DGAPDH_F ATGTTCGTGATGGGTGTGAA
DGAPDH_R CTGTCTTCGTGTGTGGCTGT
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