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Effect of Oseltamivir Carboxylate Consumption on Emergence of
Drug-Resistant H5N2 Avian Influenza Virus in Mallard Ducks
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Oseltamivir carboxylate (OC) has been detected in environmental waters at various levels during recent influenza seasons in hu-
mans, reflecting levels of usage and stability of this drug. In consideration of the role of waterfowl as hosts for influenza viruses
that may contribute to human infections, we evaluated the effect of consumption of low doses of OC on development of oselta-
mivir-resistant influenza virus mutants in mallard ducks (Anas platyrhynchos) infected with two different low-pathogenic (LP)
H5N2 avian influenza viruses (AIV). We detected development of virus variants carrying a known molecular marker of oseltami-
vir resistance (neuraminidase E119V) in 4 out of 6 mallards infected with A/Mallard/Minnesota/182742/1998 (H5N2) and ex-
posed to 1,000 ng/liter OC. The mutation first appeared as a minor population on days 5 to 6 and was the dominant genotype on
days 6 to 8. Oseltamivir-resistant mutations were not detected in virus from ducks not exposed to the drug or in ducks infected
with a second strain of virus and similarly exposed to OC. Virus isolates carrying the E119V mutation displayed in vitro replica-
tion kinetics similar to those of the wild-type virus, but in vivo, the E119V virus rapidly reverted back to wild type in the absence
of OC, and only the wild-type parental strain was transmitted to contact ducks. These results indicate that consumption by wild

waterfowl of OC in drinking water may promote selection of the E119V resistance mutation in some strains of H5N2 AIV that

could contribute to viruses infecting human populations.

seltamivir, a neuraminidase (NA) inhibitor, is one of the

most widely prescribed antiviral drugs in the world and is
used primarily for treatment of human influenza virus infections.
This antiviral is administered orally as oseltamivir phosphate
(OP), which is readily absorbed and has high oral bioavailability.
In humans, OP is metabolized in the liver to the active metabolite
oseltamivir carboxylate (OC), which is not metabolized further
and is excreted primarily in urine (58), leading to large quantities
of the drug entering wastewater when drug usage in the popula-
tion is high.

Data from human clinical trials and natural influenza virus
infection with or without OP treatment and influenza surveillance
in avian species have demonstrated an increase in oseltamivir re-
sistance in seasonal human influenza, low-pathogenic avian influ-
enza virus (LPAIV), and highly pathogenic ATV (HPAIV), such as
H5N1 viruses (2-9). The increased detection of seasonal human
influenza virus strains showing resistance to oseltamivir is of great
concern. The predominant oseltamivir-resistant mutation of
H274Y in N1 subtypes, detected from America to Europe to Asia,
most likely results from continued transmission of resistant
strains among humans, as regional drug use is not suspected to be
the problem (7, 10-13).

Experimental studies using ferrets have detected emergence of
resistant strains following oseltamivir treatment and H5N1 virus
infection (14), highlighting the potential for drug-induced resis-
tance. Another known NA-resistant mutation, E119V, has been
shown to retain replicative ability and transmissibility as effi-
ciently as the wild-type virus (15, 16), whereas another mutation,
R292K, appears to be compromised both in vitro and in vivo and
had limited ability to transmit in the ferret contact model (1, 16).
Seasonal human HIN1 viruses with the H274Y mutation have
also shown restriction in replicative ability and transmission in
ferrets (17), but the virus has the ability to be transmitted if infec-
tious doses are increased (15). Using reverse genetics, an HP
H5NI1 strain was altered to include the common H274Y and
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N294S mutations, and the replication efficiency and pathogenicity
of the virus was tested in mice; the mutated virus retained its
lethality to mice and retained replication efficiency in vitro (18).

Viral fitness has been analyzed utilizing a competitive-mix-
tures model in ferrets (19). The R292K mutated virus was out-
competed by the R292 wild-type virus and was not transmissible,
which is consistent with previous studies on this mutation. The
H274Y mutated virus was only marginally outcompeted by the
H274 wild-type virus but was equally transmissible among ferrets.
Another good model to compare to humans, guinea pigs, has
demonstrated the ability to efficiently transmit oseltamivir-resis-
tant strains through direct contact (20). These animal models con-
firm that the transmission of oseltamivir-resistant viruses is pos-
sible and warrant evaluation in the natural reservoir of influenza
virus to provide a more complete picture of how this could affect
humans.

Currently, stockpiling of the most orally bioavailable drug, os-
eltamivir, is at a peak. Considering the increased awareness of
antivirals by patients, coupled with concern regarding the most
recent pandemic of swine HIN1, we can expect that this will ulti-
mately lead to a higher use of the drug. It is imperative that we
better understand the possible outcomes of resistance from anti-
viral treatment, including the case of oseltamivir contamination
of the environment.
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Importantly, OC is poorly removed or degraded by natural
environmental conditions or sewage treatment (21-28), resulting
in significant retention in waterways. These same waterways often
support large numbers of waterfowl, the primary reservoir of
avian influenza A viruses (AIVs), and waterfowl in several parts of
the world are likely exposed over lengthy periods to at least low
doses of OC in their drinking water. In contrast to mammals, AIVs
replicate predominantly in the intestinal tract of ducks and other
waterfowl, and there is reason for concern that the presence of OC
in the intestinal lumen, acquired through the environment, may
promote selection of AIVs that are resistant to oseltamivir.

Recently, concentrations of OC were measured in regional wa-
ters of Japan, a country where human use of oseltamivir is high.
Prior to the beginning of the 2007-2008 influenza season, OC was
not detected in the Yodo River system, but concentrations of 2 to
58 ng/liter were detected during the influenza season (29). During
the 2008-2009 influenza season, levels of OC rose to a peak con-
centration of 293 ng/liter in discharges from sewage treatment
plants, and concentrations of OC in river water ranged from 6 to
190 ng/liter (30).

Proposed calculations for the United States and the United
Kingdom based on hydrologic modeling, which included catch-
ment sizes, population size, and WHO-recommended dosing of
OP, suggest that OC may remain in the environment for up to 18
days at levels of <300 to 32,000 ng/liter during a pandemic (27).
The magnitude of a pandemic and the availability of drug dis-
pensed would all play a role in various environmental concentra-
tions.

In order to better understand the risk for emergence of resis-
tance to oseltamivir due to environmental contamination with the
drug, we infected mallard ducks with two different LPATV H5N2
strains of mallard virus, while giving them access to drinking water
containing concentrations of OC that fall between recently de-
tected levels and potential pandemic levels. We hypothesized that
access to low doses of OC while the mallard was infected would
promote the emergence of OC-resistant viruses and that oseltami-
vir-resistant viruses would be as transmissible as the wild-type
progenitor. We also sought to determine the effects on viral rep-
lication and emergence of resistance in ducks given a single dose of
OP following viral inoculation to evaluate the ramifications of
treating birds upon entry at live-bird markets, which has been
suggested in Indonesia.

MATERIALS AND METHODS

Ethics statement. All experiments were approved by the Institutional An-
imal Care and Use Committee of Colorado State University, Fort Collins,
CO, under approval number 09-168A.

Animals. Mallard ducks were purchased as hatchlings from commer-
cial sources. Ducklings were housed in an ABSL3 facility until 4 to 6 weeks
of age at the start of each experiment. Prior to infection, all ducks tested
negative by enzyme-linked immunosorbent assay (ELISA) for group-spe-
cific antibodies to an influenza type A virus antigen (recombinant nucleo-
protein, Flu DETECT BE; Synbiotics Corporation, Kansas City, MO) and
strain-specific antibodies to H5N2 by hemagglutination inhibition (HAI)
assay, as previously described (31).

Viruses and chemicals. The viruses used in this study were A/Mallard/
Minnesota/346250/2000 (H5N2) and A/Mallard/Minnesota/182742/
1998 (H5N2). Both viruses were propagated by passage in 10-day-old
specific pathogen-free embryonated chicken eggs (Sunrise Farms, NY).
Eggs were incubated at 37°C, and allantoic fluid was harvested 48 to 72 h
after inoculation, aliquoted, and stored at —80°C until use. Both viruses
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were titrated by plaque assay on MDCK cells (ATCC, Manassas, VA) as
previously described (31) and stained with either crystal violet or by ad-
dition of a second overlay containing neutral red; virus titers were ex-
pressed as PFU/ml.

Viruses utilized in the neuraminidase inhibition assay (NAI) were ob-
tained from the Centers for Disease Control and Prevention, Atlanta, GA;
grown once in MDCK cells using phenol red-free growth medium; and
used as the sensitive and resistant controls. The virus strains used included
A/Texas/36/1991 (HIN1) and its H274Y resistant strain and A/Wuhan/
395/1995-like (H3N2) and its E119V resistant strain.

Viruses used in the transmission study included the previously men-
tioned stock of A/Mallard/Minnesota/182742/1998 and its E119V resis-
tant counterpart that was recovered from a duck cloacal swab (duck 2.3,
day 6) as a picked plaque, plaque purified, and grown in eggs to obtain the
stock virus. The neuraminidase genes of all viruses were sequenced prior
to infection of ducks to verify the presence or absence of the E119V mu-
tation.

Oseltamivir phosphate (Ro-64-0796) and oseltamivir carboxylate
(Ro-64-0802) were provided by F. Hoffman-La Roche (Roche Diagnos-
tics GmbH, Mannheim, Germany) and were utilized in both the NAI
assays and mallard exposure studies.

Replication kinetics. Single-step and multistep growth curves were
determined for both the A/Mallard/Minnesota/182742/1998 and A/
Mallard/Minnesota/182742/1998-E119V viruses in MDCK cells. Cells
were grown in 6-well tissue culture plates until ~90 to 95% confluence.
Based on cell count, the cells were infected at a multiplicity of infection
(MOI) of 2 PFU/cell for the single-step growth curve and an MOI of 0.01
PFU/cell for the multistep growth curve. Following 1 h of incubation at
37°C and 5% CO,, cells were rinsed two times with phosphate-buffered
saline (PBS) and overlaid with Dulbecco’s modified Eagle’s medium
(DMEM,; Sigma-Aldrich Corp., St. Louis, MO) supplemented with anti-
biotics, 0.5% bovine serum albumin (BSA) (Sigma-Aldrich), and 1 pug/ml
of TPCK trypsin (Sigma-Aldrich). Supernatants were collected at 2,4, 6, 8,
and 10 h postinfection for the single-step growth curve and at 12, 24, 36,
48, 60, and 72 h postinfection for the multistep curve, both in duplicate,
and stored at —80°C until titrated by plaque assay.

Neuraminidase inhibition assay. The inhibition of viral neuramini-
dase (NA) by oseltamivir was analyzed using the NA-Star influenza neur-
aminidase inhibitor resistance detection kit (Applied-Biosystems, Foster
City, CA) according to the manufacturer’s protocol. Initially, duck cloacal
swabs were diluted in 10-fold dilutions for the plaque assay to determine
the viral titer on each day postinoculation and to pick individual plaques
for the NAI assay. Fifty individual plaques were picked and stored in 1 ml
of PBS, for all 18 ducks in groups 1 and 2 (900 plaques), from viruses shed
at the latest detectable time point. An aliquot from each picked plaque was
then inoculated into eggs to obtain stock viruses that were tested for re-
sistance in the NATI assay. Each virus was diluted at least 5-fold to obtain a
signal-to-noise ratio of 10:1 to 60:1. Luminescence was measured using
the Victor X5 multilabel plate reader (Perkin-Elmer, Waltham, MA)
equipped with automatic injectors for the addition of NA-Star accelera-
tor. Fifty-percent inhibitory concentrations (ICs,s) were determined us-
ing the JASPR version 1.1 (beta) software for curve fitting and analysis,
provided by the Virus Surveillance and Diagnosis Branch at the Centers
for Disease Control and Prevention, Atlanta, GA. Statistical analysis of
IC,,s from picked plaques followed the procedure previously described
(7), which required an IC,, = 3 standard deviations (SD) as a cutoff for
outliers of resistance as an initial screen to narrow down the number of
samples tested by sequencing.

RT-PCR and sequencing analysis. RNA was extracted from either
allantoic fluid or directly from duck cloacal swabs using TRI reagent (Mo-
lecular Research Center, Inc., Cincinnati, OH) according to the manufac-
turer’s protocol. Both amplification of PCR product and sequencing of
the NA N2 gene utilized primers previously designed (32) and named
NA-2.1, NA-2.3, NA-2.5, and NA-2.6 (forward and reverse). We also
designed one additional primer, 1413R (5'-ATA GGC ATG AAG TTG
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ATATTC GC-3"), to amplify the entire NA gene from the 3" end. Reverse
transcription (RT)-PCR was performed using a one-step RT-PCR kit
(Qiagen, Valencia, CA) according to the manufacturer’s protocol. Ampli-
fication involved an initial RT step of 50°C for 30 min, followed by heating
at 95°C for 15 min, 3-step cycling of 35 to 40 cycles with denaturation at
95°C for 1 min, followed with annealing at 53°C for 1 min and extension
at 72°C for 1 min, with one final extension of 72°C for 10 min. For hem-
agglutinin (HA) sequencing, we utilized primers and experimental design
as previously described with modifications (33). For sequencing, PCR
amplicons were electrophoresed in a 1 to 2% agarose gel, and DNA was
extracted using the QIAquick gel extraction kit (Qiagen, Valencia, CA)
according to the manufacturer’s protocol. PCR fragments were sent to the
Proteomics and Metabolomics Facility at Colorado State University. Se-
quencing was performed in both directions utilizing the same primers as
described above. Sequences were aligned and analyzed using the MEGA 5
software (34).

Site-specific RT-PCR. RNA was extracted as previously described and
was subjected to RT-PCR utilizing a specific set of primers designed to
detect the specific point mutation of nucleotide 356 A to T, which changes
the amino acid at position 119 from glutamic acid (E) to valine (V). The
same forward primer (5'-GCAGATTGCCATCCTAGC-3") was used in
both RT-PCR assays, with two different reverse primers to differentiate
between wild-type (5'-GGTGTCACATGACACATAAGGTT-3') and
E119V resistant (5'-GGTGTCACATGACACATAAGaTA-3") viruses.
The E119V resistant reverse primer had two specific point mutations, one
on the 3’ (A) end to match the resistant virus, and another 3 bp from the
terminus on the 3" end (a). This additional mismatch allowed for desta-
bilization of the primer to help minimize anomalous products from form-
ing (35-37). The RT-PCR cycling parameters are the same as previously
described, with an increased annealing temperature of 61°C to differenti-
ate between wild-type and E119V resistant virus using wild-type primers.
An annealing temperature of 53°C was used with E119V resistant primers.

Pharmacokinetics of oseltamivir in mallards. Six juvenile mallard
ducks were gavaged using a Foley catheter with 5 mg of OP (Tamiflu, Ro
64-0796) dissolved in 2.5 ml sterile water. Approximately 1 ml of blood
was collected into lithium-heparin tubes (Becton, Dickinson and Co.,
Franklin Lakes, NJ) from each duck at predose and at 0.25,0.5, 1, 2, 3, 4, 6,
12, 24, and 48 h postdose. Blood samples were centrifuged, and plasma
was collected and stored at —80°C until assayed for OP and OC by PRA
International (Assen, the Netherlands). Samples were extracted using a
C, ¢ solid-phase extraction method, and analysis was performed utilizing
liquid chromatography-tandem mass spectrometry (LC-MS/MS). Inter-
nal standards included deuterated oseltamivir and oseltamivir carboxy-
late (Ro 64-0802). Pharmacokinetic data analysis and summary were per-
formed at Roche.

Statistical analysis of pharmacokinetics. Noncompartmental phar-
macokinetic parameters were calculated using WinNonlin Enterprise,
version 5.2.1 (Pharsight Corporation, St. Louis, MO). The values of the
maximum plasma concentration (C,,,,.) and time to C, ., (T,,..,) for each
duck were the observed values. The area under the plasma concentration
time curve was determined using the linear trapezoidal method for the
time periods of 0 to 12 h postdose (AUC,_;,) and from 0 to the last
measurable plasma concentration (AUC,,_,). The area under the curve
from the last measurable concentration (Ct) to infinity was calculated as
Ct/\z, where Az is the elimination rate constant, which was calculated
using at least 3 time points of the log linear portion of the elimination
curve. AUC from 0 to infinity (AUC,_..) was calculated as AUC,_, +
Ct/\z. The elimination half-life was calculated as In 2/\z. Oral clearance
(CL/F) was determined as the dose divided by AUC,_.., and the oral
volume of distribution (Vz/F) was calculated as dose/(AUC,_., X \z).
CL/F and Vz/F were divided by the weights of ducks to facilitate compar-
ison to human data.

OC treatment of mallards and AIV infection. Four separate groups of
mallard ducks ages 4 to 6 weeks were housed in separate rooms according
to the concentration of drug provided in water and were allowed to free
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range within a 12- by 18-foot area. Briefly, group 1 (ducks 1.1 to 1.10)
were inoculated with A/Mallard/MN/346250/00 virus: 8 (2 per dose) were
exposed to different concentrations of OC in the drinking water, and 2
control ducks were not exposed to OC. Group 2 consisted of 8 ducks (2.1
to 2.8) inoculated with A/Mallard/MN/182742/98: 6 (2 per dose) exposed
to different concentrations of OC in the drinking water and 2 control
ducks not exposed to OC. Group 3 (3.1 to 3.8) was a partial replicate of
study group 2 in which 4 ducks received 1,000 ng/liter of OC in their
drinking water and 4 control ducks received no drug. Group 4 (4.1 to
4.10) was a replicate experiment for group 1 that included 5 ducks that
received 1,000 ng/liter of OC in their drinking water and 5 ducks that
received no OC in their drinking water.

Beginning 24 to 48 h prior to virus challenge, groups of ducks were
provided with drinking water containing between 10 and 10,000 ng/liter
OC, while control ducks were supplied water with no OC. Water dishes
were refilled daily with the appropriate concentration of OC; determining
individual duck water consumption was not possible because of the
shared single water source. All ducks were inoculated on day 0 with 10°
PFU of either H5N2 virus orally (directly in the mouth) and intranasally
(drops in the nares) in the first two groups and through their choanal cleft
in groups 3 and 4. The choanal cleft is located on the roof of the mallard’s
mouth as a slit and connects the nasal cavity with the throat; this inocu-
lation route minimizes the ability of the mallard to “blow out” the inoc-
ulum through their nares during intranasal application or by “missing”
the nasal cavity entirely when using the oral inoculation route. The change
in inoculation route to the choanal cleft was done to facilitate a more
natural inoculation route, which led to consistent infection rates and
shedding by all inoculated mallards (data not shown).

Cloacal swabs were collected daily in 2 ml BA-1 medium (MEM, 1%
BSA, 350 mg/liter sodium bicarbonate, 50 ml/liter 1 M Tris [pH 7.6], 5
mg/liter phenol red) supplemented with antibiotics (50 g/ml gentami-
cin, 100 U/ml polymyxin B, 50 U/ml nystatin, 100 U/ml penicillin, and 50
pg/ml streptomycin) from days 0 through 7 or 10. Swab samples were
split into duplicate 1-ml volumes and stored at —80°C until tested by
plaque assay.

We utilized the NAI and Sanger sequencing as two different strategies
to evaluate the development of resistance to oseltamivir in mallard ducks
infected with AIV. We initially tested viruses shed from ducks receiving
the highest dose of OC that did not completely inhibit virus shedding and
analyzed those viruses isolated toward the end of the shedding period,
assuming that if resistant viruses evolved, they would be present at the
highest frequency at that time due to the selective pressure of continued
presence of OC. For those ducks that shed oseltamivir-resistant virus, we
tested additional samples earlier during the course of infection to deter-
mine the time course of detection of resistance.

For groups 1 and 2, cloacal swabs were tested for viral titer by plaque
assay, and individual plaques were picked, grown once in eggs, and tested
in the NAT assay for drug resistance. The NA gene of viruses that showed
an increased IC5, was sequenced using the Sanger method. For groups 3
and 4, Sanger sequencing was performed on RNA extracted directly from
cloacal swabs. The direct sequencing from cloacal swabs was performed to
help eliminate the possibility that the growth of picked plaques in eggs
contributed to the selection of host-adaptive mutations.

OP treatment of mallards and AIV infection. This experiment was
designed to mimic treatment of ducks with a single dose of OP shortly
after exposure to AIV, a practice previously discussed to treat birds in live
markets where AIV infection frequently occurs. Nine 5-week-old mallard
ducks were inoculated with 10° PFU of A/Mallard/Minnesota/182742/
1998 virus via the choanal cleft. Six hours postinoculation, 4 inoculated
ducks were gavaged with 5 mg OP diluted in 2.5 ml distilled water, while
the other 5 virus-inoculated ducks received 2.5 ml of distilled water. Clo-
acal swabs were collected on days 0 through 7 and stored at —80°C until
tested by plaque assay. Samples from the latest time point of shedding
were sequenced for detection of the presence or absence of mutations.
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TABLE 1 Plasma concentrations of OP and OC in mallard ducks
administered a single oral dose (5 mg) of OP”

TABLE 2 Pharmacokinetic parameters of OP and OC in mallard ducks
administered a single oral dose (5 mg) of OP

Concn (ng/ml) 0C/OP Value

Hour OP oC ratio Parameter (units) OoP oC

0.25 1,170 (585)* 441 (200) 0.53 (0.53) Cnax (ng/ml) 1,190 (575) 487 (188)
0.5 886 (463) 481 (174) 0.83 (0.92) T ooy () 0.54 (0.71) 0.46 (0.10)
1 770 (405) 320 (134) 0.68 (0.86) AUC,_,, (ng - h/ml) 5,490 (2,500) 1,140 (382)
2 637 (347) 165 (68.4) 0.39 (0.41) AUC,_, (ng - h/ml) 10,500 (4,030) 1,240 (528)
3 552 (273) 89.4 (39.0) 0.21 (0.19) AUC,_,, (ng - h/ml) 11,000 (4,240) 1,390 (548)
4 459 (217) 64.0 (29.5) 0.18 (0.14) AUC,_., (ng - h/ml/mg) 2,200 (847) 303 (119)
6 383 (180) 46.4 (19.3) 0.16 (0.11) t,), (h) 10.5 (3.00) 6.48 (1.61)
12 292 (99.2) 24.3 (13.5) 0.10 (0.06) CL/F (liters/h) 0.517 (0.206) NC

24 166 (72.3) 4.83 (7.90) 0.04 (0.08) CL/F (liters/h/kg) 0.468 (0.191) NC

48 26.5(18.9) 0.00 (0.00) 0.00 (0.00) Vz/F (liters) 7.67 (3.60) NC

@ Values are means (standard deviations) from 6 experiments. Vz/F (liters/kg) 6.81 (2.91) NC

Transmissibility of mutant AIV in mallards. To evaluate differences
in transmissibility of wild-type versus OC-resistant AIV via direct contact
or environmental contamination, we infected 5-week-old mallards with
each virus, exposed them to noninfected ducks, and monitored the rate of
infection in all ducks. Two ducks each were inoculated with 10° PFU of
A/Mallard/Minnesota/182742/1998 or A/Mallard/Minnesota/182742/
1998-E119V virus, and 2 h later each separate pair of virus-inoculated
ducks was introduced to mingle freely with 6 contact ducks. In a second
transmissibility experiment, 3 ducks were inoculated with a mixture con-
taining 10° PFU of A/Mallard/Minnesota/182742/1998 virus and 10° PFU
of A/Mallard/Minnesota/182742/1998-E119V virus, and 2 h later, each of
the 3 inoculated ducks was introduced into a pen containing 3 contact
ducks. Blood was collected from all ducks prior to days 0 and on day 14
and tested for anti-AIV antibodies using the competitive ELISA. Cloacal
swabs were collected daily from days 0 through 14 from all 28 ducks and
assayed for viral titer by plaque assay as described above. RNA was ex-
tracted directly from cloacal swabs for sequencing to determine the pres-
ence or absence of the E119V mutation.

RESULTS

The goal of this study was to determine whether exposure of ducks
to OC in drinking water before and during the course of AIV
infection would lead to the emergence of oseltamivir-resistant
strains that could subsequently be transmitted to other ducks and
eventually humans.

Pharmacokinetics of oseltamivir in mallards. In order to de-
termine the effects influenza infection may have on mallard ducks,
we first sought to see the effects of 5 mg of OP given to ducks and
the breakdown of the drug to the active component OC over time.
The plasma concentrations of OP and OC in 6 ducks were deter-
mined following oral dosing of ducks with 5 mg OP and are listed
in Table 1, with the pharmacokinetic parameters listed in Table 2.
Plasma concentrations of oseltamivir were detectable at 48 h post-
dose, while the carboxylate metabolite was detectable only to 24 h
(Table 1). The ratio of OC metabolite to parent OP concentrations
was maximal at 0.5 h and declined from 0.83 to 0.04 at 24 h. Based
on the values of AUC,_.,, the ratio of metabolite to parent was
0.14. In one duck, the concentration of the metabolite was greater
than the parent in the first 4 samples for up to 2 h, following a
more human-like pattern. The other 5 ducks had consistently
higher concentrations of parent than metabolite. The mean C, s
for OP and OC were 1,190 and 487 ng/ml, respectively (Table 2).
T nax Was approximately 0.5 h for both the parent and metabolite.
The mean f,,, for OP was 10.5 h, which was longer than that for
OC, which was 6.48 h. CL/F of oseltamivir was 0.468 liters/h/kg
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“ Values are means (standard deviations) from 6 experiments. NC, not calculated.

and Vz/F was 6.81 liters/kg. Comparisons of duck pharmacoki-
netic parameters and human parameters are outlined in Table 3.
In humans, systemic exposure to OC is roughly 22 times greater
than exposure to OP as determined by AUC 0—, reflecting effi-
cient conversion of OP to enzymatically active OC. In contrast, we
found this ratio to be only 0.14 in ducks, suggesting either ineffi-
cient hepatic conversion or that conversion of OP to OC may
occur in the intestinal lumen, which could be significant consid-
ering that AIVs replicate in the intestinal tract of ducks. Addition-
ally, OP has a longer half-life in ducks than in humans, but OC has
asimilar half-life in both species, suggesting that while they appear
to have different mechanisms for conversion, they may share the
same mechanism for clearance. Further studies are required to
determine the complete mechanism of conversion in mallard
ducks.

OC treatment of mallards and AIV infection. These studies
were designed to simulate exposure of ducks to low levels of OC in
drinking water prior to and during infection with AIV. Interest-
ingly, mallards that received 10,000 ng/liter of OC in their drink-
ing water failed to shed detectable virus on any day (ducks 1.1 and
1.2) (Table 4). Virus culture and phenotypic testing with OC was
performed with 200 plaque-picked (day 4), egg-grown viruses
from the 2 ducks receiving 1,000 ng/liter of OC and the 2 ducks

TABLE 3 Comparison of pharmacokinetic parameters of OP and OC in
mallard ducks and humans following a single oral dose of OP

Value®
Oseltamivir

Oseltamivir carboxylate
Parameter (unit) Duck Human Duck Human
Cax (ng/ml) 1,190 84 487 215
T, (h) 0.54 1.00 0.46 5.00
AUC,_., (ng - h/ml/mg) 2,200 1.87 303 40.8
t,, (h) 10.5 1.70 6.48 7.7
CL/F (liters/h/kg) 0.47 7.1 NC NC
Vz/F (liters/kg) 6.81 17.6 NC NC

@ Pharmacokinetic parameters for ducks following a single oral dose of 5 mg of OP
(current study); mean duck weight = 1.11 kg. Pharmacokinetic parameters for humans
given a 75-mg oral dose of OP (clinical study WP20727 [57]); mean human weight =
75 kg. NC, not calculated.
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TABLE 4 Viral titers from cloacal swab samples in individual ducks infected with AIV while ingesting OC in drinking water”

Titer at post-virus inoculation day:

Drug concn

Group (ng/ml) 1 2 3 4 5 6 7 8 9

1
1.1 10,000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 NT NT
1.2 10,000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 NT NT
1.3 1,000 0.00 3.30 4.43 4.30 0.00 0.00 0.00 NT NT
1.4 1,000 0.00 2.60 4.36 2.00 0.00 0.00 0.00 NT NT
1.5 100 0.00 0.00 4.58 2.00 0.00 0.00 0.00 NT NT
1.6 100 0.00 0.00 0.00 0.00 0.00 0.00 0.00 NT NT
1.7 10 0.00 0.00 0.00 3.78 0.00 0.00 0.00 NT NT
1.8 10 0.00 0.00 4.78 4.40 0.00 0.00 0.00 NT NT
1.9 0 4.00 3.95 4.48 3.30 0.00 0.00 0.00 NT NT
1.10 0 0.00 0.00 4.88 2.85 0.00 0.00 0.00 NT NT

2
2.1 10,000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 NT NT
2.2 10,000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 NT NT
2.3 1,000 0.00 3.00 7.08 4.00 3.48 3.00 1.60 NT NT
24 1,000 0.00 3.30 0.00 3.40 4.00 2.30 0.00 NT NT
2.5 100 0.00 2.78 0.00 0.00 0.00 0.00 0.00 NT NT
2.6 100 0.00 2.70 1.00 2.70 3.48 0.00 0.00 NT NT
2.7 0 0.00 3.78 3.70 0.00 0.00 0.00 0.00 NT NT
2.8 0 0.00 3.30 0.00 0.00 0.00 1.00 0.00 NT NT

3
3.1 1,000 0.00 0.00 4.37 3.78 4.36 3.88 4.48 3.08 2.00
3.2 1,000 0.00 0.00 4.90 3.11 2.70 3.18 1.78 1.85 1.48
3.3 1,000 0.00 0.00 4.18 3.90 4.30 4.67 2.30 2.00 2.00
3.4 1,000 0.00 5.24 6.08 5.29 6.26 0.00 2.00 2.60 0.00
3.5 0 0.00 5.71 3.68 4.30 4.70 3.04 0.00 0.00 0.00
3.6 0 0.00 6.76 4.53 3.78 2.95 1.78 0.00 0.00 0.00
3.7 0 0.00 0.00 2.95 5.22 2.40 2.60 3.85 0.00 0.00
3.8 0 0.00 8.40 6.20 4.18 2.23 3.11 0.00 0.00 0.00

4
4.1 1,000 0.00 4.48 3.48 6.00 3.60 2.60 2.48 0.00 0.00
4.2 1,000 1.30 3.78 3.48 4.30 3.18 2.30 2.30 2.95 2.30
4.3 1,000 0.00 3.20 3.78 3.48 2.48 0.00 0.00 0.00 0.00
4.4 1,000 0.00 0.00 2.78 3.79 4.03 1.95 3.00 0.00 0.00
4.5 1,000 0.00 3.30 2.60 5.00 4.02 2.04 0.00 1.95 0.00
4.6 0 4.30 5.15 4.85 3.30 0.00 0.00 0.00 0.00 0.00
4.7 0 6.90 4.30 3.70 3.30 0.00 0.00 1.00 0.00 0.00
4.8 0 4.40 3.70 4.30 2.85 2.70 0.00 0.00 0.00 0.00
4.9 0 0.00 5.30 4.95 3.59 4.08 2.78 0.00 0.00 0.00
4.10 0 0.00 3.95 4.48 2.76 0.00 3.48 0.00 0.00 0.00

@ Viral titers reported in log10 PFU/ml; values of 0.00 represent titers of <10 PFU/ml. Duck identifiers highlighted in bold (2.3, 3.1, 3.3, 3.4) are those with the detected E119V

mutation. NT, not tested.

getting no OC. None of these 200 isolates showed an increased
ICs, in the NAT assay.

For group 2, we again observed that ducks exposed to 10,000
ng/liter of OC in drinking water failed to shed detectable virus on
any day (Table 4). Virus culture and phenotypic testing with OC
was performed with 205 plaque-picked, egg-grown viruses from
the 2 ducks receiving 1,000 ng/liter OC and the 2 control ducks. In
this group, increased phenotypic ICs,was detected in 35 picked
plaques, from days 5 and 6, of 1 of 2 ducks (duck 2.3) that received
1,000 ng/liter of OC in drinking water. None of 20 additional
plaques picked from the sample collected from duck 2.3 on day 3
had an elevated IC5,. Among 50 plaque-picked viruses on days 5
and 6 from duck 2.4, who also received 1,000 ng/liter of OC, none
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showed an increased IC5,. None of the 100 viruses tested from the
2 ducks receiving no OC had an elevated IC5, compared to that of
the wild-type 182742 virus.

For group 2 duck 2.3, we compared the IC;,s of 55 plaque-
picked viruses (35 viruses from days 5 and 6, and 20 viruses from
day 3) to the IC5, of the wild-type virus. We determined that the
mean ICs, for viruses from group 2 duck 2.3 on days 5 and 6 was
17.43 = 4.85 nM, which was an 8.8-fold increase over the IC5, for
the wild-type strain, which was 1.97 * 1.16 nM (Table 5). All
samples with phenotypic IC5,s above a specific cutoff value (mean
IC5, + 3 SD) were selected for NA sequencing. All the individual
viruses that had a =5.45 nM (1.97 + [3 X 1.16])-fold increase
were subjected to Sanger sequencing and found to contain an

aacasm.org 2175


http://aac.asm.org

Achenbach and Bowen

TABLE 5 IC;, comparisons between control sensitive and resistant
strains

NA NA Mean IC,, + SD*
Virus strain subtype mutation (nM) (fold inc)
A/TX/36/1991 N1 3.20 = 1.01
A/TX/36/1991 N1 H274Y 262.3 + 204.4 (81.96)
A/Wuhan/395/1995-like N2 3.215 +0.73
A/Wuhan/395/1995-like N2 E119V 26.25 * 4.25 (8.16)
A/Mallard/182742/1998 N2 1.97 = 1.16
A/Mallard/182742/1998 N2 E119V 17.43 + 4.85 (8.84)
A/Mallard/346250/2000 N2 5.14 = 1.23

“Means * SD calculated from data collected from at least 3 independent experiments.
fold ing, fold increase in ICs, for oseltamivir compared to that of the matching wild-
type strain.

A-to-T nucleotide change at position 356, which causes the amino
acid (aa) to change from glutamicacid (E) to valine (V) at position
119 (H3 numbering) in the NA sequence. In ducks with the E119V
mutation, we also observed a mutation from A to G at nucleotide
510, but this did not alter the amino acid sequence. The NA gene
from five additional plaques from duck 2.3 on day 3 was also
sequenced, but no mutations were detected at positions 119 or
510.

We then evaluated a set of serial NA sequences from group 2
duck 2.3 utilizing RNA extracted from cloacal swabs for days 2, 3,
4,5, and 6 to determine at which day postinoculation the muta-
tion is first detected. The A-to-T mutation was first detected at day
5 as a mixed A/T population, with the T mutation becoming the
dominant nucleotide on day 6 (Fig. 1). This matches the results
from the NAI assay that showed no increase in IC5, on day 3 but
did detect an increase on day 5. The A/mallard/182742/1998
E119V IC,, 8-fold increase results are also consistent with the pair
of A/Wuhan/395/95-like (H3N2) sensitive-to-resistant (E119V)
control, which showed a similar increase in IC,, values from sen-
sitive-to-resistant strains (Table 5).

For group 3, we did not repeat the 10,000 ng/liter of OC due to
lack of viral replication in the previous two experiments. Viral
titers were determined by plaque assay on MDCK cells (Table 4),
and RNA was extracted directly from original cloacal swabs on the
latest time point that virus was detected by plaque assay, followed
by RT-PCR and Sanger sequencing of the NA gene. Ducks 3.1, 3.3,
and 3.4, who received 1,000 ng/liter of OC in their drinking water,
shed virus that had an amino acid change of E119V in the NA
gene, along with one other nucleotide change of A to G at position
510 that caused no amino acid change compared to A/Mallard/
Minnesota/182742/1998. This is consistent with the results from
group 2 from ducks that were inoculated with the same virus.

In group 4, viral titers were determined and RNA was se-
quenced as outlined for group 3. None of the samples tested from
the 10 ducks showed nucleotide or amino acid changes in the NA
gene sequence.

Effect of a single dose of oseltamivir phosphate in mallards.
Administration of a single dose of OP shortly after challenge of
mallards with the A/Mallard/Minnesota/182742/1998 virus re-
sulted in significant suppression of virus replication in the host.
Three of the 4 ducks that received a single dose of OP did not shed
any detectable virus on days 0 through 7 (Table 6). One duck shed
virus on days 6 and 7 after challenge and drug treatment (Table 6).
RNA was extracted from cloacal swabs obtained on days 6 and 7
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from this duck, but even though the plaque size of this virus was
larger than the parental virus, mutations in the NA gene were not
detected by sequencing. Viruses from ducks that did not receive
OP were also evaluated by sequencing and no mutations were
detected. More work on timing of OP administration, such as
administering OP before challenge or administering OP after
shedding begins, would help to complete the picture of whether
this suggested practice would be beneficial or detrimental.

Replication kinetics of wild-type and resistant viruses. We
assayed the replication of both the A/Mallard/Minnesota/182742/
1998 virus and its E119V resistant virus, which is the plaque-pu-
rified, egg-grown isolate from group 2 duck 2.3, in both single-
step and multistep growth curves in MDCK cells. Replication of
the MUT-E119V virus was found to be comparable to that of
wild-type virus in vitro at each time point, except 8 and 10 h, when
the wild type had higher titers than the E119V resistant virus in the
single-step growth curve (Fig. 2). For the multistep growth curve,
titers of the wild type were higher than the E119V resistant strain
until 72 h. A comparison of the slopes of each virus growth curve
over time was analyzed using linear regression, and the lack of
statistical difference between wild-type and mutant virus slopes
over time indicated similar growth rates.

We also observed a change in plaque size between the wild-type
and E119V resistant viruses. Plaque size increased from 1 mm in
diameter in the wild-type to 3 to 5 mm in diameter for the E119V
resistant virus. While the increase in plaque size could reflect a role
in the enzymatic activity of NA of the E119V virus, changes in the
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FIG 1 Comparison of site-specific RT-PCR and Sanger sequencing. (A) Site-
specific RT-PCR on RNA isolated from cloacal swabs from one duck in group
two (2.3) inoculated with A/Mallard/182742/1998 and access to OC at 1,000
ng/liter on days 2 to 6 postinoculation using wild-type primers showing detec-
tion of wild-type E119 on all days; (B) site-specific RT-PCR on the same RNA
from panel A using E119V resistant primers showing the detection of E119V
on days 5 and 6; (C) chromatograms of DNA sequenced from the same duck as
that in panels A and B on days 4 to 6 postinoculation showing the visible
mutation on day 5 as a small subpopulation, compared with the faint band on
day 5 in panel B and as the dominant population on day 6.
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TABLE 6 Viral titers from cloacal swab samples in individual ducks following AIV inoculation and a single dose (5 mg) of OP

Titer at post-virus inoculation day”:

Duck Drug 1 2 3 4 5 6 7 8

1 5 mg OP 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2 5 mg OP 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3 5 mg OP 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
4 5 mg OP 0.00 0.00 0.00 0.00 0.00 2.30 3.85 0.00
5 None 0.00 6.61 5.08 4.43 4.08 2.00 2.00 0.00
6 None 0.00 4.08 3.95 0.00 2.18 2.30 0.00 0.00
7 None 0.00 6.53 0.00 0.00 5.36 NT NT 0.00
8 None 0.00 4.36 4.61 0.00 0.00 0.00 0.00 0.00
9 None 0.00 4.69 4.04 4.20 3.15 2.48 2.00 0.00

“ Viral titers reported in log10 PFU/ml; values of 0.00 represent titers of <10 PFU/ml. Samples highlighted in bold were extracted for RNA, followed by RT-PCR and Sanger

sequencing. NT, not tested.
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FIG 2 Growth curves of A/Mallard/Minnesota/182742/1998 and its E119V
resistant counterpart. (A) Single-step growth curve of A/Mallard/Minnesota/
182742/1998 and E119V resistant virus at an MOI of 2 PFU/cell. Values are
plotted as the medians and standard errors from two different replicates for
each virus. Replication is similar until 8 h postinoculation, where that of the
wild type increases over that of the E119V resistant strain. Statistical evaluation
by linear regression determined there were no significant differences in slopes
of the two growth curves (P = 0.055). (B) Multistep growth curve of wild-type
and E119V resistant viruses at an MOI of 0.01 PFU/cell. Both viruses reach
their maximum titer at 24 h postinoculation and vary at all time points except
72 h, with the wild type replicating at a higher titer. The slope comparisons
were also not statistically different.
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HA gene or other gene sequences might also cause this change. An
occasional large plaque phenotype was detected in the wild-type
virus stock, but the sequence analysis of three separate large
plaques picked from this stock revealed wild-type NA sequence.
Sequencing of the HA genes revealed two amino acid changes
between the wild-type and E119V resistant strain at positions 193
(lysine to glutamic acid) and 292 (serine to glycine) in the HA1
portion of the gene.

Transmission of the E119V mutant AIV in mallards. We eval-
uated both the replicative ability and transmissibility of the
A/Mallard/Minnesota/182742/1998 virus, the E119V resistant vi-
rus, and a competitive 1:1 mixture of both viruses in mallard
ducks, all in the absence of OC exposure. With the wild-type virus,
we demonstrated good replication in the 2 inoculated ducks at day
2 postinoculation and recorded detectable shedding on day 3 from
all 6 naive contact ducks. Viral shedding was detected through day
7 in three ducks, with 1 duck still having detectable virus on day 8,
the last day samples were collected (Table 7). Shedding was not
detected in the 2 ducks inoculated with the E119V resistant virus
until day 3, 1 day later than detectable shedding in ducks inocu-
lated with wild-type virus. The 6 naive contact control ducks
housed with inoculated ducks had detectable virus starting on day
4 and continuing through day 7, showing there was virus trans-
mitted (Table 7). For the 3 ducks inoculated with a 1:1 mixture of
wild-type and E119V resistant viruses, there was detectable shed-
ding on day 2 that continued through day 7 in group 1 and
through day 8 in groups 2 and 3 (Table 7). These results showed
transmission of virus with differing replicative abilities between
groups.

Virus titers detected from cloacal swabs in both inoculated and
naive contact ducks were analyzed utilizing analysis of variance
(ANOVA) by comparing area under the curve (AUC) values for
virus shedding. Ducks infected with the wild-type virus by contact
had significantly higher AUCs than ducks directly inoculated with
the wild-type virus (P = 0.04), ducks directly inoculated with the
E119V mutant virus (P = 0.02), ducks directly inoculated with
both viruses (P = 0.03), and ducks infected by contact transmis-
sion from dually infected ducks (P < 0.0001). Ducks infected with
the E119V virus by contact transmission had higher AUCs than
ducks housed with dually contact ducks (P = 0.004). Overall,
these data revealed higher AUCs from wild-type contact ducks,
which was interpreted to indicate that the wild-type virus was
more stable and had higher replicative ability in vivo.

Sanger sequencing was performed on RNA from all cloacal
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TABLE 7 Viral titers from cloacal swab samples in individual ducks following transmission experiments

Titer at post-virus inoculation day“:

Virus inoculum 1 2 3 4 5 6 7 8
182742 wild type
Duck 1 inoculated 0.00 2.00 3.70 2.30 0.00 0.00 0.00 0.00
Duck 2 inoculated 0.00 1.90 3.30 2.00 1.00 1.90 1.85 0.00
Duck 3 contact 0.00 0.00 3.75 3.30 4.04 0.00 2.60 0.00
Duck 4 contact 0.00 0.00 3.58 1.85 3.48 2.00 1.78 0.00
Duck 5 contact 0.00 0.00 5.15 0.00 0.00 1.70 0.00 0.00
Duck 6 contact 0.00 0.00 0.00 3.30 3.30 2.00 0.00 0.00
Duck 7 contact 0.00 0.00 4.78 2.90 3.18 0.00 0.00 2.30
Duck 8 contact 0.00 0.00 0.00 4.60 3.48 1.90 0.00 0.00
E119V resistant
Duck 9 inoculated 0.00 0.00 2.08 1.85 2.36 1.78 2.60 0.00
Duck 10 inoculated 0.00 0.00 1.85 2.54 3.70 1.70 1.85 0.00
Duck 11 contact 0.00 0.00 0.00 1.60 2.18 3.70 3.30 0.00
Duck 12 contact 0.00 0.00 0.00 0.00 1.70 3.48 2.60 0.00
Duck 13 contact 0.00 0.00 0.00 1.78 2.00 3.48 2.30 0.00
Duck 14 contact 0.00 0.00 0.00 0.00 3.70 2.85 3.00 0.00
Duck 15 contact 0.00 0.00 0.00 3.30 2.04 1.78 0.00 0.00
Duck 16 contact 0.00 0.00 0.00 0.00 3.18 4.30 0.00 0.00
1:1 mixture
Duck 17 inoculated 0.00 1.70 7.69 3.60 0.00 2.49 0.00 0.00
Duck 18 contact 0.00 0.00 0.00 3.18 2.23 3.30 2.60 0.00
Duck 19 contact 0.00 0.00 4.30 3.79 4.00 3.30 1.70 0.00
Duck 20 contact 0.00 0.00 0.00 3.30 3.48 3.90 2.60 0.00
Duck 21 inoculated 0.00 3.60 4.04 2.85 3.00 2.00 0.00 1.30
Duck 22 contact 0.00 0.00 4.08 3.30 2.36 3.78 0.00 0.00
Duck 23 contact 0.00 0.00 3.95 3.85 2.00 2.60 2.18 0.00
Duck 24 contact 0.00 0.00 3.70 3.78 3.30 0.00 0.00 0.00
Duck 25 inoculated 0.00 5.60 4.00 4.48 3.58 3.30 2.78 1.85
Duck 26 contact 0.00 0.00 0.00 4.34 3.00 2.08 2.70 0.00
Duck 27 contact 0.00 0.00 4.15 6.00 5.70 3.71 1.48 0.00
Duck 28 contact 0.00 0.00 3.49 4.20 4.34 2.78 2.60 0.00

“ Viral titers reported in log10 PFU/ml; values of 0.00 represent titers of <10 PFU/ml. Samples highlighted in bold were extracted for RNA, followed by RT-PCR and Sanger

sequencing.

swab samples, and all 28 ducks had the E119 wild-type phenotype.
Earlier samples from days 2 to 7 from ducks 17, 21, and 25 (Table
7) that were directly inoculated with the E119V resistant virus
were also subjected to Sanger sequencing and were determined to
not contain the E119V mutation. The lack of detection of E119V
in the ducks inoculated with resistant virus, and the lack of trans-
mission of resistant virus, correlates with the higher viral shedding
AUC results seen in the wild-type contact ducks and suggests poor
replication capacity of the E119V resistant virus in ducks.
Detection of resistant virus in wild-type virus stocks. We uti-
lized the site-specific RT-PCR to determine whether our original
stock of A/Mallard/Minnesota/182742/1998 virus had the E119V
mutation at a low level and to discern if the E119V resistant stock
had alow level of E119 present in the stock. We did not detect the
E119V mutation in the wild-type stock but did detect a faint band
suggesting a low level of wild-type E119 in the E119V resistant
stock. The low presence of wild-type E119 in the resistant stock
virus was not detected by Sanger sequencing, showing the valued
addition of this assay. Future experiments could involve reverse
genetics making the change E119V to remove the presence of the
wild type completely and further assess that this mutation has
minimal replicative ability in vivo. It would also be important to
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analyze transmission of the E119V resistant virus in the presence
of OC to determine if the stability of the mutation is dependent on
OC or unstable in any scenario.

DISCUSSION

We report here that the E119V NA mutation leading to increased
oseltamivir resistance that has been seen in humans has the ability
to occur in mallards in the presence of OC, although it appears to
be unstable in ducks, with reversion to the oseltamivir-sensitive
wild type. In the absence of OC, this mutation did not spontane-
ously occur in any of the ducks. Since ducks and wading birds are
the primary reservoir host of all influenza A virus subtypes, they
provide the source of all influenza A viruses that affect mammals,
including humans. If oseltamivir-resistant viruses arise in ducks
that are stable, they may ultimately contribute to viruses infecting
other species, including humans.

Before beginning our AIV studies, we first obtained a baseline
understanding of the pharmacokinetics of oseltamivir in ducks.
Based on those experiments, it appears that there are some distinct
differences in metabolism of this drug in humans versus ducks.
Additional research to evaluate concentrations of OC present in
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the duck digestive tract may better elucidate the actual interaction
of drug and virus.

We detected oseltamivir-resistant viruses in 4 out of 6 mallards
infected with the A/Mallard/Minnesota/182742/1998 strain of in-
fluenza virus exposed to 1,000 ng/liter OC. In these cases, the
OC-resistant viruses rapidly came to be the dominant population
of virus in treated ducks, likely the result of continued selective
pressure. The first day of detection of resistant virus was day 5. The
delay in the detection of resistant virus after drug exposure was
consistent with previous studies of children treated with oseltami-
vir during influenza virus infection, in which resistant strains were
not detected until day 4 (3) or days 4 and 6 posttreatment (38).
Resistant virus was not detected in the 13 control ducks that were
not exposed to OC. The 13 ducks that were infected with the
A/Mallard/346250/2000 strain, but exposed to OC, also did not
produce resistant viruses. Additionally, the 4 ducks exposed to
10,000 ng/liter OC in water failed to shed detectable quantities of
virus at any time postinoculation. While both strains of virus used
in these experiments were of the subtype H5N2, they were differ-
ent in their NA sequences and might be expected to behave differ-
ently in the presence of oseltamivir, as has been seen within sub-
types in human viruses. Analyzing and comparing the other genes
may show differences in sequence, leading to a better understand-
ing of the viruses as a whole. In terms of replication capacity of the
virus, viral titers displayed in Table 4 show comparable infection
and shedding rates between the two viruses. The ICs,s of the two
mallard wild-type viruses and wild-type controls were comparable
(Table 5).

Previous investigations indicate that a considerable amount of
OC is not broken down during water treatment processes and is
broken down slowly during natural processes, which can lead to
the accumulation of OC in the environment (21-28). Therefore,
the demonstrated ability of OC in drinking water to select OC-
resistant influenza H5N2 virus variants is of concern considering
that OC-resistant viruses are already increasing in frequency in
human populations (7, 10-12), even in areas of low oseltamivir
drug use (8). Differing conditions and more influenza strains
should be tested to determine how many virus strains that can
replicate in ducks may be subject to possible resistance selection
with exposure to OC in drinking water. In this respect, it is inter-
esting to note that a recent study also demonstrated the ability of
OC exposure to increase the incidence of the known H275Y resis-
tance mutation in the NA gene of A/Mallard/Sweden/51833/2006
(HIN1) virus in ducks (39).

Analysis of the replication kinetics of both wild-type and
E119V resistant viruses indicated that the E119V mutation that
arose from the A/Mallard/Minnesota/182742/1998 mallard virus
had a selective advantage in the presence of OC that disappeared
rapidly in the absence of OC and could not be transmitted to
contact ducks, indicating reduced replication fitness in vivo. It was
interesting that both wild-type virus and the plaque-purified
E119V resistant isolate had similar growth kinetics in MDCK cells,
despite rapid conversion to the wild type in vivo. The resistant
isolate also showed a large plaque phenotype in vitro. The reason
for this in vitro/in vivo difference and for the large plaque pheno-
type is unknown, although large plaques were also observed occa-
sionally with wild-type virus, and no NA sequence changes were
associated with that phenotype. We also evaluated the HA gene of
the wild-type and E119V resistant viruses, because interactions
between HA and NA could be responsible for the increased plaque
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size relative to that of the wild type (40-44). HA mutations can
also lead to reduced ability of binding of virus to sialic acids that
can lead to a reduced dependence of virus on functions provided
by NA (45-47). The two amino acid changes in the HA between
wild-type and E119V resistant strains do not appear to involve
previously noted significant locations, such as sialic acid binding
sites or within the HA cleavage site, although the 193-amino-acid
change is adjacent to conserved residues for a sialic acid binding
site (48).

Within the NA gene there are 8 amino acids identified as cata-
Iytic residues (R-118, D-151, R-152, R-224, E-276, R-292, R-371,
and Y-406) that are involved in direct contact with the substrate
and 11 framework residues (E-119, R-156, W-178, S-179, D-198,
1-222, E-227, E-277, N-294, and E-425) which play a role in the
stabilization of the active site (49). The E119V mutation has been
detected in virus from patients treated with oseltamivir (3, 50-52),
and in vitro and in vivo models have shown that viruses with this
mutation can replicate and transmit as efficiently as the parent
wild-type virus (15, 16).

We observed that mallards inoculated with the E119V resistant
virus, alone or as a mixture with the wild-type virus, failed to shed
detectable quantities of the E119V resistant virus or to transmit
that virus to contact ducks; only the wild-type virus was transmit-
ted in all three groups. This observation suggests that the NA
mutation of E119V is not as stable within mallards as it is in cell
culture, where it showed similar replication efficiencies. It is pos-
sible that the low level of wild-type virus present in the E119V
stock used to inoculate the mallards outcompeted the E119V re-
sistant virus within the mallard or that the E119V resistant virus
was unstable in the absence of OC and reverted to the wild type
following inoculation.

While Sanger sequencing has been shown to be very accurate in
detecting mutations, studies have shown that customized pyrose-
quencing is more sensitive in detecting very low levels of point
mutations (53). However, pyrosequencing is expensive and was
not pursued as part of these experiments. Other recent research
has utilized quantitative real-time or real-time RT-PCR coupled
with mathematical models based on differences in Ct values be-
tween wild-type and resistant strains for comparison. This can be
extremely sensitive for detecting very low levels of a specific mu-
tation (19, 37, 54-56). While we based our site-specific RT-PCR
on these models, which correlated with our Sanger sequencing
results plus detected one additional sample that Sanger sequenc-
ing missed, we recognize that there is a different level of sensitivity
between these methods.

We did not detect the E119V resistant strain in the wild-type
strain using either Sanger sequencing or site-specific RT-PCR as-
says but did detect an extremely low level of E119 in the resistant
strain by site-specific RT-PCR. We also utilized both methods in
the mallard transmission studies and did not detect the E119V
mutation in cloacal swabs from any ducks in all 3 groups. How-
ever, the delayed appearance of detectable virus (wild type) in the
ducks infected with the E119V resistant virus is consistent with de
novo reversion of the mutation to wild type, followed by out-
growth of the wild-type virus. While traditional ferret transmis-
sion studies look at aerosol or direct contact transmission once the
animal is already shedding virus, we choose a different time frame
for these mallard studies. Since there is repeated and close inter-
action of mallards directly in the wild, we allowed this same close
contact with the mallard ducks following inoculation of virus to
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time of interaction with contact naive ducks. This would be a
more likely representation of what happens in nature and would
include the possibility of either direct transmission or environ-
mental contamination transmission. Additional avian viruses
with neuraminidase mutations should be tested in mallards both
in the presence and absence of OC, to better evaluate the potential
role such viruses may play in spread of resistant viruses.

As resistant viruses continue to emerge and evolve, we need to
evaluate their ability to transmit and persist with or without selec-
tive pressure. While ferrets are the acceptable model to evaluate
oseltamivir-resistant strains that could affect humans, it is also
important to consider the natural reservoir of influenza viruses
and the likelihood that these viruses will survive in nature.
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