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Influenza A viruses (IAV) are zoonotic pathogens relevant to human, domestic animal and
wildlife health. Many avian IAVs are transmitted among waterfowl via a faecal-oral-route.
Therefore, environmental water where waterfowl congregate may play an important role in
the ecology and epidemiology of avian IAV. Water and sediment may sustain and transmit
virus among individuals or species. It is unclear at what concentrations waterborne viruses
are infectious or remain detectable. To address this, we performed lake water and sediment
dilution experiments with varying concentrations or infectious doses of four IAV strains from
seal, turkey, duck and gull. To test for infectivity of the IAV strains in a concentration dependent manner, we applied cultivation to specific pathogen free (SPF) embryonated chicken
eggs and Madin-Darby Canine Kidney (MDCK) cells. IAV recovery was more effective from
embryonated chicken eggs than MDCK cells for freshwater lake dilutions, whereas, MDCK
cells were more effective for viral recovery from sediment samples. Low infectious dose (1
PFU/200 μL) was sufficient in most cases to detect and recover IAV from lake water dilutions. Sediment required higher initial infectious doses (� 100 PFU/200 μL).

Introduction
Influenza A viruses (IAV) are widespread single stranded negative-sense RNA viruses with a
broad host range including birds [1–3], humans [4–7], horses [8–10], pigs [11–13] and marine
mammals [14,15]. Waterfowl are the natural reservoirs of IAVs [2,16,17] and avian IAV can
cause fatal outbreaks among wild birds and poultry [16–22]. Human infections with avian
IAVs demonstrate their zoonotic potential [20,23–31].
Avian IAVs are shed into water by birds in high concentration via faeces [3,32,33]. Once
shed, IAVs remain both environmentally persistent and infectious, particularly in cold
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freshwater (4˚C, 17˚C) with 0 ppt salinity [3,34,35]. The role of the environment in IAV transmission, particularly water sources used regularly by waterfowl and other bird species is not
fully understood. However, there is increasing evidence that water plays an important role in
the ecology, epidemiology and transmission of avian IAV [3,24,32,36,37]. Whereas human
and other mammalian IAVs are mainly transmitted through smear infection and inhalation of
aerosols and droplets [4,38–40], avian IAVs are transmitted via a faecal-oral-route. Water may
play an important role in indirect transmission via faecal contamination [3,33,37,41].
Leung et al. [42] indicated that water, such as from drinking troughs, can be used for avian
influenza surveillance. Water can be both simultaneously contaminated by multiple strains
and infect multiple individuals. This is also true for natural water bodies which are often frequented by waterfowl and consequently contaminated by IAVs. This has been shown for a
lake used by an Alaskan dabbling duck population [32] and water bodies along the Atlantic
Flyway [43]. Thus, it could be quite useful to include lake water and sediment when conducting IAV surveillance of wild waterfowl populations or drinking water for domestic poultry.
However, the detection of infectious IAVs in water is challenging. There are no standardized methods for the detection and isolation of IAVs from water and sediment samples. In
addition to the expected high dilution of virus in water bodies, detection from sediments is
complicated by high concentrations of microbes and substances that can interfere with viral
culturing experiments, e.g. bacteria and fungi. Sediment might concentrate the virus and viral
particles may be protected (e.g. from UV-light) resulting in longer persistence [44–46]. This
has been demonstrated in an experiment in which lake sediment, duck faeces and duck meat
were inoculated with IAV and persistence was found to be longest in lake sediment [46].
Sixty seven sediment samples from five lakes were screened by influenza virus specific PCR
with 26 (= 38.8%) found to be positive (S1 Table). Viral isolation attempted from the PCR positive samples using embryonated chicken eggs and Madin-Darby Canine Kidney (MDCK) cell
cultures was, however, unsuccessful. To determine if the lack of cultivation success was due to
low viral concentration, dilution experiments were performed with water and sediment using
four distinct serially diluted IAV strains. Embryonated chicken eggs and MDCK cell cultures
were then performed on the diluted strains to determine the minimal viral concentration/
infectious dose needed for IAV detection by cultivation. In addition, we aimed to test the
hypothesis that the probability of recovering IAV from inoculated freshwater and sediment
samples depends on different predictors including initial sample type, virus concentration,
used cultivation method and virus strain by statistical analyses. The results are discussed in the
context of the persistence of IAVs in the environment and the applicability of water and sediment samples to IAV surveillance.

Materials and methods
The experimental design is shown schematically in Fig 1. The experiment was designed according to the protocols of virus isolation from beach sand and sediment by Poulson et al. [47] and
Dalton et al. [43], respectively. We additionally compared our experimental design to a similar
study in which they established a protocol to concentrate and recover influenza A viruses from
large volumes of water [48]. Instead of using a non-pathogenic reverse-genetic virus we decided
to use four different pathogenic influenza virus strains. We used five dilutions and applied
embryonated chicken eggs and MDCK cell culturing as they did to obtain sufficient data.

Ethics statement
According to the German animal protection law experiments with (11-days) embryonated
chicken eggs do not need any specific permission. No animal experiments were performed.
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Fig 1. Schematic representation of the dilution experiment design. Lake surface water and sediment were collected
on October 16, 2015 from the lake Stechlin (Brandenburg, Germany) and influenza A virus dilutions were made with
the collected water. Detection and recovery from inoculated water and sediment samples were performed by
cultivation in embryonated chicken eggs and Madin-Darby Canine Kidney (MDCK) cells.
https://doi.org/10.1371/journal.pone.0216880.g001
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Sampling of lake water and sediment
Water and sediment samples used for the inoculation experiments were taken from the oligomesotrophic Lake Stechlin in Brandenburg, Germany (53˚08’56.7", N 13˚02’33.5"E) on October 16, 2015. Surface water was collected with sterile 50 mL tubes and the first centimetre of
the sandy sediment was obtained using a plexiglass tube (length 50 cm, Ø 44 mm) as a sediment corer. Samples were stored at -20˚ C. Both sample types were tested negative for IAV by
conventional PCR of a 104 bp size fragment of the Matrix gene according to Ward et al. [49].
After reamplification and a total of 70 amplification cycles (S1 Table) all samples were negative. The lake water was sterile-filtered through 0.22 μm Sterivex filters (Merck Millipore,
Germany) before use. The moist sediment sample was mixed with a sterile spoon to make it
homogeneous and split into 1 g aliquots.

Influenza A strains and dilutions
The experiment was set up in such a way that IAV negative natural water and sediment representing realistic conditions in which IAVs are transmitted, e.g. an environment in which wild
and domestic bird influenza outbreaks occur, were used. Experiments were carried out under
S3 laboratory conditions at the Heinrich Pette Institute, Hamburg, Germany. The following
IAV strains were tested: A/Seal/Massachusetts/1/1980 (H7N7) [50], A/Turkey/England/1977
(H7N7) [51], A/Gull/Maryland/704/1977 (H13N6) [52] and A/Duck/Alberta/35/1976 (H1N1)
[53]. The stock titres of the tested strains were determined via plaque assay on MDCK cells
shortly before performing the recovery assay. The viral stocks were diluted in 1 mL sterile filtered lake water to obtain 1000, 100, 10, 5 and 1 plaque forming units (PFU) per 200 μL (volume used for inoculation). Virus dilutions that were used to spike sediment samples were
prepared in a final volume of 1 mL as described above but in sterile Dulbeccos’s 1× PBS
(Sigma-Aldrich, Merck KGaA, Germany) for each strain and dilution. Then, each 1 mL virus
dilution was added to a 1 g sediment aliquot and mixed thoroughly by shaking and inverting
the tube. Samples that were not inoculated with influenza A viruses served as negative controls
and showed no cytopathogenic effects in MDCK cells nor hemagglutination with 1% chicken
erythrocyte suspension. We did not include additional positive controls, since the previously
tested virus stocks were all used for artificial infection. To control for strain variation, we used
influenza virus strains of different subtypes from different hosts.

IAV cultivation in embryonated chicken eggs
Specific pathogen free (SPF) eggs were obtained from VALO BioMedia GmbH (Germany)
and incubated at 37˚C and 55–60% rH for 11 days. Each infection was performed in triplicates
(three eggs per sample, for each virus strain and infectious dose) under S3 conditions at the
Heinrich Pette Institute, Leibniz Institute for Experimental Virology in Hamburg. 200 μL of
each virus dilution was used for infection of eggs. The infected amino-allantoic fluid was then
incubated at 37˚C for 48 h and analysed subsequently for viral replication by hemagglutination
assays.

Hemagglutination assays
The hemagglutination assay was performed according to Hirst [54] with some modifications.
For the assay, 1% chicken erythrocyte suspension was prepared in 0.9% sodium chloride (Th.
Geyer GmbH & Co.KG, Germany). Chicken blood was purchased from Lohmann Tierzucht,
Cuxhaven, Germany. Spiked samples, negative and positive controls were diluted 2-fold with
Dulbeccos’s 1× PBS (Sigma-Aldrich, Merck KGaA, Germany). Fifty μL of 1% erythrocyte
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solution was added to each virus dilution in a 96-well V-bottom microtiter plate. Hemagglutination was evaluated after incubation for 30 min at 4˚C by checking each well for agglutination
of red blood cells.

MDCK cell culture and cytopathogenic effect measurements
A continuous line of Madin Darby canine kidney II (MDCK II) cells was grown in minimal
essential medium (MEM, Gibco, Gibco Life Technologies, Germany) supplemented with 10%
fetal bovine serum (Invitrogen, Thermo Fisher Scientific, USA), 1% L-Glutamin (SigmaAldrich, Merck KGaA, Germany), 1% Penicillin und Streptomycin (Sigma-Aldrich, Merck
KGaA, Germany). Cells were infected as described before (modified after Gaush and Smith
[55]). Infection of MDCK cells was performed at 37˚C for 48 hours in 96-well microtiter plates
containing infection medium (MEM with 1% L-Glutamin, 0.2% BSA, 1% each Penicillin,
Streptomycin and 1 mg/mL TPCK-trypsin (Sigma-Aldrich, Merck KGaA, Germany)). The
viruses were serially diluted to obtain 1, 5, 10, 100 and 1000 PFU. Cytopathic effects were evaluated by light microscopy.

Results
To ensure that the hemagglutination and cytopathogenic effects observed using experimental
IAV dilutions were caused by the introduced IAV laboratory strains and not by viruses in the
samples themselves, non-inoculated lake water and sediment samples were included as negative controls. The negative controls did not show any hemagglutination or cytopathogenic
effect. They were also all PCR negative. The cultivation results for virus recovery from diluted
IAV freshwater and sediment samples are summarized in Table 1.

Sample type
Generally, virus recovery by culture from sediment was significantly less efficient than from
freshwater (χ2 = 174.69, p < 0.001, Figs 2A and 3) using both embryonated chicken eggs (logodd = 11.18) and MDCK cell cultures (log-odd = 3.17).
Table 1. Results of spiking experiment to test recovery rate of different IAV strains from water and sediment samples. The cultivation in embryonated chicken eggs
was evaluated by the hemagglutination assay. Infection in MDCK cells was shown as cytopathic effect. Green and red colours indicate positive and negative results,
respectively.
WATER

SEDIMENT
Embryonated chicken eggs, haemagglutination assay (HA)

Seal
1

2

Turkey
3

1

2

Duck
3

1

2

Gull
3

1

2

Seal
3

1

2

Turkey
3

1

2

Duck
3

1

3

1

2

Gull
3

1

3

1

2

3

1,000 PFU
100 PFU
10 PFU
5 PFU
1 PFU
MDCK cells, cytopathic effect (CPE)
Seal
1

2

Turkey
3

1

2

Duck
3

1

2

Gull
3

1

2

Seal
3

1

2

Turkey
3

1

2

Duck
2

Gull
2

3

1,000 PFU
100 PFU
10 PFU
5 PFU
1 PFU
https://doi.org/10.1371/journal.pone.0216880.t001
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Fig 2. Recovery of influenza A viruses from inoculated sediment and freshwater samples with embryonated chicken eggs (ECE)
and Madin-Darby Canine Kidney (MDCK) cells. Panel A graphs show all raw data points including each replicate and their
distribution separated by sample type (water compared to sediment) and cultivation method (embryonated chicken eggs compared to
MDCK cells). Panel B graphs show the same comparisons but separated by strain. Dark green circles represent samples with infection
doses � 100 PFU and light green < 100 PFU. Culture positive or negative data points are indicated on the y-axis. Results of sediment
samples are shown in the left panels and of freshwater samples on the right. Influenza A strains are indicated on the x-axis.
https://doi.org/10.1371/journal.pone.0216880.g002
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Fig 3. Predicted probability of recovering different influenza A virus strains from inoculated sediment (brown) and
freshwater (blue) samples by from embryonated chicken eggs (ECE) and Madin-Darby Canine Kidney (MDCK) cells.
Virus concentration (infection dose) is shown on a log scale on the x-axis and the predicted probability is shown on the yaxis. The dark lines indicate the predicted probability of recovery with increasing initial virus concentration. The blue and
brown distributions around the lines represent the 95% confidence intervals.
https://doi.org/10.1371/journal.pone.0216880.g003

Cultivation method
MDCK cells and embryonated chicken eggs have different effects on the probability of
recovery in freshwater and in sediment (χ2 = 27.68934, p < 0.001, Figs 2A and 3). In freshwater, embryonated chicken eggs were more efficiently for recovery than MDCK cells (logodd = 1.23), while for sediment samples the MDCK cells worked better (log-odd = 6.78).
For sediment samples, all infected eggs, except for three eggs infected with the A/Gull/
Maryland/704/1977 (H13N6) strain, were negative, whereas recovery was successful in MDCK
cell cultures with � 100 PFU/100 μL (Table 1, Fig 2A).
For freshwater samples, both cultivation systems worked well with a higher probability of
recovery in embryonated chicken eggs, as the duck strain A/Duck/Alberta/35/1976 (H1N1)
was not recovered from infectious doses lower than 10 PFU/200 μL when using MDCK cells
(Table 1, Fig 2).

Influenza virus strains and infectious dose
Strains (χ2 = 12.077, p = 0.007) and the infectious dose (χ2 = 39.512, p > 0.001) also had significant effects on the probability of recovering IAVs (Fig 3). Recovery from sediment samples
was only successful when having infectious doses of � 100 PFU/200 μL, whereas in freshwater
samples also 1 PFU/200 μL was sufficient to be recovered. In general, the probability of recovery increased with higher infectious doses.

PLOS ONE | https://doi.org/10.1371/journal.pone.0216880 May 15, 2019

7 / 13

Recovery of influenza A viruses

On a descriptive level, a different probability of recovery was observed for the strains A/
Gull/Maryland/704/1977 (H13N6) and A/Duck/Alberta/35/76 (H1N1). In freshwater, for
example, strain A/Duck/Alberta/35/1976 (H1N1) showed a more efficient recovery in embryonated chicken eggs than in MDCK cells and A/Gull/Maryland/704/1977 (H13N6) was the only
strain that had a small chance to be recovered from sediment samples when using embryonated chicken eggs.

Discussion
Influenza A virus sequences could be detected by PCR from environmental samples, but subsequent attempts to isolate IAVs failed (S1 Table). This result did not determine, whether the
PCR detected virus remained infectious, nor indicate which viral strain was detected. Therefore, dilution experiments were undertaken to determine the minimal infectious dose for four
different IAV strains necessary to successfully cultivate IAV from water and sediment. We
tested statistically, whether the recovery of IAV from inoculated water and sediment samples
were dependent on the sample type, infectious dose, strain and cultivation method used.
Significant differences in the culturing efficiency among used IAV strains were observed
(Figs 2 and 3). The IAV duck strain A/Duck/Alberta/35/76 (H1N1), for instance, grew better
in embryonated chicken eggs than in MDCK cells, which is consistent with a higher receptorbinding affinity to avian cell surface receptors [56–58]. In contrast, the seal strain A/Seal/
Mass/1/80 (H7N7) showed little differences in growth in MDCK cells compared to embryonated chicken eggs. However, caution is necessary in the interpretation of these findings given
the few strains and experiments performed.
Virus isolation from sediment mostly failed in embryonated chicken eggs and was only possible at high infectious doses in MDCK cells. Although previous studies have shown that virus
isolation is more efficient in embryonated chicken eggs than in MDCK cells for both swine
and avian IAV [59,60], MDCK cells were more tolerant when using sediment, which may contain many additional contaminants compared to the cleaner water. For example, humic acids
and heavy metals may impair the cultivation in embryonated chicken eggs, but may have a
smaller effect on MDCK cells. It is known that substances in soil and sediment often inhibit
PCR reactions and/or reduce extraction efficiency [61–63]. Bacteria and fungi could also interfere, but are diminished or at least reduced by sterile filtration through 0.22 μm filters. However, a chemical inhibition by any inhibitory compounds, e.g. humic acids cannot be fully
excluded. Negative control experiments with IAV free water and sediment did not exhibit
viral, bacterial or fungal growth indicating that if any inhibition occurred, it was not of microbial origin.
The low recovery rate from sediment cultures indicates that either there was inhibition, a
disruption of virus particles or that most of the virus remained bound to the sediment and
were not successfully transferred into the supernatant which was then used for infection.
Rapid and tight attachment to sediment or mineral surfaces has been shown previously for different viruses [64–66]. Furthermore, it could be demonstrated that sediment can prolong viral
survival [44,45,67]. IAV persistence has been shown to be highest in lake sediment followed by
faeces and duck meat [46]. Thus, notwithstanding cultivation difficulties, sediment might be a
viral vector and a good sample source for measuring IAV diversity, epidemiology and ecology.
Experimentally IAV diluted water samples demonstrated that minimal infectious doses (1
PFU/200 μL) are needed to infect embryonated eggs or MDCK cells. Previous work has shown
that IAV particles are persistent and infectious in freshwater over an extended time, e.g. over
30 days in non-chlorinated river water at 0˚C [3] or 100 days at 17˚C with salinity of 0 ppt
and pH 8.2 [35]. The extended stability and low viral concentration needed to seed infection
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suggests that lake water and sediments could be involved or could enhance IAV intra and
interspecies transmission.
We conclude that IAV cultivation from water samples requires minimal viral titres, but cultivation efficiency is influenced by viral strain and is enhanced in embryonated chicken eggs.
Sediment appears to be a source of IAV as well, but further methodological development is
needed to improve cultivation efficiency. Our initial PCR screening of sediment samples from
different lakes indicated the presence of IAV in 38.8% of samples (S1 Table). However, the
inability to culture virus and the findings of the experimental inoculation suggests that the
samples had either viral concentration below the minimum needed to infect embryonated
chicken eggs or that the virus particles were degraded due to transport and a freeze-thaw-cycle
and were no longer infectious. Although IAV surveillance could benefit from environmental
sampling, further methodological development will be required to determine the effect of sample type and length of time between viral shedding and sample collection on the ability to cultivate IAV. The results of the current study suggest that such research is urgently warranted to
better understand the spreading and reassortment of new influenza virus strains.

Supporting information
S1 Table. Detection of influenza A in sediment samples by conventional PCR. The first and
3rd-4th centimetre of sediment was obtained using a plexiglas tube (length 50 cm, Ø 44 mm)
and ruler as a sediment corer. Samples were stored at -20˚C till extraction. RNA from sediment
samples were extracted using the ZR Soil/Fecal RNA MicroPrep (ZymoResearch). The RNA
was then transcribed in cDNA using the SuperScript™ III Reverse Transcriptase (Invitrogen)
and 10μL of extracted RNA. The second DNA strand was synthesized with the Klenow DNA
Polymerase I (New England Biolabs). Conventional PCR of a 109 bp fragment of the matrix
gene running 35 cycles was performed according to Ward et al., 2004 (10.1016/S1386-6532
(03)00122-7). Only after a reamplification with another 30 cycles using 1 μL of the PCR product the amplified product was visible on a 1.5% agarose gel stained with Midori Green Direct
(Biozym). Isolation of IAV from some of the PCR positive sediment samples using embryonated chicken eggs and MDCK cell cultures as described in the current study failed.
(DOCX)
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Süss J, Schäfer J, Sinnecker H, Webster RG. Influenza virus subtypes in aquatic birds of eastern Germany. Arch Virol. 1994; 135: 101–114. https://doi.org/10.1007/BF01309768 PMID: 8198436

3.

Webster RG, Yakhno M, Hinshaw VS, Bean WJ, Copal Murti K. Intestinal influenza: Replication and
characterization of influenza viruses in ducks. Virology. 1978; 84: 268–278. https://doi.org/10.1016/
0042-6822(78)90247-7 PMID: 23604

4.

Alford RH, Kasel JA, Gerone PJ, Knight V. Human influenza resulting from aerosol inhalation. Exp Biol
Med. 1966; 122: 800–804. https://doi.org/10.3181/00379727-122-31255

5.
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Tůmová B. Special issue on animal and human influenzas equine influenza—A segment in influenza
virus ecology. Comp Immunol Microbiol Infect Dis. 1980; 3: 45–59.

11.

Hinshaw VS, Bean WJ, Webster RG, Easterday BC. The prevalence of influenza viruses in swine and
the antigenic and genetic relatedness of influenza viruses from man and swine. Virology. 1978; 84: 51–
62. https://doi.org/10.1016/0042-6822(78)90217-9 PMID: 74123

12.

Jung K, Ha Y, Chae C. Pathogenesis of swine influenza virus subtype H1N2 infection in pigs. J Comp
Pathol. 2005; 132: 179–184. https://doi.org/10.1016/j.jcpa.2004.09.008 PMID: 15737344

13.

Marozin S, Gregory V, Cameron K, Bennett M, Valette M, Aymard M, et al. Antigenic and genetic diversity among swine influenza A H1N1 and H1N2 viruses in Europe. J Gen Virol. 2002; 83: 735–745.
https://doi.org/10.1099/0022-1317-83-4-735 PMID: 11907321

14.

Bodewes R, Bestebroer TM, van der Vries E, Verhagen JH, Herfst S, Koopmans MP, et al. Avian influenza A(H10N7) virus–associated mass deaths among harbor seals. Emerg Infect Dis. 2015; 21: 720–
722. https://doi.org/10.3201/eid2104.141675

15.

Nielsen O, Clavijo A, Boughen JA. Serologic evidence of influenza A infection in marine mammals of
Arctic Canada. J Wildl Dis. 2001; 37: 820–825. https://doi.org/10.7589/0090-3558-37.4.820 PMID:
11763748

16.

Starick E, Beer M, Hoffmann B, Staubach C, Werner O, Globig A, et al. Phylogenetic analyses of highly
pathogenic avian influenza virus isolates from Germany in 2006 and 2007 suggest at least three separate introductions of H5N1 virus. Vet Microbiol. 2008; 128: 243–252. https://doi.org/10.1016/j.vetmic.
2007.10.012 PMID: 18031958

17.

Weber S, Harder T, Starick E, Beer M, Werner O, Hoffmann B, et al. Molecular analysis of highly pathogenic avian influenza virus of subtype H5N1 isolated from wild birds and mammals in northern Germany. J Gen Virol. 2007; 88: 554–558. https://doi.org/10.1099/vir.0.82300-0 PMID: 17251574

18.

Conraths FJ, Sauter-Louis C, Globig A, Dietze K, Pannwitz G, Albrecht K, et al. Highly pathogenic avian
influenza H5N8 in Germany: Outbreak investigations. Transbound Emerg Dis. 2016; 63: 10–13. https://
doi.org/10.1111/tbed.12443 PMID: 26519355

PLOS ONE | https://doi.org/10.1371/journal.pone.0216880 May 15, 2019

10 / 13

Recovery of influenza A viruses

19.

Ellis TM, Bousfield RB, Bissett LA, Dyrting KC, Luk GSM, Tsim ST, et al. Investigation of outbreaks of
highly pathogenic H5N1 avian influenza in waterfowl and wild birds in Hong Kong in late 2002. Avian
Pathol. 2004; 33: 492–505. https://doi.org/10.1080/03079450400003601 PMID: 15545029

20.

Koopmans M, Wilbrink B, Conyn M, Natrop G, van der Nat H, Vennema H, et al. Transmission of H7N7
avian influenza A virus to human beings during a large outbreak in commercial poultry farms in the Netherlands. The Lancet. 2004; 363: 587–593. https://doi.org/10.1016/S0140-6736(04)15589-X

21.

Nili H, Asasi K. Avian influenza (H9N2) outbreak in Iran. Avian Dis. 2003; 47: 828–831. https://doi.org/
10.1637/0005-2086-47.s3.828 PMID: 14575072

22.

Sturm-Ramirez KM, Ellis T, Bousfield B, Bissett L, Dyrting K, Rehg JE, et al. Reemerging H5N1 influenza viruses in Hong Kong in 2002 are highly pathogenic to ducks. J Virol. 2004; 78: 4892–4901.
https://doi.org/10.1128/JVI.78.9.4892-4901.2004 PMID: 15078970

23.

Chotpitayasunondh T, Ungchusak K, Hanshaoworakul W, Chunsuthiwat S, Sawanpanyalert P, Kijphati
R, et al. Human disease from Influenza A (H5N1), Thailand, 2004. Emerg Infect Dis. 2005; 11: 201–
209. https://doi.org/10.3201/eid1102.041061 PMID: 15752436

24.

Dinh P, Long H, Tien N, Hien N, Mai L, Phong L, et al. Risk factors for human infection with avian influenza A H5N1, Vietnam, 2004. Emerg Infect Dis. 2006; 12: 1841–1847. https://doi.org/10.3201/eid1212.
060829 PMID: 17326934

25.

Fouchier RAM, Schneeberger PM, Rozendaal FW, Broekman JM, Kemink SAG, Munster V, et al.
Avian influenza A virus (H7N7) associated with human conjunctivitis and a fatal case of acute respiratory distress syndrome. Proc Natl Acad Sci U S A. 2004; 101: 1356–1361. https://doi.org/10.1073/pnas.
0308352100 PMID: 14745020

26.

Hien TT, Liem NT, Dung NT, San LT, Mai PP, Chau N van V, et al. Avian influenza A (H5N1) in 10
patients in Vietnam. N Engl J Med. 2004; 350: 1179–1188. https://doi.org/10.1056/NEJMoa040419
PMID: 14985470

27.

Hinshaw VS, Webster RG, Easterday BC, Bean WJJ. Replication of avian influenza A viruses in mammals. Infect Immun. 1981; 34: 354–361. PMID: 7309229

28.

Murphy BR, Hinshaw VS, Sly DL, London WT, Hosier NT, Wood FT, et al. Virulence of avian influenza
A viruses for squirrel monkeys. Infect Immun. 1982; 37: 1119–1126. PMID: 7129631

29.

Peiris JSM, Yu WC, Leung CW, Cheung CY, Ng WF, Nicholls JM, et al. Re-emergence of fatal human
influenza A subtype H5N1 disease. Lancet Lond Engl. 2004; 363: 617–619. https://doi.org/10.1016/
S0140-6736(04)15595-5

30.

Pensaert M, Ottis K, Vandeputte J, Kaplan MM, Bachmann PA. Evidence for the natural transmission of
influenza A virus from wild ducts to swine and its potential importance for man. Bull World Health Organ.
1981; 59: 75–78. PMID: 6973418

31.

Subbarao K, Klimov A, Katz J, Regnery H, Lim W, Hall H, et al. Characterization of an avian influenza A
(H5N1) virus isolated from a child with a fatal respiratory illness. Science. 1998; 279: 393–396. PMID:
9430591

32.

Ito T, Okazaki K, Kawaoka Y, Takada A, Webster RG, Kida H. Perpetuation of influenza A viruses in
Alaskan waterfowl reservoirs. Arch Virol. 1995; 140: 1163–1172. PMID: 7646350

33.

Markwell DD, Shortridge KF. Possible waterborne transmission and maintenance of influenza viruses in
domestic ducks. Appl Environ Microbiol. 1982; 43: 110–115. PMID: 7055370

34.

Brown JD, Swayne DE, Cooper RJ, Burns RE, Stallknecht DE. Persistence of H5 and H7 avian influenza
viruses in water. Avian Dis. 2007; 51: 285–289. https://doi.org/10.1637/7636-042806R.1 PMID: 17494568

35.

Stallknecht DE, Kearney MT, Shane SM, Zwank PJ. Effects of pH, temperature, and salinity on persistence of avian influenza viruses in water. Avian Dis. 1990; 34: 412–418. PMID: 2142421

36.

Lang AS, Kelly A, Runstadler JA. Prevalence and diversity of avian influenza viruses in environmental
reservoirs. J Gen Virol. 2008; 89: 509–519. https://doi.org/10.1099/vir.0.83369-0 PMID: 18198382

37.

Rohani P, Breban R, Stallknecht DE, Drake JM. Environmental transmission of low pathogenicity avian
influenza viruses and its implications for pathogen invasion. Proc Natl Acad Sci. 2009; 106: 10365–
10369. https://doi.org/10.1073/pnas.0809026106 PMID: 19497868

38.

Liu C. Rapid diagnosis of human influenza infection from nasal smears by means of fluorescein-labeled
antibody. Proc Soc Exp Biol Med. 1956; 92: 883–887. https://doi.org/10.3181/00379727-92-22642
PMID: 13370555

39.

Mubareka S, Lowen AC, Steel J, Coates AL, Garcı́a-Sastre A, Palese P. Transmission of Influenza
virus via aerosols and fomites in the guinea pig model. J Infect Dis. 2009; 199: 858–865. https://doi.org/
10.1086/597073 PMID: 19434931

40.

Munster VJ, de Wit E, van den Brand JMA, Herfst S, Schrauwen EJA, Bestebroer TM, et al. Pathogenesis and transmission of swine-origin 2009 A(H1N1) influenza virus in ferrets. Science. 2009; 325: 481–
483. https://doi.org/10.1126/science.1177127 PMID: 19574348

PLOS ONE | https://doi.org/10.1371/journal.pone.0216880 May 15, 2019

11 / 13

Recovery of influenza A viruses

41.

Roche B, Lebarbenchon C, Gauthier-Clerc M, Chang C-M, Thomas F, Renaud F, et al. Water-borne
transmission drives avian influenza dynamics in wild birds: the case of the 2005–2006 epidemics in the
Camargue area. Infect Genet Evol J Mol Epidemiol Evol Genet Infect Dis. 2009; 9: 800–805. https://doi.
org/10.1016/j.meegid.2009.04.009

42.

Leung YHC, Zhang L-J, Chow C-K, Tsang C-L, Ng C-F, Wong C-K, et al. Poultry drinking water used
for avian influenza surveillance. Emerg Infect Dis. 2007; 13: 1380–1382. https://doi.org/10.3201/
eid1309.070517 PMID: 18252115

43.

Dalton MS, Stewart LM, Ip HS. Occurrence of viable avian influenza viruses in water and bed sediments
from selected water bodies along the Atlantic Flyway, February and May 2006 and January 2007 [Internet]. U.S. Geological Survey; 2009. Report No.: 2009–1161. http://pubs.er.usgs.gov/publication/
ofr20091161

44.

LaBelle RL, Gerba CP. Influence of estuarine sediment on virus survival under field conditions. Appl
Env Microbiol. 1980; 39: 749–755.

45.

Smith EM, Gerba CP, Melnick JL. Role of sediment in the persistence of enteroviruses in the estuarine
environment. Appl Env Microbiol. 1978; 35: 685–689.

46.

Nazir J, Haumacher R, Ike AC, Marschang RE. Persistence of avian influenza viruses in lake sediment,
duck feces, and duck meat. Appl Environ Microbiol. 2011; AEM.00415-11. https://doi.org/10.1128/
AEM.00415-11 PMID: 21622783

47.

Poulson RL, Luttrell PM, Slusher MJ, Wilcox BR, Niles LJ, Dey AD, et al. Influenza A virus: sampling of
the unique shorebird habitat at Delaware Bay, USA. Open Sci. 2017; 4: 171420. https://doi.org/10.
1098/rsos.171420 PMID: 29291124

48.

Khalenkov A, Laver WG, Webster RG. Detection and isolation of H5N1 influenza virus from large volumes of natural water. J Virol Methods. 2008; 149: 180–183. https://doi.org/10.1016/j.jviromet.2008.01.
001 PMID: 18325605

49.

Ward CL, Dempsey MH, Ring CJA, Kempson RE, Zhang L, Gor D, et al. Design and performance testing of quantitative real time PCR assays for influenza A and B viral load measurement. J Clin Virol Off
Publ Pan Am Soc Clin Virol. 2004; 29: 179–188. https://doi.org/10.1016/S1386-6532(03)00122-7

50.

Webster RG, Hinshaw VS, Bean WJ, Van Wyke KL, Geraci JR, St. Aubin DJ, et al. Characterization of
an influenza A virus from seals. Virology. 1981; 113: 712–724. https://doi.org/10.1016/0042-6822(81)
90200-2 PMID: 6267805

51.

Alexander DJ, Allan WH, Parsons G. Characterisation of influenza viruses isolated from turkeys in
Great Britain during 1963–1977. Res Vet Sci. 1979; 26: 17–20. PMID: 472486

52.

Hinshaw VS, Air GM, Gibbs AJ, Graves L, Prescott B, Karunakaran D. Antigenic and genetic characterization of a novel hemagglutinin subtype of influenza A viruses from gulls. J Virol. 1982; 42: 865–872.
PMID: 7097861

53.

Hinshaw VS, Webster RG, Turner B. Novel influenza A viruses isolated from Canadian feral ducks:
Including strains antigenically related to swine influenza (Hsw1N1) viruses. J Gen Virol. 1978; 41: 115–
127. https://doi.org/10.1099/0022-1317-41-1-115 PMID: 81267

54.

Hirst GK. The quantitative determination of influenza virus and antibodies by means of red cell agglutination. J Exp Med. 1942; 75: 49–64. PMID: 19871167

55.

Gaush CR, Smith TF. Replication and plaque assay of influenza virus in an established line of canine
kidney cells. Appl Env Microbiol. 1968; 16: 588–594.

56.

Gambaryan A, Webster R, Matrosovich M. Differences between influenza virus receptors on target
cells of duck and chicken. Arch Virol. 2002; 147: 1197–1208. https://doi.org/10.1007/s00705-002-07964 PMID: 12111429

57.

Kuchipudi SV, Nelli R, White GA, Bain M, Chang KC, Dunham S. Differences in influenza virus receptors in chickens and ducks: Implications for interspecies transmission. J Mol Genet Med Int J Biomed
Res. 2009; 3: 143–151.

58.

Rogers GN, Paulson JC. Receptor determinants of human and animal influenza virus isolates: Differences in receptor specificity of the H3 hemagglutinin based on species of origin. Virology. 1983; 127:
361–373. https://doi.org/10.1016/0042-6822(83)90150-2 PMID: 6868370

59.

Clavijo A, Tresnan DB, Jolie R, Zhou E-M. Comparison of embryonated chicken eggs with MDCK
cell culture for the isolation of swine influenza virus. Can J Vet Res. 2002; 66: 117–121. PMID:
11989733

60.

Moresco KA, Stallknecht DE, Swayne DE. Evaluation and attempted optimization of avian embryos and
cell culture methods for efficient isolation and propagation of low pathogenicity avian influenza viruses.
Avian Dis. 2010; 54: 622–626. https://doi.org/10.1637/8837-040309-Reg.1 PMID: 20521704

61.

Tsai YL, Olson BH. Rapid method for separation of bacterial DNA from humic substances in sediments
for polymerase chain reaction. Appl Env Microbiol. 1992; 58: 2292–2295.

PLOS ONE | https://doi.org/10.1371/journal.pone.0216880 May 15, 2019

12 / 13

Recovery of influenza A viruses

62.

Watson RJ, Blackwell B. Purification and characterization of a common soil component which inhibits
the polymerase chain reaction. Can J Microbiol. 2000; 46: 633–642. https://doi.org/10.1139/w00-043
PMID: 10932357

63.

Wilson IG. Inhibition and facilitation of nucleic acid amplification. Appl Environ Microbiol. 1997; 63:
3741–3751. PMID: 9327537

64.

Attinti R, Wei J, Kniel K, Sims JT, Jin Y. Virus’ (MS2, ϕX174, and Aichi) attachment on sand measured
by atomic force microscopy and their transport through sand columns. Environ Sci Technol. 2010; 44:
2426–2432. https://doi.org/10.1021/es903221p

65.

LaBelle RL, Gerba CP. Influence of pH, salinity, and organic matter on the adsorption of enteric viruses
to estuarine sediment. Appl Env Microbiol. 1979; 38: 93–101.

66.

Loveland JP, Ryan JN, Amy GL, Harvey RW. The reversibility of virus attachment to mineral surfaces.
Colloids Surf Physicochem Eng Asp. 1996; 107: 205–221. https://doi.org/10.1016/0927-7757(95)
03373-4

67.

Chung H, Sobsey MD. Comparative survival of indicator viruses and enteric viruses in seawater and
sediment. Water Sci Technol. 1993; 27: 425–428. https://doi.org/10.2166/wst.1993.0385

PLOS ONE | https://doi.org/10.1371/journal.pone.0216880 May 15, 2019

13 / 13

