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Abstract

Infections with avian influenza viruses (AIV) of low and high pathogenicity (LP and HP) and 

Newcastle disease virus (NDV) are commonly reported in domestic ducks in many parts of the 

world. However, it’s not clear if co-infections with these viruses affect the severity of the diseases 

they produce, the amount of virus shed, and transmission of the viruses. In this study we infected 

domestic ducks with a virulent NDV virus (vNDV) and either a LPAIV or a HPAIV by giving the 

viruses individually, simultaneously, or sequentially two days apart. No clinical signs were 

observed in ducks infected or co-infected with vNDV and LPAIV, but co-infection decreased the 

number of ducks shedding vNDV and the amount of virus shed (P <0.01) at 4 days post 

inoculation (dpi). Co-infection didn’t affect the number of birds shedding LPAIV, but more 

LPAIV was shed at 2 dpi (P <0.0001) from ducks inoculated with only LPAIV compared to ducks 

co-infected with vNDV. Ducks that received the HPAIV with the vNDV simultaneously survived 

fewer days (P <0.05) compared to the ducks that received the vNDV two days before the HPAIV. 

Co-infection also reduced transmission of vNDV to naïve contact ducks housed with the 

inoculated ducks. In conclusion, domestic ducks can become co-infected with vNDV and LPAIV 

with no effect on clinical signs but with reduction of virus shedding and transmission. These 

findings indicate that infection with one virus can interfere with replication of another, modifying 

the pathogenesis and transmission of the viruses.
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1. Introduction

Avian influenza virus (AIV) and Newcastle disease virus (NDV) are two of the most 

economically important viruses affecting poultry worldwide (Alexander, 1995). These 

viruses transmit from their natural reservoirs, wild birds, to domestic birds initially 

producing subclinical infections and occasionally upper respiratory disease and drops in egg 

production (Swayne, et al., 2013). More virulent forms of the viruses can arise and cause 

high mortality and great economic losses in poultry. Both, AIV and NDV are single-

stranded, negative-sense RNA viruses. AIV’s are type A Orthomyxoviruses and are 

classified as low pathogenicity (LP) and high pathogenicity (HP) viruses based on their 

virulence in chickens and the presence of multiple basic amino acids at the cleavage site of 

the hemagglutinin (HA) protein (Swayne, et al., 2013). NDV’s, also known as avian 

Paramyxovirus 1 (APMV1), are members of the genus Avulavirus in the Paramyxoviridae 

family (Miller and Koch, 2013). NDV’s also vary in the type and severity of the disease they 

produce, and different pathotypes based on virulence in chicken and the sequences 

surrounding the protease cleavage site of the fusion (F) protein, have been described in 

poultry (Alexander and Senne, 2008; Miller and Koch, 2013). The original classification of 

NDV isolates into 1 of 3 virulence groups by chicken embryo and chicken inoculation as 

virulent (velogenic), moderately virulent (mesogenic), or of low virulence (lentogenic) has 

been abbreviated for regulatory purposes. Velogens and mesogens are now classified as 

virulent NDV (vNDV), the cause of Newcastle disease, whereas infections with lentogenic 

strains are the low virulence NDV widely used as live vaccines (Miller and Koch, 2013). 

The diseases produced by AIV and NDV remain one of the major problems affecting 

existing or developing poultry industries in many countries. Importantly, disease from 

vNDV and HPAIV are clinically indistinguishable.

Domestic ducks are economically important poultry, especially in Asian countries. Domestic 

ducks act as intermediate hosts of AIV between wild ducks and terrestrial poultry, with 

LPAIV’s of many subtypes being isolated from domestic ducks (Huang et al., 2010; Kim et 

al., 2013). Historically, ducks naturally or experimentally infected with AIV’s, including 

HPAIV’s, only develop subclinical to mild disease. This dogma has been challenged since 

many Asian lineage H5N1 HPAIV’s since 2002 have produced severe disease and mortality 

in ducks (Pantin-Jackwood and Swayne, 2009). Although waterfowl are a reservoir of NDV, 

the epidemiology of NDV in domestic ducks remains unclear. NDV has been isolated from 

domestic ducks in countries reporting endemic ND (Liu et al., 2009). Similar to AIV, 

genetically varied NDV found in domestic ducks suggests they may act as reservoir of 

different NDV genotypes and play a role in NDV epidemiology (Hu et al., 2010; Lee et al., 

2009; Liu et al., 2009; Zhang et al., 2011b). In general, ducks show few if any clinical signs 

after NDV infection with strains lethal to chickens (Aldous et al., 2010; Anis et al., 2013; 

Dai et al., 2013; Otim Onapa et al., 2006; Tsai et al., 2004; Zhang et al., 2011a). However, 

some studies report NDV strains capable of causing clinical disease in ducks (Shi et al., 

2011; Dai et al., 2014).

Natural co-infections of NDV and LPAIV have been documented numerous times in wild 

waterfowl and in domestic poultry (Couacy-Hymann et al., 2012; Dormitorio et al., 2009; 

Hanson et al., 2005; Molia et al., 2011; Rosenberger et al., 1974; Roussan et al., 2008; 
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Shortridge, 1980). However, little is known on the interactions between these two viruses 

when simultaneously infecting poultry species including domestic ducks. We have 

previously demonstrated differences in virus shedding when chickens and turkeys were co-

infected with a low virulence NDV and a LPAIV (Costa-Hurtado et al., 2014). Similarly, co-

infection of mallard ducks with low virulence wild bird isolates of NDV and LPAIV did not 

affect the ability of the ducks to become infected with either virus but a minor effect on 

virus shedding was found (França et al., 2014).

Domestic ducks likely become co-infected with low and high virulence NDV, LPAIV and 

HPAIV in countries where these viruses circulate in poultry. It’s not clear if co-infections 

exacerbate the diseases caused by these viruses, or if infection with one virus would 

interfere with infection by another. An effect of co-infection on virus replication could affect 

virus shedding and consequently transmission of the viruses to other hosts. This is 

information is important because it helps understand the epidemiology of these viruses in 

field situations aiding in the control of AI and NDV. The objective of this study was to 

examine co-infection of domestic ducks with a virulent NDV and a LPAIV or a HPAIV by 

infecting the ducks simultaneously or sequentially with the viruses. Pathogenesis (clinical 

signs, lesions), duration and titer of virus shed, seroconversion, and transmission were 

evaluated.

2. Materials and Methods

2.1. Viruses

The following viruses were obtained from the Southeast Poultry Research Laboratory 

(SEPRL) virus repository: virulent NDV (vNDV): APMV-1/duck/Vietnam (Long Bien)/

78/2002; LPAIV: A/Mallard/OH/421/1987 H7N8; and HPAIV: A/duck/VN/

NCVD-672/2011 (H5N1). The APMV-1/duck/Vietnam, Long Bien/78/2002, was initially 

isolated from ducks in a Vietnamese poultry market and belongs to genotype VIId. This 

virus produces severe disease and death in chickens (Susta et al., 2011). The LPAIV is a 

wild duck isolate that has an infectious dose of 101 EID50 for ducks (E. Spackman, 

unpublished data). The HPAIV belongs to HA clade 2.3.2.1B and is highly virulent for 

ducks (Cha et al., 2013). The viruses were propagated in embryonating chicken eggs (ECE) 

as previously described (Senne, 2008). Allantoic fluid was diluted in brain heart infusion 

(BHI) medium (BD Bioscience, Sparks, MD) in order to obtain an inoculum with 106–7.5 

50% egg infectious dose (EID50) per bird in 0.1 ml. A sham inoculum was made using 

sterile allantoic fluid diluted 1:300 in brain heart infusion (BHI) medium (BD Bioscience, 

Sparks, MD). The experiment was performed in biosecurity level-3 enhanced (BSL-3E) and 

animal BSL-3E facilities at the SEPRL, United States Department of Agriculture, 

Agricultural Research Service, and procedure were reviewed by the SEPRL institutional 

biosecurity committee.

2.2. Birds

Pekin ducks (A. platyrhynchos var. domestica) were obtained at 1 day of age from a 

commercial hatchery. Serum samples were collected from 15 ducks to ascertain that the 

birds were serologically negative to NDV and AIV. At two weeks of age the ducks were 
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housed in self-contained isolation units ventilated under negative pressure with inlet and 

exhaust HEPA-filtered air, and maintained under continuous lighting. Feed and water were 

provided with ad libitum access. Birds were cared for in accordance to an SEPRL’s 

Institutional Animal Care and Use Committee approved animal use protocol.

2.3 Experimental design

Ducks were separated into a control group and nine virus-inoculated groups (Table 1). All 

treatment groups contained nine birds and were inoculated by the intraocular and intranasal 

(choanal cleft) routes. Each virus or sham inoculum was administered in 0.1 ml split 

between the conjunctival sac of the right eye and the choana. The virus doses administered 

were: 107 EID50 of NDV, 107.5 EID50 of LPAIV, and 106 EID50 of HPAIV. The viruses 

were given alone, simultaneously, or sequentially (the second virus two days after the first 

virus) (Table 1). The ducks were observed daily for signs of illness for 10 days. Body 

weights and temperatures were taken at the time of virus exposure (day 0), and at 2 days 

post inoculation (dpi) with the single or combined viruses, or 2 days after receiving the 

second virus when given sequentially. Oropharyngeal (OP) and cloacal (CL) swabs were 

collected from all virus-inoculated ducks at 2, 4, 6, and 8 days dpi (the dpi were counted 

from exposure to the second virus with groups sequentially inoculated), to assess virus 

shedding. Two ducks from each group were euthanized at 2 dpi and tissues were collected in 

10% neutral buffered formalin to evaluate microscopic lesions and the extent of virus 

replication in tissues as described previously (Pantin-Jackwood and Swayne, 2007; Susta et 

al., 2011). Three naïve contact ducks were added to each group at this time to examine for 

virus transmission. Ducks that showed severe neurological signs, stopped eating or drinking, 

or remained recumbent, were euthanized and counted dead as for the next day for mean 

death time calculations. Surviving ducks were bled at 10 dpi for serology and euthanized by 

the intravenous (IV) administration of sodium pentobarbital (100 mg/kg body weight).

2.4. Quantitative real-time RT-PCR

OP and CL swabs were collected in 2 mL of BHI broth with a final concentration of 

gentamicin (1,000 μg/mL), penicillin G (10,000 units/mL), and amphotericin B (20 IU/mL) 

and kept frozen at −70°C until processed. Viral RNA was extracted using Trizol LS reagent 

(Invitrogen, Calsbad, CA) and the MagMAX AI/ND Viral RNA Isolation Kit (Ambion, 

Austin, TX, USA). Quantitative real time RT-PCR (qRT-PCR) for AIV and NDV detection 

was performed as previously described (Costa-Hurtado et al., 2014). qRT-PCR reactions 

targeting the influenza virus M gene (Spackman et al., 2002) and NDV M gene (Wise et al., 

2004) were conducted using AgPath-ID one-step RT-PCR Kit (Ambion, Austin, TX, USA) 

and the ABI 7500 Fast Real-Time PCR system (Applied Biosystem, Calsbad, CA, USA). 

The RT step conditions for both primer sets were 10 min at 45°C and 95°C for 10 min. The 

cycling conditions for AIV were 45 cycles of 15 s, 95°C; 45 s, 60°C; and for NDV were 40 

cycles of 10 s, 94°C; 30 s, 56°C; 10 s, 72°C. The calculated qRT-PCR lower detection limit 

for LPAIV, HPAIV and vNDV was 100.8EID50/mL, 101.0EID50/mL, and 100.94EID50/mL, 

respectively. A standard curve for virus quantification was established with RNA extracted 

from dilutions of the same titrated stock of the challenge virus, and results also reported as 

EID50/mL equivalents.
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2.5. Serology

Hemagglutination inhibition (HI) assays were performed to quantify antibody responses to 

virus infection as previously described (OIE, 2012), with serum collected from ducks at 10 

dpi (8 dpi in groups that were exposed to the viruses sequentially). HI titers were reported as 

reciprocal log2 titers, with a 3 log2 (a titer of 1:8) titer considered the minimum positive 

titer.

2.6. Statistical analyses

Data were analyzed using Prism v.5.01 software (GraphPad Software Inc. La Jolla, CA, 

USA). The survival rate data was analyzed using the Mantel-Cox Log-Rank test. One-way 

ANOVA with Tukey post-test was used to analyze body weights, body temperatures, and 

virus titers in swabs. For statistical purposes, all qRT-PCR negative oropharyngeal and 

cloacal swabs were given a numeric value of 100.8EID50/mL, 101.0EID50/mL and100.94 

EID50/mL for LPAIV, HPAIV, and vNDV, respectively. These values represent the lowest 

detectable level of virus in these samples based on the methods used. Statistical significance 

was set at P <0.05 unless otherwise stated.

3. Results

3.1. Clinical signs

No morbidity or mortality was observed in the groups of ducks inoculated with vNDV or 

LPAIV, given individually or in combination. All ducks inoculated with the HPAIV died in 

less than four days post HPAIV inoculation, regardless of simultaneous or sequential co-

infection with vNDV (Table 2). The MDT was calculated based on the number of dead 

ducks per day after HPAIV inoculation. Ducks that received the HPAIV with the vNDV 

simultaneously had significantly shorter survival times than the ducks that received the 

vNDV two days before the HPAIV. Clinical signs of infection with HPAIV were found in 

all the groups inoculated with this virus and included lethargy, anorexia, prostration, and 

neurological signs, similar to previously reported with H5N1 HPAIV infection in ducks 

(Pantin-Jackwood and Swayne, 2007). Apart from the delay in deaths in the group 

inoculated with vNDV two days before the HPAIV, no difference in the severity of clinical 

signs was observed between the groups.

Body temperatures were taken 2 days after inoculation with the single viruses or viruses 

given simultaneously, and 2 days after receiving the second virus in groups that were 

inoculated sequentially. A significant reduction in body temperature was found at 2 dpi in 

ducks inoculated with the HPAIV alone when compared to the other groups, which 

corresponds with a moribund physical condition (Table 2). Ducks inoculated with the vNDV 

followed by the HPAIV, had significantly higher body temperatures at 2dpi. These ducks 

were still not moribund and hence the fever. Three of four ducks from the group 

simultaneously infected with vNDV and the HPAIV also presented with fever and one duck 

had low body temperature. The rest of the ducks infected with the vNDV and /or the LPAIV 

had only slight variations in body temperature, but were not significantly different from the 

controls. The lowest body weights were observed in the ducks inoculated with the HPAIV, 

which were anorexic.
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3.2. Gross lesions, microscopic lesions and viral antigen staining in tissues

No gross lesions were observed in any of the birds inoculated with vNDV, LPAIV, or co-

infected with both, when examined at necropsy on 2 dpi. However, microscopic lesions 

were present and consistent with LPAIV and vNDV infection or non-specific inflammation. 

NDV and AIV antigen staining was rare in tissues collected from LPAIV and vNDV-

inoculated ducks and were confined to the nasal and trachea epithelial cells and infiltrating 

macrophages (not shown). Because of the minimal viral staining observed with these 

viruses, no conclusions could be reached on differences in virus replication in tissues 

between single virus-infected ducks and co-infected ducks.

Gross lesions were observed and were similar in all ducks inoculated with HPAIV 

regardless of co-infection with vNDV, and consisted of dehydration, empty intestines, 

splenomegaly, and thymus atrophy. Also, nasal discharge, cyanotic bill and toes, dilated and 

flaccid heart with increased pericardial fluid, renal pallor, and congested brain were 

commonly observed. Widespread AIV viral antigen staining was observed in tissues 

collected from ducks inoculated with the HPAIV similar to previous reports with H5N1 

HPAI (Pantin-Jackwood and Swayne, 2009). No difference in the intensity or distribution of 

virus staining or in the severity of lesions was found between ducks infected only with 

HPAIV or co-infected with vNDV.

3.3. Viral shedding

Oropharyngeal (OP) and cloacal (CL) viral shedding was examined by qRT-PCR and the 

results are shown in Tables 3 and 4 and Figures 1, 2 and 3. All virus-inoculated ducks 

became infected with the viruses given as determined by the detection of the viruses in OP 

swabs or by seroconversion (Tables 3 and 4; Figures 1–3). The total number of positive 

swabs, the viral titers, and the duration of virus shedding varied among the treatment groups.

vNDV shedding—By 4 dpi, all ducks (7 of 7) inoculated with vNDV alone shed virus by 

the OP route and 5 of 7 by the CL route, with fewer birds shedding virus at 6 and 8 dpi 

(Table 3, Figure 1A and B). Only 4 of 7 ducks from the group simultaneously co-infected 

with LPAIV were shedding NDV by the OP route at 4 dpi (3 of 7 ducks were shedding virus 

by the CL route) and there was a significant difference in the proportion of ducks shedding 

virus when compared to the group inoculated only with the vNDV. Ducks from co-infected 

groups inoculated with HPAIV (simultaneously or sequentially) died in less than 4 days. 

However, none of the surviving ducks from the group that received vNDV and HPAIV 

simultaneously, and only 2 of 7 from the sequentially inoculated group, were shedding 

vNDV. No effect on the number of ducks shedding vNDV was found in the groups that 

received vNDV and LPAIV sequentially, with most of the ducks shedding virus by the OP 

route.

There was also a significant difference in the amount of OP virus shed between the vNDV 

single virus-infected ducks at 4dpi and the ducks that received LPAIV two days after the 

vNDV, (P<0.05), but this difference is most likely because the titers for the second group 

correspond to 6 dpi after receiving vNDV. A significant difference in CL virus titers was 

found between the vNDV single inoculated group and the group simultaneously co-infected 

Pantin-Jackwood et al. Page 6

Vet Microbiol. Author manuscript; available in PMC 2016 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with LPAIV at 4 dpi (P<0.0001). No differences were observed among the different groups 

at 6 and 8 dpi in the number of ducks shedding vNDV or in the virus titers.

LPAIV shedding—Although all ducks inoculated with LPAIV, co-infected or not with 

vNDV, shed virus by both the OP and CL routes during the entire study (Table 4), 

differences were observed in the titers of virus shed (Figure 2). Lower LPAIV OP and CL 

titers were observed at 2 dpi in ducks simultaneously infected with vNDV compared to 

ducks only inoculated with LPAIV (P<0.0001). Lower CL LPAIV titers were also observed 

at 2 dpi in ducks inoculated simultaneously with vNDV or 2 days after vNDV as well as the 

ducks inoculated with LPAIV followed by the vNDV (P<0.0001). This last group was not 

included in the statistical analysis because it corresponds to 4 dpi of the LPAIV. 

Interestingly, the ducks inoculated 2 days earlier with vNDV had higher LPAIV OP titers 

compared to single and simultaneously co-infected ducks at 6 dpi (P<0.001, P<0.0001). No 

differences in LPAIV titers were observed for the rest of the groups at 6 dpi, and for any of 

the groups at 4 and 8 dpi.

HPAIV shedding—As for ducks shedding HPAIV, no difference in virus titers were found 

among all surviving ducks at the different time points, with the exception of the group that 

received the HPAIV two days after the vNDV, which were shedding less virus (P <0.0001) 

by the CL route than the ducks inoculated only with HPAIV or simultaneously with vNDV.

3.4. Serology

HI assays were used to test for antibodies against NDV and the AIV viruses (Table 2). 

Because serum samples were taken the same day for single, simultaneously and sequentially 

exposed birds (10 dpi for the first virus and 8 dpi for the second), not all groups are strictly 

comparable. Nevertheless, all ducks seroconverted to vNDV with no significant differences 

in titers among the treatment groups. Not all ducks infected with LPAIV had detectable 

antibodies and, in general, the positive titers were low. Ducks inoculated with vNDV 

followed by the LPAIV were negative for LPAIV antibodies, as were one out of seven 

ducks in the simultaneously co-infected group and three out of seven ducks in the groups 

that received LPAIV followed by vNDV. No serology is reported for any of the groups 

inoculated with HPAIV since all ducks died.

3.5. Transmission to contacts

To assess virus transmission, naïve ducks were added to the experimental groups 2 days 

after inoculation (2 dpi after the second virus in sequentially inoculated groups). All contact 

ducks in the single-inoculated vNDV group and in the group that received the vNDV two 

days after LPAIV became infected with vNDV, as demonstrated by virus shedding and/or 

seroconversion (Table 5). However, contact transmission of vNDV was not observed in 

naïve ducks in the group simultaneously infected with vNDV and LPAIV, nor one duck in 

the group that received LPAIV two days after vNDV. All contact ducks became infected 

with LPAIV in the LPAIV group and the groups that were co-infected with vNDV, but 

seven did not seroconvert. HPAIV was transmitted to contact ducks in all the groups 

inoculated with this virus, and all contact ducks died. The contact ducks from the group 

inoculated with HPAIV 2 days after vNDV survived 2 days longer than the contact ducks in 
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the single HPAIV-inoculated group and the group simultaneously co-infected with vNDV 

and HPAIV. In the groups that were inoculated with vNDV two days after HPAIV, no 

contact ducks were added because all were dead at 2 dpi.

4. Discussion

The goal of this study was to examine the effect of co-infection with vNDV and LPAIV or 

vNDV and HPAIV in domestic ducks. To our knowledge, this is the first study to do so. 

Even though these viruses co-circulate in poultry in many parts of the world and domestic 

ducks are considered reservoirs and source of these viruses for other poultry species, NDV 

and AIV co-infections in domestic ducks are not well understood. AIV and NDV co-

infections have been studied in vitro using cell cultures or chicken embryos, and interference 

between these viruses has been demonstrated, with one virus inhibiting the growth of the 

other (Bang, 1949; Carr, 1960; Ge et al., 2012; Shortridge and King, 1983). Contrary to in 

vitro or in ovo settings, in vivo experiments examine the overall effect of co-infections by 

incorporating the complexity of the whole organism, including target cells and immune 

responses (Costa-Hurtado et al., 2014).

We found that domestic ducks can become co-infected with vNDV and LPAIV or HPAIV, 

with patterns of virus shedding different than those observed when infected with each virus 

individually. Similar results in chickens, turkeys, and mallard ducks have been reported in 

co-infections with low virulence NDV and LPAIV (Costa-Hurtado et al., 2014; França, et 

al., 2014). In a previous co-infection study, we demonstrated that chickens and turkeys 

became infected when inoculated with a lentogenic NDV and a LPAIV, with a significant 

effect on virus replication in birds inoculated with the two viruses when compared to birds 

inoculated with only one of the viruses (Costa-Hurtado et al., 2014). The virus interactions 

observed depended on the bird species, the virus, and the timing of inoculation. In spite of 

the differences in virus replication, co-infection of NDV and LPAIV in chickens and turkeys 

did not increase or decrease the severity of clinical signs. Similarly, in the present study no 

effect on clinical signs was found in vNDV and LPAIV co-infections, however an increase 

in death time was seen in some ducks co-infected with vNDV and HPAIV, indicating that 

vNDV interfered with HPAIV replication, thus delaying the onset of mortality.

All AIV-inoculated ducks, co-infected with vNDV or not, became infected with the LPAIV 

and the HPAIV. With the LPAIV, higher titers were shed by the cloacal route than by the 

OP route as expected with wild duck isolates (Spackman et al., 2010). A clear effect of co-

infection was found at 2 dpi, in which simultaneously infected ducks shed a lower amount of 

LPAIV by the OP and CL route than single-infected ducks. Reduced LPAIV CL viral titers 

were also observed in the ducks that received the LPAIV two days after the vNDV. 

However, by 4 dpi co-infected groups shed similar amount of virus than single infected birds 

indicating a transient effect. Interestingly, ducks that received the virus sequentially had 

higher titers at 6 dpi than single infected ducks, probably because by then the replication of 

the vNDV had decreased, so the effect of viral interference was less. Serology conducted at 

10 dpi (8 dpi for ducks sequentially infected) indicated that some co-infected ducks had low 

AIV HI titers or were under the limit of detection. Similar absent or low titers were found in 

contact ducks for those groups, however, the virus did transmit to these ducks since all 
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contact ducks were shedding virus. While there was no significant difference in the HPAIV 

OP virus titers when the groups are compared at 2 dpi, there was significantly lower 

amounts of virus shed by the CL route in ducks infected with HPAIV two days after the 

vNDV.

A decreased number of ducks shed vNDV when simultaneously co-infected with LPAIV or 

HPAIV compared to ducks infected with vNDV alone. The vNDV used in this study was a 

high virulence NDV strain known to induce severe disease in chickens (Susta et al., 2011), 

but as shown in this study, it did not replicate to high titers in ducks. Nevertheless, ducks 

still became infected and transmitted the virus to all contact ducks in the single virus-

infected group and the group that received the vNDV after the LPAIV. However, contact 

ducks in the simultaneously co-infected group didn’t become infected with vNDV, 

indicating that co-infection affected the transmission of this virus.

For both AIV and NDV, co-infection affected the titers of virus shed, and in the case of 

vNDV, the number of birds shedding. The effect on viral replication caused by one virus 

over another is known as viral interference, a phenomenon in which a cell infected by a 

virus does not permit multiplication of a second homologous or heterologous superinfecting 

virus (Dianzani, 1975). Viral interference can occur by different mechanisms including: 

competing by attachment interference therefore reducing or blocking receptor sites for the 

superinfecting virus; competing intracellularly for replication host machinery; and virus-

induced interferon interference (Kimura et al., 1976). Replication of one virus might be 

affected by previous replication in the same site of another virus that has already activated 

antiviral immune responses including immunomodulators or recruitment of immune cells. 

Other studies examining co-infection of LPAIV and NDV with other respiratory viruses of 

poultry demonstrated that co-infections can either exacerbate clinical disease, or, like in our 

study, affect virus replication by lowering viral titers, serological conversion and virus 

transmission (Gelb et al., 2007; Haghighat-Jahromi et al., 2008; Hanson et al., 1956; Raggi 

and Lee, 1963; Turpin et al., 2002).

The specific mechanisms of AIV-NDV viral interference and the role of co-infections in the 

spread of AIV and NDV remain to be determined. Because our study was performed under 

controlled conditions, it does not entirely reflect the field situation where ducks are exposed 

to many more infectious and non-infectious disease agents. A better understanding of AIV 

and NDV co-infections and the many factors affecting co-infections in the field will help to 

better understand the pathogenesis and transmission of these viruses in domestic ducks.
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Highlights

• Ducks can be co-infected with Newcastle disease and low or highly pathogenic 

avian influenza viruses

• Co-infection of domestic ducks with NDV and AIV reduced virus shedding and 

transmission

• Co-infection with NDV and LPAIV did not affect clinical signs

• Ducks that received the vNDV two days before the HPAIV survived longer than 

co-infected the same day

• Infection with one virus interfered with replication of the other, modifying 

pathogenesis
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Fig. 1. 
vNDV OP (A) and CL (B) shedding in ducks. Mean cycle threshold (Ct) values and 

equivalent mean embryo infectious dose per ml (EID50/ml) titers of vNDV detected in 

swabs at different time points after inoculation. In groups sequentially infected, the days 

post-inoculation (dpi) is based on the last virus given. Significant difference for number of 

positive ducks by qRT-PCR compared to single virus infected groups, (**, P < 0.01; **** P 

<0.0001).
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Fig. 2. 
LPAIV OP (A) and CL (B) shedding in ducks. Mean Ct values and equivalent EID50/ml 

titers of AIV detected in OP swabs at different time points after inoculation. In groups 

sequentially infected, the days post-inoculation (dpi) is based on the last virus given. 

Significant difference for number of positive ducks by qRT-PCR compared to single virus 

infected groups, (*** P <0.001; **** P<0.0001).
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Fig. 3. 
HPAIV OP (A) and CL (B) shedding in ducks. Mean Ct values and equivalent EID50/ml 

titers of AIV detected in OP swabs at different time points after inoculation. In groups 

sequentially infected, the days post-inoculation (dpi) is based on the last virus given. 

Significant difference for number of positive ducks by qRT-PCR compared to single virus-

infected groups, (**** P<0.0001).

Pantin-Jackwood et al. Page 16

Vet Microbiol. Author manuscript; available in PMC 2016 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Pantin-Jackwood et al. Page 17

T
ab

le
 1

E
xp

er
im

en
ta

l d
es

ig
n

G
ro

up
s

D
ay

 o
f 

in
oc

ul
at

io
n

D
ay

s 
of

 s
am

pl
in

g

D
ay

 0
D

ay
 2

O
P

 a
nd

 C
L

 s
w

ab
s

N
ec

ro
ps

y 
(n

=2
)

Se
ro

lo
gy

A
dd

it
io

n 
of

 c
on

ta
ct

s 
(n

=3
)

1 
(c

on
tr

ol
s)

-
-

2,
 6

, 1
0

2
10

2
vN

D
V

-
2,

 4
, 6

, 8
2

10

3
L

PA
IV

-
2,

 4
, 6

, 8
2

10

4
H

PA
IV

-
2,

 4
, 6

, 8
2

10

5
vN

D
V

 +
 L

PA
IV

-
2,

 4
, 6

, 8
2

10

6
vN

D
V

 +
H

PA
IV

-
2,

 4
, 6

, 8
2

10

7
vN

D
V

L
PA

IV
4,

 6
, 8

, 1
0*

4*
*

10

8
vN

D
V

H
PA

IV
4,

 6
, 8

, 1
0*

4*
*

10

9
L

PA
IV

vN
D

V
4,

 6
, 8

, 1
0*

4*
*

10

10
H

PA
IV

vN
D

V
4,

 6
, 8

, 1
0*

4*
*

10

* T
he

se
 ti

m
e 

po
in

ts
 c

or
re

sp
on

d 
to

 2
, 4

, 6
, 8

 d
ay

s 
af

te
r 

in
oc

ul
at

io
n 

w
ith

 th
e 

se
co

nd
 v

ir
us

 a
nd

 4
, 6

, 8
, a

nd
 1

0 
da

ys
 a

ft
er

 in
oc

ul
at

io
n 

w
ith

 th
e 

fi
rs

t v
ir

us
.

**
T

hi
s 

tim
e 

po
in

t c
or

re
sp

on
ds

 to
 2

 d
ay

s 
af

te
r 

in
oc

ul
at

io
n 

w
ith

 th
e 

se
co

nd
 v

ir
us

.

Vet Microbiol. Author manuscript; available in PMC 2016 May 15.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Pantin-Jackwood et al. Page 18

T
ab

le
 2

Su
rv

iv
al

, b
od

y 
te

m
pe

ra
tu

re
s,

 b
od

y 
w

ei
gh

ts
 a

nd
 H

I 
tit

er
s 

of
 d

uc
ks

 in
oc

ul
at

ed
 w

ith
 v

N
D

V
, L

PA
IV

 a
nd

 H
PA

IV
, g

iv
en

 s
in

gl
e 

or
 c

om
bi

ne
d.

G
ro

up
s

D
ay

 o
f 

in
oc

ul
at

io
na

# 
de

ad
/ t

ot
al

 (
M

D
T

)b
B

od
y 

te
m

pe
ra

tu
re

c  
2 

dp
i

B
od

y 
w

ei
gh

ts
c  

2 
dp

i
H

I 
ti

te
rs

d

D
ay

 0
D

ay
 2

N
D

V
A

IV

1
-

-
0/

9
10

7.
0±

0.
6A

69
4±

55
A

B
N

D
N

D

2
vN

D
V

-
0/

9
10

7.
5±

0.
5A

63
8±

81
A

B
7/

7 
(5

.7
+

.9
)

N
D

3
L

PA
IV

-
0/

9
10

7.
7±

0.
8A

70
5±

12
A

N
D

7/
7 

(3
.8

+
.3

)

4
H

PA
IV

-
9/

9 
(2

.3
)A

B
10

3.
6±

4.
3B

57
6±

27
B

N
D

N
D

5
vN

D
V

 +
L

PA
IV

-
0/

9
10

7.
6±

0.
5A

68
2±

49
A

B
7/

7 
(5

.8
+

.6
)

6/
7 

(3
)

6
vN

D
V

 +
H

PA
IV

-
9/

9 
(2

.1
)A

10
7.

9±
2.

6A
67

2±
73

A
B

N
D

N
D

7
vN

D
V

L
PA

IV
0/

9
10

8.
0±

0.
8A

83
8±

79
A

7/
7 

(5
.2

+
.7

)
0/

7

8
vN

D
V

H
PA

IV
9/

9 
(3

.2
)B

10
9.

5±
0.

8B
74

8±
11

3A
N

D
N

D

9
L

PA
IV

vN
D

V
0/

9
10

7.
6±

0.
8A

86
7±

13
0A

7/
7 

(5
.5

+
.5

)
4/

7 
(3

.2
+

.5
)

10
H

PA
IV

vN
D

V
9/

9 
(2

.3
)A

B
N

D
-

N
D

N
D

a T
w

o-
w

ee
k-

ol
d 

Pe
ki

n 
du

ck
s 

w
er

e 
in

oc
ul

at
ed

 w
ith

 1
07

 E
ID

50
 o

f 
vN

D
V

, 1
07

.5
 E

ID
50

 o
f 

L
PA

IV
, a

nd
 1

06
 E

ID
50

 o
f 

H
PA

IV
 a

dm
in

is
te

re
d 

in
 0

.1
 m

l s
pl

it 
be

tw
ee

n 
th

e 
ri

gh
t e

ye
 a

nd
 th

e 
ch

oa
na

. T
he

 v
ir

us
es

 

w
er

e 
gi

ve
n 

al
on

e,
 s

im
ul

ta
ne

ou
sl

y,
 o

r 
se

qu
en

tia
lly

 (
th

e 
se

co
nd

 v
ir

us
 2

 d
ay

s 
af

te
r 

th
e 

fi
rs

t)
.

b M
ea

n 
de

at
h 

tim
e 

ca
lc

ul
at

ed
 a

ft
er

 e
xp

os
ur

e 
to

 th
e 

H
PA

IV
. S

ur
vi

va
l i

n 
gr

ou
ps

 w
ith

 d
if

fe
re

nt
 u

pp
er

ca
se

 le
tte

rs
 is

 s
ig

ni
fi

ca
nt

ly
 d

if
fe

re
nt

 (
P<

0.
05

).

c B
od

y 
te

m
pe

ra
tu

re
 (

F)
 a

nd
 w

ei
gh

ts
 in

 g
ro

up
s 

w
ith

 d
if

fe
re

nt
 u

pp
er

ca
se

 le
tte

rs
 a

re
 s

ig
ni

fi
ca

nt
ly

 d
if

fe
re

nt
 (

P<
0.

05
).

d M
ea

n 
H

I 
tit

er
s 

(l
og

2)
 in

 d
uc

ks
. S

er
um

 s
am

pl
es

 w
er

e 
ta

ke
n 

at
 8

 o
r 

10
 d

ay
s 

af
te

r 
in

fe
ct

io
n 

w
ith

 L
PA

IV
, v

N
D

V
, o

r 
bo

th
. T

he
 n

um
be

r 
of

 b
ir

ds
 w

ith
 p

os
iti

ve
 H

I 
tit

er
s 

is
 s

ho
w

n.
 ≥

 th
re

sh
ol

d 
of

 p
os

iti
vi

ty
/to

ta
l 

nu
m

be
r 

of
 s

er
a 

te
st

ed
 (

m
ea

n 
±

 S
E

M
).

N
D

 =
 n

o 
da

ta

Vet Microbiol. Author manuscript; available in PMC 2016 May 15.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Pantin-Jackwood et al. Page 19

T
ab

le
 3

N
um

be
r 

of
 d

uc
ks

 p
os

iti
ve

 f
or

 N
D

V
 R

N
A

 in
 o

ro
ph

ar
yn

ge
al

 (
O

P)
 a

nd
 c

lo
ac

al
 (

C
L

) 
sw

ab
s 

in
 s

in
gl

e 
an

d 
co

-i
nf

ec
te

d 
gr

ou
ps

. I
n 

gr
ou

ps
 s

eq
ue

nt
ia

lly
 in

fe
ct

ed
, 

th
e 

da
y 

po
st

-i
no

cu
la

tio
n 

(d
pi

) 
is

 b
as

ed
 o

n 
th

e 
la

st
 v

ir
us

 g
iv

en
.

V
ir

us
 d

et
ec

te
d

Sw
ab

G
ro

up
D

ay
s 

po
st

 in
oc

ul
at

io
n

D
ay

 0
D

ay
 2

2
4

6
8

T
ot

al
 b

N
D

V

O
P

vN
D

V
5/

9
7/

7
2/

7
2/

7
16

/3
0

L
PA

IV
N

D
N

D
N

D
N

D
-

H
PA

IV
N

D
N

D
N

D
N

D
-

vN
D

V
+

L
PA

IV
3/

9
4/

7
0/

7
0/

7
7/

30

vN
D

V
+

H
PA

IV
0/

4
N

D
N

D
N

D
0/

4

vN
D

V
L

PA
IV

7/
9

2/
7

1/
7

1/
7

11
/3

0

vN
D

V
H

PA
IV

1/
7

2/
2

N
D

N
D

3/
9

L
PA

IV
vN

D
V

5/
9

6/
7

2/
7

1/
7

14
/3

0

H
PA

IV
vN

D
V

N
D

N
D

N
D

N
D

-

C
L

vN
D

V
3/

9
5/

7
1/

7
1/

7
10

/3
0

L
PA

IV
N

D
N

D
N

D
N

D
-

H
PA

IV
N

D
N

D
N

D
N

D
-

vN
D

V
+

L
PA

IV
3/

9
3/

7
1/

7
1/

7
8/

30

vN
D

V
+

H
PA

IV
0/

4
N

D
N

D
N

D
0/

4

vN
D

V
L

PA
IV

3/
9

0/
7

0/
7

0/
7

3/
30

vN
D

V
H

PA
IV

2/
7

0/
2

N
D

N
D

2/
9

L
PA

IV
vN

D
V

3/
9

2/
7

1/
7

2/
7

8/
30

H
PA

IV
vN

D
V

N
D

N
D

N
D

N
D

-

a N
um

be
r 

of
 p

os
iti

ve
 b

ir
ds

/to
ta

l n
um

be
r 

of
 b

ir
ds

 s
am

pl
ed

 a
t e

ac
h 

tim
e 

po
in

t.

b to
ta

l n
um

be
r 

of
 p

os
iti

ve
 s

w
ab

s/
to

ta
l n

um
be

r 
of

 s
w

ab
s.

N
D

 =
 N

o 
da

ta

Vet Microbiol. Author manuscript; available in PMC 2016 May 15.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Pantin-Jackwood et al. Page 20

T
ab

le
 4

N
um

be
r 

of
 d

uc
ks

 p
os

iti
ve

 f
or

 A
IV

 R
N

A
 in

 o
ro

ph
ar

yn
ge

al
 (

O
P)

 a
nd

 c
lo

ac
al

 (
C

L
) 

sw
ab

s 
in

 s
in

gl
e 

an
d 

co
-i

nf
ec

te
d 

gr
ou

ps
. I

n 
gr

ou
ps

 s
eq

ue
nt

ia
lly

 in
fe

ct
ed

, 

th
e 

da
y 

po
st

-i
no

cu
la

tio
n 

(d
pi

) 
is

 b
as

ed
 o

n 
th

e 
la

st
 v

ir
us

 g
iv

en
.

V
ir

us
 d

et
ec

te
d

Sw
ab

G
ro

up
D

ay
s 

po
st

 in
oc

ul
at

io
n

D
ay

 0
D

ay
 2

2
4

6
8

T
ot

al
 b

A
IV

O
P

vN
D

V
N

D
N

D
N

D
N

D
-

L
PA

IV
9/

9
7/

7
7/

7
7/

7
30

/3
0

H
PA

IV
2/

2
N

D
N

D
N

D
2/

2

vN
D

V
+

L
PA

IV
8/

9
7/

7
7/

7
7/

7
30

/3
0

vN
D

V
+

H
PA

IV
4/

4
0/

0
0/

0
0/

0
-

vN
D

V
L

PA
IV

9/
9

7/
7

7/
7

7/
7

30
/3

0

vN
D

V
H

PA
IV

5/
5

2/
2

N
D

N
D

7/
7

L
PA

IV
vN

D
V

9/
9

7/
7

7/
7

7/
7

30
/3

0

H
PA

IV
vN

D
V

N
D

N
D

N
D

N
D

-

C
L

vN
D

V
N

D
N

D
N

D
N

D
-

L
PA

IV
9/

9
7/

7
7/

7
7/

7
30

/3
0

H
PA

IV
2/

2
N

D
N

D
N

D
2/

2

vN
D

V
+

L
PA

IV
7/

9
7/

7
7/

7
7/

7
28

/3
0

vN
D

V
+

H
PA

IV
4/

4
N

D
N

D
N

D
-

vN
D

V
L

PA
IV

3/
9

7/
7

7/
7

7/
7

24
/3

0

vN
D

V
H

PA
IV

2/
6

2/
2

N
D

N
D

4/
8

L
PA

IV
vN

D
V

1/
9

7/
7

7/
7

7/
7

22
/3

0

H
PA

IV
vN

D
V

N
D

N
D

N
D

N
D

-

a N
um

be
r 

of
 p

os
iti

ve
 b

ir
ds

/to
ta

l n
um

be
r 

of
 b

ir
ds

 s
am

pl
ed

 a
t e

ac
h 

tim
e 

po
in

t.

b T
ot

al
 n

um
be

r 
of

 p
os

iti
ve

 s
w

ab
s/

to
ta

l s
w

ab
s.

N
D

 =
 N

o 
da

ta

Vet Microbiol. Author manuscript; available in PMC 2016 May 15.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Pantin-Jackwood et al. Page 21

T
ab

le
 5

Su
rv

iv
al

, n
um

be
r 

of
 d

uc
ks

 s
he

dd
in

g 
vi

ru
s 

du
ri

ng
 th

e 
st

ud
y,

 a
nd

 s
er

oc
on

ve
rs

io
n 

of
 n

aï
ve

 c
on

ta
ct

 d
uc

ks
 a

ft
er

 in
tr

od
uc

ed
 in

to
 is

ol
at

or
s 

w
ith

 th
e 

du
ck

s 

di
re

ct
ly

 v
ir

us
-i

no
cu

la
te

d.

G
ro

up
s

D
ay

 o
f 

in
oc

ul
at

io
n

# 
de

ad
/ t

ot
al

 (
M

D
T

)a
#d

uc
ks

 s
he

dd
in

g 
vN

D
V

#d
uc

ks
 w

it
h 

vN
D

V
 a

nt
ib

od
ie

s
#d

uc
ks

 s
he

dd
in

g 
A

IV
#d

uc
ks

 w
it

h 
A

IV
 a

nt
ib

od
ie

s

D
ay

 0
D

ay
 2

1
-

-
0/

3
N

D
N

D
N

D
N

D

2
vN

D
V

-
0/

3
3/

3
3/

3
N

D
N

D

3
L

PA
IV

-
0/

3
N

D
N

D
3/

3
3/

3

4
H

PA
IV

-
3/

3 
(2

.3
)

N
D

N
D

3/
3

N
D

5
vN

D
V

 +
L

PA
IV

-
0/

3
0/

3
0/

3
3/

3
2/

3

6
vN

D
V

 +
H

PA
IV

-
3/

3 
(2

)
N

D
N

D
3/

3
N

D

7
vN

D
V

L
PA

IV
0/

3
0/

3
2/

3
3/

3
0/

3

8
vN

D
V

H
PA

IV
3/

3 
(4

.6
)

0/
3

N
D

3/
3

N
D

9
L

PA
IV

vN
D

V
0/

3
1/

3
3/

3
3/

3
0/

3

10
H

PA
IV

vN
D

V
N

D
N

D
N

D
N

D
N

D

a M
ea

n 
de

at
h 

tim
e.

 S
ur

vi
va

l a
ft

er
 in

tr
od

uc
tio

n 
of

 c
on

ta
ct

 d
uc

ks
 in

 r
es

pe
ct

iv
e 

gr
ou

p 
(2

 d
ay

s 
af

te
r 

in
oc

ul
at

io
n 

w
ith

 th
e 

si
ng

le
 o

r 
si

m
ul

ta
ne

ou
sl

y 
gi

ve
n 

vi
ru

se
s,

 a
nd

 2
 d

ay
s 

af
te

r 
th

e 
se

co
nd

 v
ir

us
 w

as
 g

iv
en

 f
or

 
th

e 
gr

ou
p 

se
qu

en
tia

lly
 in

oc
ul

at
ed

).

N
D

 =
 N

o 
da

ta

Vet Microbiol. Author manuscript; available in PMC 2016 May 15.


