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Abstract

:

To investigate the immunogenic cross reactivity between goose parvovirus (GPV) and Muscovy duck parvovirus (MDPV), cross-neutralization was carried out with serum samples collected from birds after infection with one of the two waterfowl parvoviruses. The significantly higher virus neutralization titer obtained against the homologous virus than against the heterologous one suggests important differences between the GPV and MDPV antigenic make up that affects the induced protective virus-neutralizing antibody specificity. This was further confirmed by cross-protection studies carried out in waterfowl parvovirus antibody-free Muscovy ducks immunized at one day of age with whole-virus inactivated oil-emulsion vaccines containing either GPV or MDPV as a monovalent vaccine, or both viruses as a bivalent vaccine. Protection against the clinical disease (growth retardation and feathering disorders) provided by the monovalent vaccine was complete against homologous virus challenge at 2 weeks post-vaccination, while the protection against the heterologous virus challenge was significantly lower (p < 0.001). Only the bivalent vaccine containing both goose and Muscovy duck parvoviruses in an inactivated form protected the birds (90–100%) against both waterfowl parvoviruses that can cause disease in Muscovy ducks. Both the cross-neutralization and cross-protection results indicated that adequate protection in Muscovy ducks against the two waterfowl parvoviruses could be achieved only with a vaccine containing both goose and Muscovy duck parvoviruses. Our results showed that the inactivated vaccine applied at one day of age could induce fast immunity (by 2 weeks post-vaccination), providing complete clinical protection in maternal antibody-free birds. It was also demonstrated that day-old vaccination of ducks with maternal antibodies with bivalent vaccine induced active immunity, resulting in 90 to 100% protection by 3 weeks of age, after the decline of maternal antibodies. A booster vaccination administered at 3 weeks of age following the day-old vaccination resulted in a strong and durable immunity against the clinical disease during the susceptible age of the birds.
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1. Introduction


Waterfowl parvoviruses (WPVs) are members of the Dependoparvovirus genus of the Parvoviridae family, and all of them belong to the same Anseriform dependoparvovirus 1 species [1]. Phylogenetic analysis has shown that WPVs can be divided into two major genetic groups according to their host specificity, namely, goose parvovirus (GPV) and Muscovy duck parvovirus (MDPV) [2,3]. In recent years, a new disease condition known as short beak and dwarfism syndrome (SBDS) or beak atrophy and dwarfism syndrome (BADS) has been described in mule ducks and Cherry Valley ducks [4,5]. It has been demonstrated that the virus causing SBDS/BADS is a distinct lineage of goose parvovirus [4], named by Chinese scientists as a novel goose parvovirus [6].



The genome of WPV contain two open reading frames that encode three capsid proteins (VP1, VP2, and VP3), and two nonstructural proteins (NS1 and NS2). The C-terminal portion of the VP1 gene contains the coding sequences of VP2 and VP3, which are expressed via differential splicing [2]. Genomic sequence analysis of GPV, MDPV and SBDS viruses revealed that the VP1 polypeptides of GPV and MDPV share a nucleotide similarity of 79.6–85.5% at the genome level [2,7], while SBDS virus isolates had 95.1–98.2% identity with classical GPV and 88.0–92.6% identity with MDPV which suggests that there may be a closer immunogenic cross reactivity of SBDS virus with GPV than with MDPV [6,8]. The nucleotide differences of VP1 between GPVs and MDPVs are about 20–24%, while within the GPV and MDPV groups the differences are only about 0.1–7.0 and 0.1–1.9%, respectively [7,8]. VP3 is the most variable and abundant of the three core proteins, and is responsible for the induction of neutralizing antibodies that confer protective immunity [8,9,10].



Waterfowl parvoviruses cause the most dreadful disease of goslings and Muscovy ducklings [3,11,12,13]. Occasionally the disease accounts for mortality of 70 to 100% in susceptible flocks when breeders transfer the infection vertically to the progenies or the infection occurs at an early age of life. GPV and MDPV differ in the host range; while geese are fully resistant to MDPV infection, in Muscovy ducks both viruses can cause severe disease [3,14]. In addition, SBDS/BADS, first reported in the 1970s in mule ducks (crossbreed of Pekin duck and Muscovy duck) and recently in Cherry Valley ducks, can cause also significant economic losses in affected flocks, due to strong growth retardation of the animals [4,15].



The disease caused by WPVs is strictly age dependent. In susceptible goslings and ducklings less than 1 week of age, 100% mortality may occur, while the losses above this age decrease with the age [3,13,15]. In birds with an impaired immune system the infection may cause significant economic losses up to 6 to 8 weeks of age [3,16]. Breeder geese and Muscovy ducks that have been naturally infected or vaccinated transfer maternal antibodies via the egg yolk to their progeny. This passively acquired antibody may persist until 2 to 6 weeks of age depending on the day-old antibody levels of individual birds [3]. Since the disease is confined to young geese and Muscovy ducks, control measures have been aimed at providing adequate immunity during the first 6 to 8 weeks of life [3]. To achieve this, different methods have been applied during the last four decades. These include: (i) passive immunization of newly hatched birds with convalescent or hyperimmune serum or (ii) active immunization of both young and adult animals either with attenuated or inactivated vaccine alone, or in the combination of the two vaccines [3,17,18,19,20]. Attenuated vaccines can confer fast and strong protection in young animals but only when it is given to birds with no or very low levels of maternally derived antibodies (MDA) to GPV and/or MDPV [3,14,17,21]. On the other hand, inactivated vaccines induce a slower immune response, but are less sensitive to the interference with maternal antibodies than live vaccines [10,19,21].



Considering the identified genetic differences between GPV and MDPV and field experiences with vaccination it has been suggested that only bivalent vaccines containing both goose and MDPV antigens could ensure a high level of clinical protection against the two waterfowl parvoviruses causing disease in Muscovy ducks. However, it has not yet been investigated what is the level of cross-protection afforded by an inactivated monovalent GPV or MDPV vaccine against challenge with a heterologous virus when compared to a bivalent (containing both goose and Muscovy duck parvoviruses) vaccine. To investigate this, monovalent GPV and MDPV inactivated vaccines were prepared and compared with a commercially available bivalent vaccine (containing both GPV and MDPV antigens) by testing their immunogenicity in Muscovy ducklings, which were either free from or carrying maternally derived antibodies to both GPV and MDPV.




2. Materials and Methods


2.1. Animals and Housing


Day-old MDA-free Muscovy ducklings, hatched from a breeder flock free from GPV and MDPV, were purchased from ANSES Ploufragan Laboratories (22440 Ploufragan, France). Conventional MDA-positive day-old Muscovy ducklings, hatched from a breeder flock regularly vaccinated against parvoviruses, were purchased from Prophyl Kft. (Mohacs, Hungary). On the day following hatching they were allocated to treatment groups by randomization according to their body weight and were housed in separate, isolated rooms in contained animal facilities. They were kept on the floor with litter and fed with high-quality commercial duck rations with unlimited access to water. The ducklings were identified by individually numbered leg rings.



All animal studies were conducted in compliance with the applicable animal welfare regulation in force at the location and time of the experiments (Hungarian Act No. XXVIII/1998 and BA01/2005). The humane endpoint was determined as the phase when severely diseased ducks were not able to eat or drink any more (euthanized ducks were counted as mortality on the day of euthanasia). Ducks reaching the humane endpoint and all surviving birds at the end of the post-challenge observation period were euthanized by intracardiac injection of sodium pentobarbital (Euthoxin, Alpha-Vet Ltd., Budapest, Hungary).




2.2. Vaccines


The inactivated vaccines used in the experiments were either monovalent or bivalent preparations. The vaccine preparations used in the experiments contained whole-virus antigens of GPV or MDPV or both, inactivated by binary ethylenimine and formulated as a water-in-oil emulsion. To evaluate the extent of cross-protection provided by any of the two inactivated whole parvovirus antigens (GPV or MDPV) against challenges with the homologous or heterologous viruses, monovalent inactivated oil-emulsion vaccines, containing either only GPV (LB strain) or MDPV (FM strain) whole-virus antigens, were prepared. The quantity of the GPV and MDPV whole-virus antigen incorporated in the monovalent vaccines was set to be equal to the amounts of antigens in the commercial bivalent vaccine, based on the humoral immune response induced when tested in SPF chickens (7.8 log2 VN titer against the LB strain of GPV, and 7.7 log2 against the FM strain of MDPV). The bivalent vaccine used in the study was a commercial inactivated oil-emulsion parvovirus vaccine (DEPARVAX®, CEVA-Phylaxia Veterinary Biologicals Co. Ltd., Budapest, Hungary). Each vaccine was applied by the sub-cutaneous (SC) route in a dose of 0.2 mL for the immunization of the ducklings.




2.3. Challenge Viruses


The challenge viruses used to evaluate the clinical protection provided by the tested vaccines were virulent field isolates of GPV (strain D17/99) and MDPV (strain FM). The challenge virus was administered intramuscularly into the tight muscle at a dose of 104 EID50 for both the GPV and MDPV.




2.4. Virus Neutralisation Test


A virus neutralization (VN) test to measure the antibody titers to GPV and MDPV in the serum samples collected during the studies was done with the microneutralization method performed on primary goose embryo fibroblast cell cultures as described earlier [21,22] with some modifications. Briefly, the serum neutralization was carried out against 400 TCID50 of either GPV (strain LB) or MDPV (strain FM) and the neutralization titer was determined after a 6-day incubation period. The reading was carried out based on the detection of parvovirus antigen from the cell culture supernatants at the end of the incubation period by an in-house ELISA method [22].




2.5. Vaccination/Protection Experiments


Challenge experiments were carried out both in MDA-free and MDA-positive ducks. In the experiment on MDA-free birds, vaccination was done at one day of age, while in the experiment on MDA-positive birds a prime-boost vaccination regime was tested: primary vaccination at one day-old and booster vaccination at 3 weeks of age.



2.5.1. Cross-Protection between GPV and MDPV in MDA-Free Muscovy Ducks


Ducklings at one day of age were assigned to groups balanced for weight. Ninety ducklings were allocated into 3 groups (Groups A, B and C); Groups A and B (vaccinated groups), 30 ducks each, received monovalent GPV or MDPV vaccine, respectively at one-day of age. Before the challenge at 15 days of age, each vaccinated group was divided into two subgroups, each of which containing 15 birds, then was moved to separate isolated animal rooms for the challenge either with GPV or MDPV. Thirty unvaccinated ducklings of Group C were divided into 3 subgroups: two subgroups served as positive controls for the challenge either with GPV or MDPV and one subgroup was a negative control (non-vaccinated, unchallenged). Challenges of the relevant groups either with GPV or MDPV were done at 15 days of age and the post-challenge observation period was 3 weeks. The design of the experiment is summarized in Table 1.



The protection levels obtained in the groups vaccinated with monovalent vaccines against the homologous and heterologous challenge virus were compared with each other. The basis of the evaluation of protection is described below under paragraph 2.6.



Blood samples were taken of the wing vein from all birds at the time of challenge (15 days of age) and all surviving ducks at the end of the post-challenge observation period (36 days of age). The changes in VN antibody titers to GPV and MDPV following challenge were determined both in the vaccinated and unvaccinated ducks at the end of the observation period (D36) and were compared to the VN titers measured at the time of challenge (D15).




2.5.2. Immunogenicity of the Bivalent Vaccine in MDA-Free Muscovy Ducks


The outline of the study performed to monitor the humoral immune response to the bivalent vaccine, and the protection against the challenge, is detailed in Table 2.



Ducklings in the vaccinated group received one dose (0.2 mL) of the bivalent vaccine by subcutaneous route at one day of age. Challenge was done at 15 days of age and the post-challenge observation period was 3 weeks. The changes in VN antibody titers to GPV and MDPV following the challenge were checked both in the vaccinated and unvaccinated ducks at the end of the observation period (D36), and compared to the VN titers measured at the time of challenge (D15). Vaccinated unchallenged birds were sampled at the same ages and their results were used for calculating the relative titer increase in the vaccinated challenged birds (the results of VN titer increase between D15 and D36 in the vaccinated unchallenged group subtracted from the results of VN titer increase in vaccinated challenged groups). The vaccinated unchallenged group (Group A3) was kept until 64 days of age to follow the duration of antibody response after the day-old single vaccination.




2.5.3. Immunogenicity of the Bivalent Vaccine in MDA-Positive Muscovy Ducks


The design of the experiment carried out to evaluate the protection against the challenge and to monitor the humoral immune response to the bivalent vaccine is outlined in Table 3.



The vaccinated ducklings along with the unvaccinated ones were assigned to subgroups (each subgroup consisted of 10 birds) for the challenge with one of the two viruses (GPV and MDPV) at different ages. The level of protection against GPV and MDPV challenges was first evaluated at 3 weeks of age for ducks that received only a single day-old vaccination. Further challenges were carried out at 4, 5, and 6 weeks of age for the birds that received the full prime-boost vaccination regime (primary vaccination at one day old and a booster at 3 weeks of age).



To monitor the antibody response to the vaccination and the decay of MDA, ducks in Group B (vaccinated control) and Group D (unvaccinated control) were sampled for serology at one day-old, then at 3, 4, 5, 6, and 9 weeks of age.





2.6. Evaluation of Protection


Protection was evaluated based on mortality, clinical signs indicative of parvovirus infection, and body weight gain (evaluated on individual bases) during a 3-week post-challenge observation period. The clinical signs or death were considered specific for parvovirus infection if at least one of the following criteria were met: (i) presence of typical clinical signs (leg weakness and/or diarrhea, with feathering disorders, and marked growth retardation), (ii) the presence of typical gross pathological changes in the case of mortality (ascites, hepatitis, myocardial degeneration, and myocarditis confirmed by histological examination), and (iii) the relative body weight gain was lower than the average of the controls minus twice the standard deviation. Since the severity and clinical presentation of the disease caused by WPVs is strongly influenced by the age of the birds as well as by the presence of residual MDA at the time of infection, the body weight gain was the most important indicator used for the evaluation of protection. To allow a better comparison of the growth rate of individual birds independently from their gender, the relative body weight gain (body weight at end of observation period divided by the body weight at challenge) was calculated instead of the absolute body weights. The birds showing any signs of the disease or that died were considered non-protected, while the ducklings free from the listed symptoms were considered protected. The protection level was calculated by dividing the number of protected birds by the number of tested animals in the group.




2.7. Statistical Analysis


Clinical protection and VN titer results were analyzed with Statgraphics Centurion XVI software (version 16.2.04), using an analysis of variance (ANOVA) to statistically test the equality of results in the compared groups. The confidence level of the test was 95% (p value < 0.05 indicates statistically significant difference). When a pair-wise comparison was made between two groups, a standard t-test was used to analyze statistical difference between the means of the two samples. p-values of different significance are represented by number of asterisks on graphs: p > 0.05 (no significant difference); 0.01 < p < 0.05 (*); 0.001 < p < 0.01 (**); 0.0001 < p < 0.001 (***); p < 0.0001 (****). Results of clinical protection were analyzed by the Fisher’s exact test at a 95% confidence level.





3. Results


3.1. Cross-Protection between GPV and MDPV in MDA-Free Muscovy Ducks


Monovalent vaccines provided 100% protection against challenge with the homologous virus, while conferring only partial protection against challenge with heterologous viruses. The challenge of monovalent vaccinated birds with the heterologous virus resulted in significantly lower protection (p < 0.001). The vaccine containing goose parvovirus antigen provided 26.7% protection against challenge with the heterologous MDPV and the one containing duck parvovirus antigen resulted in 13.3% protection against GPV challenge. (Table 4).



In animals immunized with the monovalent GPV vaccine, the challenge with the homologous virus boosted the antibody titer to GPV, while the antibody response measured against the heterologous MDPV remained significantly lower (p < 0.0001) (Figure 1). Opposite to this, challenge with the heterologous virus (MDPV) induced an antibody rise to both the homologous and heterologous viruses, which was not significantly different (p = 0.4370) (Figure 1).



On the other hand, in animals immunized with the monovalent MDPV vaccine, the challenge either with the homologous or heterologous virus induced significant antibody titer increase against both viruses, however the differences between the titer increase measured against the homologous and heterologous virus were less significant (p = 0.0323 and p = 0.0218 after GPV and MDPV challenge, respectively) than the ones obtained in the GPV-vaccinated birds (Figure 2).



In the non-vaccinated ducks, high VN titers were detected after a challenge with infection either with GPV or MDPV against the homologous viruses, but were much lower against the heterologous ones. The differences were highly significant (Figure 3).




3.2. Immunogenicity of the Bivalent Vaccine in MDA-Free Muscovy Ducks


Day-old vaccination of ducklings induced a low level of VN antibodies to GPV and MDPV by two weeks of age, however, there was a significant titer increase (p < 0.001) by 5 weeks post-vaccination against both viruses and these titers were maintained almost at the same level until the last sampling date at 64 days of age. The VN titer to MDPV reached a slightly higher level than the titer measured against GPV (Figure 4).



The results of clinical observation after the challenge with GPV and MDPV are presented in Table 5.



All vaccinated ducks remained healthy during the 3-week long post-challenge observation period based on all parameters used for the evaluation of protection. Unvaccinated ducks died or had characteristic clinical signs of parvovirus infection in 90% of GPV-infected and 100% of MDPV-infected birds.



The results of anti-parvoviral VN titers measured in the serum samples collected from the vaccinated and unvaccinated ducks at the time of challenge infection (D15) and at the end of the challenge experiment (D36) are summarized in Table 6 and shown on Figure 5 and Figure 6.



In the non-vaccinated animals, infection with any of the two viruses (GPV or MDPV) resulted in significantly higher (p < 0.001) VN antibody titers to the homologous virus than against the heterologous virus (Table 6 and Figure 5, subgroups C1 and C2) 3 weeks after infection (D36).



The increase of VN antibody titer to GPV following the challenge infection of vaccinated groups (group A1 and A2) was significantly bigger than the increase measured at the same time-interval (3 weeks) in the vaccinated non-challenge group (Table 6 and Figure 6, groups A1, A2, and A3). However, the relative titer increases, calculated by subtracting the values of titer increase measured between D15 and D36 against GPV and MDPV in the vaccinated unchallenged groups from those measured during the same period in the vaccinated and challenged groups, indicated a pronounced reduction of the booster effect, especially after the heterologous challenge (Table 6).




3.3. Immunogenicity of the Bivalent Vaccine in MDA-Positive Muscovy Ducks


The maternally derived antibody levels to GPV and MDPV in the commercial ducklings were moderately high at day-old. By 21 days of age, the VN antibody titers to both GPV and MDPV declined below 2 log2 in the non-vaccinated control birds, while in most of the vaccinated birds the decline was less pronounced and the VN titer levelled above 3 log2 (Figure 7). After the booster vaccination at 3 weeks of age, the antibody titer increased to both GPV and MDPV and reached high levels by 5 to 6 weeks of age and remained high until 9 weeks of age (end of the observation period), while the non-vaccinated birds remained serologically negative (Figure 7).



Protection against clinical disease following challenge of the unvaccinated birds decreased gradually with age due to the decline of MDAs. Clinical protection against GPV challenge was 100, 90, 70, and 60% at 3, 4, 5, and 6 weeks of age, respectively, while against MDPV it was 90, 80, 40, and 30%, respectively. In the vaccinated ducks, 100% protection was observed against both viruses at the same ages, except in the subgroup challenge with GPV at 6 weeks of age where 90% protection was measured.





4. Discussion


Although the molecular properties of WPVs have been well characterized, less is known about their antigenic structure. Using bacterially expressed VP1 proteins, seven antigenic regions of VP1 were identified that reacted with sera from a GPV-infected geese [23]. Through bioinformatic prediction, there were one epitope on non-structural protein and three epitopes on structural proteins between MDPV and GPV that might cross-react with each other. The four epitopes were expressed in Escherichia coli and found to react with GPV- and MDPV-antisera via Western blot [24]. However, no comprehensive mapping of the antigenic structure of GPV and MDPV has been done to identify the level of antigenic differences between the two viruses. Since the VP1 polypeptides of GPV and MDPV share about 76-80% identity at the nucleotide and 88% identity at the amino acid level, it has been suggested that there may be immunogenic cross reactivity between GPV and MDPV [2,7,23,24], however the level of this immunological cross-reactivity has not yet been determined and published. Therefore, the investigation of cross-reactivity between GPV and MDPV through immunization seemed to be important to provide support for the development of a vaccine that meet field requirement for the control of both MDPV and GPV infection in Muscovy duck.



Infection of susceptible (MDA-free) ducks with GPV or MDPV induced antibodies that neutralized the homologous virus at significantly higher titer than the heterologous one (p < 0.001). These findings clearly demonstrate that there must be substantial antigenic differences between the two viruses. However, when vaccinated birds were challenged, the infection provoked a booster effect not only on the homologous, but also on the heterologous antibody response, indicating that there are some antigenic epitopes that are shared between GPV and MDPV, as reported by Ju et al. (2011) and Li et al. (2013). The cross-protection studies carried out by us in maternal antibody-free, susceptible Muscovy ducklings provided further evidence on the antigenic difference of the two viruses. Vaccination with monovalent vaccine (containing either GPV or MDPV whole virus antigen) provided a significantly higher level of protection (p < 0.001) against challenge with homologous viruses when compared to the protection level obtained when the animals were challenged with the heterologous virus. Only the bivalent vaccine containing both goose and Muscovy duck whole-parvovirus antigens protected the birds fully against the two waterfowl parvoviruses that can cause disease in Muscovy ducks.



It seems that the antigenic relationship between GPV and MDPV is not enough to elicit an adequate cross-immunity between the two viruses. The increase of antibody titer in vaccinated animals following homologous virus challenge was significantly lower than after a heterologous virus infection. This observation suggests that immunization not only prevents the birds from the clinical disease after homologous virus challenge but also suppresses the replication of the challenge virus substantially, which may contribute to a better control of virus transmission among the vaccinated animals.



Our study showed that the inactivated water-in-oil emulsion waterfowl parvovirus vaccine was able to induce a reasonably fast immunity in maternal antibody-free birds applied at one day of age, providing a high level of clinical protection (100%) by 2 weeks after vaccination. This protection had already been achieved when the virus-neutralizing antibodies induced by the vaccination were still very low or barely detectable. Testing the bivalent vaccine in day-old Muscovy ducklings with maternally derived antibodies to GPV and MDPV showed that it could induce an active immune response in face of MDA, resulting in a high level of clinical protection (90–100%) by three weeks of age against challenge with any of the two waterfowl parvoviruses. Boosting the primary immune response with a second vaccination at 3 weeks of age induced fast and strong immune response which conferred strong immunity to the birds till the end of the susceptible age.



Both the serology results and the clinical protection data generated in our experiments indicated that protection against the clinical disease caused by waterfowl parvoviruses in Muscovy ducks can be achieved only by administering a bivalent parvovirus vaccine.



The results of the experimental challenges and field observation reported by scientists indicate that infection of susceptible Muscovy ducks with waterfowl parvoviruses can result in chronic disease with substantial growth retardation at least until 6 to 8 weeks of age that may cause significant economic losses (15, 18, 20). Therefore, to prevent these losses due to infection during this susceptible period of life, active immunity against the disease should be induced by vaccination as early in life as possible before the maternally derived antibodies decline to an un-protective level. This can be achieved by inactivated vaccines as reported by Takehara et al. (1995) who used a monovalent inactivated GPV vaccine to control the disease caused by GPV infection in Muscovy ducks. Our immunological cross reactivity studies using monovalent and bivalent vaccine preparations of GPV and MDPV demonstrated that for the achievement of protection against the two waterfowl parvovirus species that can cause disease in Muscovy ducks, a vaccine containing both GPV and MDPV antigens that induce neutralizing antibodies should be applied.




5. Conclusions


The results of our investigation demonstrate that there are significant antigenic differences between GPV and MDPV. It was shown that the antigenic relationship between GPV and MDPV is not enough to elicit an adequate cross-immunity between the two viruses, therefore the use of bivalent vaccine containing both goose and Muscovy duck parvovirus antigens is necessary to achieve adequate protection against the two waterfowl parvoviruses that can cause disease in Muscovy ducks. It was also demonstrated that inactivated bivalent waterfowl parvovirus vaccine was able to induce a reasonably fast immunity even when applied in face of MDA, and if day-old vaccination is followed by a booster vaccination the immunity lasted till the end of the susceptible age of the birds.







Author Contributions


Conceptualization, V.P. and A.Z.; methodology, V.P. and A.Z.; validation, V.P. and A.Z.; formal analysis, V.P., A.Z. and B.F.; investigation, V.P. and A.Z.; resources, V.P.; data curation, A.Z. and B.F.; writing—original draft preparation, V.P. and A.Z.; writing—review and editing, V.P. and A.Z., visualization, B.F.; supervision V.P.; project administration, A.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


All experiments were conducted in compliance with the Hungarian Act No. XXVIII/1998. The animal study protocols were approved by the competent Hungarian animal welfare and ethics authority (Baranya Megyei Állategészségügyi és Élelmiszer Ellenőrző Állomás, approval number: BA01//2005.03.08).




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author. The data are not publicly available due to the company data management policy.




Conflicts of Interest


The authors are employees of Ceva Sante Animale who is the manufacturer of the bivalent waterfowl parvovirus vaccine.




References


	



Walker, P.J.; Siddell, S.G.; Lefkowitz, E.J.; Mushegian, A.R.; Dempsey, D.M.; Dutilh, B.; Harrach, B.; Harrison, R.L.; Hendrickson, R.C.; Junglen, S.; et al. Changes to virus taxonomy and the International Code of Virus Classification and Nomenclature ratified by the International Committee on Taxonomy of Viruses. Arch. Virol. 2019, 164, 2417–2429. [Google Scholar] [CrossRef]

	



Zádori, Z.; Stefancsik, R.; Rauch, T.; Kisary, J. Analysis of the complete nucleotide sequences of goose and Muscovy duck parvoviruses indicates common ancestral origin with adeno-associated virus 2. Virology 1995, 212, 562–573. [Google Scholar] [CrossRef] [PubMed]

	



Palya, V. Parvovirus infections of waterfowl. In Diseases of Poultry, 13th ed.; Swayne, D.E., Glissen, J.R., Mcdougald, L.R., Nolan, L.K., Suarez, D.L., Nair, V.L., Eds.; Wiley-Blackwell: Hoboken, NJ, USA, 2013; pp. 444–454. [Google Scholar]

	



Palya, V.; Zolnai, A.; Benyeda, Z.; Kovács, E.; Kardi, V.; Mató, T. Short beak and dwarfism syndrome of mule duck is caused by a distinct lineage of goose parvovirus. Avian Pathol. 2009, 38, 175–180. [Google Scholar] [CrossRef] [PubMed]

	



Li, C.; Li, Q.; Chen, Z.; Liu, G. Novel duck parvovirus identified in Cherry Valley ducks (Anas platyrhynchos domesticus), China. Infect. Genet. Evol. 2016, 44, 278–280. [Google Scholar] [CrossRef]

	



Bian, G.; Ma, H.; Luo, M.; Gong, F.; Li, B.; Wang, G.; Mohiuddin, M.; Liao, M.; Yuan, J. Identification and genomic analysis of two novel duck-origin GPV-related parvovirus in China. BMC Vet. Res. 2019, 15, 88. [Google Scholar] [CrossRef]

	



Chu, C.Y.; Pan, M.J.; Cheng, J.T. Genetic variation of the nucleocapsid genes of waterfowl parvovirus. J. Vet. Med. Sci. 2001, 63, 1165–1170. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Y.; Afumba, R.; Pang, F.; Yuan, R.; Dong, H. Advances in research on genetic relationships of waterfowl parvoviruses. J. Vet. Res. 2021, 65, 391–399. [Google Scholar] [CrossRef] [PubMed]

	



Ju, H.; Wei, N.; Wang, Q.; Wang, C.Y.; Jing, Z.Q.; Guo, L.; Liu, D.; Gao, M.; Ma, B.; Wang, J. Goose parvovirus structural proteins expressed by recombinant baculoviruses self-assemble into virus-like particles with strong immunogenicity in goose. Biochem. Biophys. Res. Commun. 2011, 409, 131–136. [Google Scholar] [CrossRef]

	



Le Gall-Reule, G.; Jestin, V.; Chagnaud, P.; Blanchard, P.; Jestin, A. Expression of Muscovy duck parvovirus capsid proteins (VP2 and VP3) in baculovirus expression system and demonstration of immunity induced by the recombinant proteins. J. Gen. Virol. 1996, 77, 2159–2163. [Google Scholar] [CrossRef] [PubMed]

	



Derzsy, D. A viral disease of goslings. Acta Vet. Hung. 1967, 17, 443–448. [Google Scholar]

	



Jestin, V.; Le Bras, M.; Cherbonnel, M.; Le Gall-Recule, G.; Bennejean, G. Demonstration of very pathogenic parvovirus (Derzsy’s disease virus) in Muscovy duck farms. Recl. Med. Vet. 1991, 167, 849–857. [Google Scholar]

	



Hoekstra, J.; Smit, T.; van Brakel, C. Observations on the host range and control of goose virus hepatitis. Avian Pathol. 1973, 2, 169–178. [Google Scholar] [CrossRef] [PubMed]

	



Glávits, R.; Zolnai, A.; Szabó, É.; Zarka, P.; Mató, T.; Palya, V. Comparative pathological studies on domestic geese (Anser anser domestica) and Muscovy ducks (Cairina moschata) experimentally infected with parvovirus strains of goose and Muscovy duck origin. Acta Vet. Hung. 2005, 53, 73–89. [Google Scholar] [CrossRef]

	



Yu, K.; Ma, X.; Sheng, Z.; Qi, L.; Liu, C.; Wang, D.; Huang, B.; Li, F.; Song, M. Identification of goose-origin parvovirus as a cause of newly emerging beak atrophy and dwarfism syndrome in ducklings. J. Clin. Microbiol. 2016, 54, 1999–2007. [Google Scholar] [CrossRef] [PubMed]

	



Ting, C.-H.; Lin, C.-Y.; Huang, Y.-C.; Liu, S.-S.; Peng, S.-Y.; Wang, C.-W.; Wu, H.-Y. Correlation between goose circovirus and goose parvovirus with gosling feather loss disease and goose broke feather disease in southern Taiwan. J. Vet. Sci. 2021, 22, e1. [Google Scholar] [CrossRef] [PubMed]

	



Kisary, J.; Derzsy, D.; Meszaros, J. Attenuation of the goose parvovirus strain B. Laboratory and field trials of the attenuated mutant for vaccination against Derzsy’s disease. Avian Pathol. 1978, 7, 397–406. [Google Scholar] [CrossRef]

	



Fournier, D.; Gaudry, D. Recent discoveries on waterfowl pathology: A new parvovirus of Muscovy ducks in France—Field vaccination trials. In Proceedings of the EEC Meeting Virus Diseases of Poultry, New and Evolving Pathogens; Brussels, Belgium, European Commission: Brussels, Belgium, 1992; pp. 183–194. [Google Scholar]

	



Takehara, K.; Ohshiro, T.; Matsuda, E.; Nishio, T.; Yamada, T.; Yoshimura, M. Effectiveness of an inactivated goose parvovirus vaccine in Muscovy ducks. J. Vet. Med. Sci. 1995, 57, 1093–1095. [Google Scholar] [CrossRef]

	



Maurin-Bernaud, L.; Goutebroze, S.; Merdy, O.; Chanay, A.; Cozette, V.; Le Gros, F.-X. Efficacy of a new attenuated duck parvovirosis vaccine in Muscovy ducks. Vet. Rec. 2014, 175, 281. [Google Scholar] [CrossRef]

	



Kisary, J. Immunological aspects of Derzsy’s disease in goslings. Avian Pathol. 1977, 6, 327–334. [Google Scholar] [CrossRef]

	



Kardi, V.; Szegletes, E. Use of ELISA procedures for the detection of Derzsy’s disease virus of geese and the antibodies produced against it. Avian Pathol. 1996, 25, 25–34. [Google Scholar] [CrossRef]

	



Yu, T.F.; Ma, B.; Gao, M.C.; Wang, J.W. Localization of linear B-cell epitopes on goose parvovirus structural protein. Vet. Immunol. Immunopathol. 2012, 145, 522–526. [Google Scholar] [CrossRef] [PubMed]

	



Li, M.; Yu, T. Immunologic cross-reactivity between Muscovy duck parvovirus and goose parvovirus on the basis of epitope prediction. Braz. J. Microbiol. 2013, 44, 519–521. [Google Scholar] [CrossRef] [PubMed]








[image: Vaccines 10 01255 g001 550] 





Figure 1. Humoral antibody response to GPV and MDPV in MDA-free ducks, vaccinated with monovalent GPV vaccine then challenged with homologous or heterologous strains of WPV at 2 weeks of age. Statistical comparison of post-challenge virus neutralization titers against GPV and MDPV indicate significant difference after GPV challenge (**** p < 0.0001), but no significant difference in the case of MDPV challenge infection (p = 0.437). 
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Figure 2. Humoral antibody response to GPV and MDPV in MDA-free ducks, vaccinated with monovalent MDPV vaccine then challenged with GPV or MDPV strains at 2 weeks of age. Statistical comparison of post-challenge virus neutralization titers against GPV and MDPV indicate significant differences in the case of both GPV and MDPV challenge infections (* p = 0.0323 and * p = 0.0218 respectively). 
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Figure 3. Humoral antibody response to GPV and MDPV in unvaccinated MDA-free ducks, following infection with GPV or MDPV strains at 2 weeks of age. Statistical comparison of post-challenge virus neutralization titers against GPV and MDPV indicate significantly higher titers against the homologous neutralizing virus than against the heterologous one (* in case of GPV infection p = 0.0105; in case of MDPV infection p = 0.0108). 
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Figure 4. Antibody response of MD-free Muscovy ducks to the bivalent vaccine (log2 VN titer). 
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Figure 5. Development of antibody response to GPV and MDPV in the non-vaccinated MDA-free ducks, following challenge infection with GPV or MDPV at 2 weeks of age. Statistical comparison of post-challenge virus neutralization titers against GPV and MDPV indicate that significantly higher VN titers against homologous virus than against the heterologous one (in case of GPV infection ** p = 0.0022; in case of MDPV infection *** p = 0.0005). No zero-conversion was found in non-challenged birds. 
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Figure 6. Humoral antibody response to GPV and MDPV in MDA-free ducks vaccinated with the bivalent vaccine, following challenge infection with GPV or MDPV strains at 2 weeks of age. The non-challenged vaccinated group (A3) was sampled at the same date when post-challenge samples were collected in groups A1 and A2, to determine the level of vaccine induced VN titers at the same time. Statistical comparison of post-challenge virus neutralization titers against GPV and MDPV indicated significantly higher titer increases against the virus homologous with the challenge virus (in case of GPV infection **** p < 0.0001; in case of MDPV infection ** p = 0.0045). 
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Figure 7. Humoral antibody response in MDA-positive ducks, vaccinated with the bivalent vaccine in a prime–boost regime. (n/t = not tested). 
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Table 1. Cross-protection experiment in MDA-free Muscovy ducks.
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Groups

	
Vaccine

	
Subgroups

	
No. of Ducks

	
Challenge Virus

	
Blood Sampling






	
A

	
Monovalent GPV

	
A/1

	
15

	
GPV

	
D15, D36




	
A/2

	
15

	
MDPV

	
D15, D36




	
B

	
Monovalent MDPV

	
B/1

	
15

	
GPV

	
D15, D36




	
B/2

	
15

	
MDPV

	
D15, D36




	
C

Control

	
ND

	
C/1

	
10

	
GPV

	
D15, D36




	
C/2

	
10

	
MDPV

	
D15, D36




	
C/3

	
10

	
ND

	
D15, D36








Note: ND = not done.
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Table 2. Study design to evaluate the immunogenicity of bivalent vaccine in MDA-free Muscovy ducks.
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Groups

	
Subgroups

	
No. of Birds

	
Challenge Virus

	
Blood Sampling






	
A

(vaccinated)

	
A/1

	
10

	
GPV

	
D15, D36




	
A/2

	
10

	
MDPV

	
D15, D36




	
A/3

	
10

	
ND

	
D15, D36, D64




	
C

(Control, unvaccinated)

	
C1

	
10

	
GPV

	
D15, D36




	
C2

	
10

	
MDPV

	
D15, D36




	
C3

	
5

	
ND

	
D15, D36, D64








Note: ND = not done.
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Table 3. Study design to evaluate the immunogenicity of the bivalent vaccine in MDA-positive Muscovy ducks.
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Groups

	
Subgroups

	
Challenge Virus

	
Age at Challenge * (at Weeks)

	
Blood Sampling






	
A

(vaccinated-challenged)

	
A1/1-4

	
GPV

	
3, 4, 5, 6

	
ND




	
A2/1-4

	
MDPV

	
3, 4, 5, 6




	
B

(vaccinated control)

	
N/A

	
ND

	
N/A

	
D0 **, D21, D28, D36, D42, D64




	
C

(unvaccinated-challenged)

	
C1/1-4

	
GPV

	
3, 4, 5, 6

	
ND




	
C2/1-4

	
MDPV




	
D

(unvaccinated control)

	
N/A

	
ND

	
ND

	
D0 **, D21, D28, D36, D42, D64








Notes: * At each challenge date 10 ducks were challenged from each subgroup for each challenge virus. ** The age of the birds in days. At each sampling date 10 ducks were blood sampled. N/A = not applicable, ND = not done.
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Table 4. Cross-protection between GPV and MDPV in MDA-free Muscovy ducks: Clinical protection against challenge.
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	Groups
	Vaccine
	Challenge Virus
	Morbidity * (%)
	Mortality (%)
	Protection (%)





	A/1
	Monovalent GPV
	GPV
	0
	0
	100



	A/2
	Monovalent GPV
	MDPV
	73.3
	0
	26.7



	B/1
	Monovalent MDPV
	GPV
	86.7
	0
	13.3



	B/2
	Monovalent MDPV
	MDPV
	0
	0
	100



	C/1 (+ve control)
	None
	GPV
	100
	60
	0



	C/2 (+ve control)
	None
	MDPV
	100
	0
	0



	C/3 (−ve control)
	None
	None
	0
	0
	N/A







* A duck was considered clinically affected if a typical feathering disorder and/or marked growth retardation, indicated by a significantly lower relative body weight gain, could be observed. N/A—not applicable.
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Table 5. Efficacy of bivalent vaccine in MDA-free Muscovy ducks—Protection against challenge.
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	Subgroups
	Challenge Virus
	No. of Birds with Clinical Signs/no. of Birds Tested
	No. of Birds Died/no. of Birds Tested
	Clinical Protection * (%)





	A1
	GPV
	0/10
	0/10
	100



	A2
	MDPV
	0/10
	0/10
	100



	C1
	GPV
	9/10
	3/10
	10



	C2
	MDPV
	10/10
	6/10
	0



	C3
	No
	None
	None
	N/A







* Clinical protection expressed in the percentage of ducks that survived the 21-day clinical observation period without showing clinical signs or having significant growth retardation indicative of parvovirus infection.
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Table 6. Antibody response of vaccinated and non-vaccinated MDA-free Muscovy ducks to challenge infection (log2 VN titer).
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Age at Sampling

	
D15 (Pre-Challenge)

	
D36 (Post-Challenge)

	
Relative Titer Increase **




	
Virus Used in VN Test

	
GPV

	
MDPV

	
GPV

	
MDPV

	
GPV

	
MDPV




	
Subgroups *

	
Challenge Virus

	
Log2 VN Titer (Mean ± SD)






	
A1

	
GPV

	
2.43 ± 1.45

	
4.03 ± 2.52

	
11.82 ± 0.71

	
9.12 ± 1.23

	
5.33

	
0.23




	
A2

	
MDPV

	
3.66 ± 2.06

	
3.56 ± 2.05

	
7.92 ± 2.32

	
10.62 ± 1.25

	
0.20

	
2.20




	
A3

	
No

	
3.46 ± 1.26

	
3.46 ± 0.87

	
7.52 ± 1.09

	
8.32 ± 1.73

	
N/A

	
N/A




	
C1

	
GPV

	
<1.00

	
<1.00

	
14.52 ± 0.84

	
9.52 ± 2.50

	
N/A

	
N/A




	
C2

	
MDPV

	
<1.00

	
<1.00

	
8.57 ± 0.96

	
14.32 ± 1.41

	
N/A

	
N/A




	
C3

	
No

	
<1.00

	
<1.00

	
<1.00

	
<1.00 *








Note: * Subgroups A1–A3 vaccinated with bivalent vaccine, subgroups C1–C3 non-vaccinated controls; ** Relative titer increase was calculated by subtracting the values of titer increase measured between D15 and D36 against GPV or MDPV in the vaccinated unchallenged groups from those measured during the same period in the vaccinated and challenged groups. N/A—not applicable.
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