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Induction of cystic oviducts and protection against early challenge with infectious bronchitis virus serotype D388 (genotype QX) by maternally derived antibodies and by early vaccination

Introduction

In chickens infections with infectious bronchitis virus (IBV) are a known cause of respiratory problems, drops in egg production, poor eggshell quality, drops in hatchability, nephritis and sometimes false layers [START_REF] Cavanagh | Infectious Bronchitis[END_REF]. IBV is a ubiquitous virus with a remarkably high mutation rate, and the number of types (serotypes or genotypes) of IBV strains that has been detected and reported worldwide seems to be increasing. At this moment, more and more countries have shown that multiple variant IBV strains are circulating in their poultry [START_REF] De Wit | Infectious Bronchitis Virus variants: a review of the history, current situation and control measures[END_REF].

In Europe, many variant IBV strains have been detected in recent years [START_REF] Worthington | A reverse transcriptase-polymerase chain reaction survey of infectious bronchitis virus genotypes in Western Europe from 2002 to 2006[END_REF]. One of these variant IBV genotypes, named QX has been associated with respiratory problems, nephritis, drops in egg production and a 'false layers' syndrome [START_REF] Landman | High incidence of false layers in (re)production hens supposedly attributed to a juvenile infectious bronchitis infection[END_REF][START_REF] Benyeda | Comparison of the pathogenicity of QX-like, M41 and 793/B infectious bronchitis strains from different pathological conditions[END_REF]. In Europe, a QX-like strain was first detected in November 2003 by the GD (Dutch Animal Health Service) in an 18-day-old Dutch broiler flock that was suffering from nephritis. This was only a few months after the large scale import of pullets and hens from other Western and Eastern European countries to compensate for the hens that had been culled in the spring of 2003 because of a highly pathogenic H7N7 avian influenza epidemic in The Netherlands [START_REF] Elbers | The highly pathogenic avian influenza A (H7N7) virus epidemic in The Netherlands in 2003-lessons learned from the first five outbreaks[END_REF]. In the following months, more outbreaks caused by QX-like strains were detected, mainly in young broilers with nephritis and respiratory signs. In March 2004, the QX-like IBV strain D388 was isolated by the GD from the trachea and kidneys of 19-day-old broiler breeders with respiratory signs and increased mortality due to nephritis. In the laying phase, this flock showed a peak in egg production of only 36% due to many birds showing cystic oviducts in the presence of active ovaries. These were diagnosed as false layers [START_REF] Landman | High incidence of false layers in (re)production hens supposedly attributed to a juvenile infectious bronchitis infection[END_REF]. Since early 2004, this IB strain has been detected in an increasing number of other European, Asian and African countries. In the period from 2007 to 2010, it was by far the most frequently detected IBV field strain in The Netherlands (data GD, unpublished).

To achieve a broad protection against damage caused by challenge with IBV variants at several weeks post vaccination, the use of different combinations of live IBV vaccines has been shown to be able to induce a high level of protection against challenges with several heterologous strains [START_REF] Cook | Breadth of protection of the respiratory tract provided by different live-attenuated infectious bronchitis vaccines against challenge with infectious bronchitis viruses of heterologous serotypes[END_REF][START_REF] Gelb | S1 gene characteristics and efficacy of vaccination against infectious bronchitis virus field isolates from the United States and Israel (1996 to 2000)[END_REF]Terregino et al., 2008), although the same combinations can be unsuccessful in inducing a satisfactory level of protection against other heterologous strains [START_REF] Cook | Breadth of protection of the respiratory tract provided by different live-attenuated infectious bronchitis vaccines against challenge with infectious bronchitis viruses of heterologous serotypes[END_REF][START_REF] Ladman | Protection of chickens after live and inactivated virus vaccination against challenge with nephropathogenic infectious bronchitis virus PA/Wolgemuth/98[END_REF]. Several groups have shown that a vaccination schedule using a live attenuated Massachusetts (Mass) vaccine at day-old, followed by a heterologous live-attenuated IBV vaccine at 14 days, is able to induce considerable cross protection against challenge with a QX field strain in young SPF birds at 35 days of age [START_REF] Worthington | An update on the European RT-PCR IBV survey and recent findings on a novel IBV genotype[END_REF]Terregino et al., 2008). However, to prevent the induction of false layers, a high level of protection is already needed at a very young age. Earlier experiments and field experiences from the late 1950s to the 1970s have shown that there are at least 3 major factors that influence the outcome regarding the induction of false layers: the IBV strain that is involved, the age at infection and the presence of strain specific virus neutralizing maternally derived antibodies (MDA) at time of infection.

A fourth factor could be the early protection induced by vaccination of the young chicken.

It has been reported for only a few IBV strains that they are able to cause false layers [START_REF] Crinion | Pathogenicity of four serotypes of avian infectious bronchitis virus for the oviduct of young chickens of various ages[END_REF][START_REF] Chew | Pathogenicity of attenuated infectious bronchitis viruses for oviducts of chickens exposed in ovo[END_REF][START_REF] Benyeda | Comparison of the pathogenicity of QX-like, M41 and 793/B infectious bronchitis strains from different pathological conditions[END_REF]. False layers have been induced in very young chicks using several Mass strains, an Australian T strain and several QX strains (Crinion et al., 1971a, b;[START_REF] Crinion | Pathogenicity of four serotypes of avian infectious bronchitis virus for the oviduct of young chickens of various ages[END_REF]Jones & Jordan, 1972;[START_REF] Benyeda | Comparison of the pathogenicity of QX-like, M41 and 793/B infectious bronchitis strains from different pathological conditions[END_REF]. Field observations also suggest that only a small minority of the IBV strains are able to induce false layers, as there are many new types of IBV detected every [START_REF] Broadfoot | Effects of infectious bronchitis in baby chicks[END_REF] and [START_REF] Crinion | Pathogenicity of four serotypes of avian infectious bronchitis virus for the oviduct of young chickens of various ages[END_REF] have shown that there is a strong negative correlation between the age of exposure to the pathogenic IBV strain and the percentage of false layers at maturity. Infections in the first week of life seem to be especially dangerous. Within a few weeks, the susceptibility of the young chicks to develop damage of the oviduct that leads to the false layer syndrome has been shown to drop dramatically. By that time, the vaccination programme used for the young layers (the fourth factor) could also help to provide active protection against the challenge.

This brings us to the third major factor that is likely to influence the effects on the oviduct of early IBV infections with pathogenic strains, namely the level of virus neutralizing MDA against the strain involved at the time of infection. [START_REF] Broadfoot | Effects of infectious bronchitis in baby chicks[END_REF] reported that "recent observations with experimental groups of chicks from bronchitis immune and nonimmune sources indicate that passive immunity may protect the young chicks from the development of abnormal oviducts when exposed to a virulent field strain of IBV". In the years after this publication several other groups reported their results on the induction of false layers or cystic oviducts, but only in SPF birds (Crinion et al., 1971a;b;[START_REF] Crinion | Egg quality and production following infectious bronchitis virus exposure at one day old[END_REF][START_REF] Crinion | Pathogenicity of four serotypes of avian infectious bronchitis virus for the oviduct of young chickens of various ages[END_REF]Jones & Jordan, 1972;[START_REF] Benyeda | Comparison of the pathogenicity of QX-like, M41 and 793/B infectious bronchitis strains from different pathological conditions[END_REF] or in commercial chickens without MDA [START_REF] Broadfoot | Effects of infectious bronchitis in baby chicks[END_REF]. It cannot be excluded that the present authors are unaware of some relevant, missed publications, but it seems apparent that the amount of accessible work regarding the role of MDA in the prevention of the induction of false layers by IBV is limited. RT-PCR and sequencing. The viral RNA was extracted from 200µl of allantoic fluid from D388-infected embryonated SPF eggs using the High Pure Viral Nucleic Acid kit (Roche Diagnostics) according to the manufacturer's instructions. A fragment of about 350 base pairs of the S1 gene was amplified with the primers XCE1+ and XCE3- [START_REF] Cavanagh | Longitudinal field studies of infectious bronchitis virus and avian pneumovirus in broilers using type-specific polymerase chain reactions[END_REF].

The S1 amplicons were separated on a 1% agarose gel, and visualized with ethidium bromide staining and an ultraviolet light transilluminator. The purified amplicon was sequenced (BaseClear, Leiden) using both XC1+ and XCE3-primers. The sequence data were aligned by using computer software (Bioedit).

IB vaccines. Six different commercially available vaccines were used in the presented studies. Four of these were live attenuated vaccines that were all administered at the manufacturer's recommended dose by the oculonasal (o.n.) route:

Vaccine "Mass" was a live attenuated monovalent vaccine of the Mass serotype. Vaccine "Mass/D274"was a live combined vaccine containing a strain both of the Mass and the D274 serotypes.

Vaccine "793B" was a live attenuated monovalent vaccine of the 793B serotype, a serotype which is also known as 4/91 or CR88.

Vaccine "Mass/Ark" was a live combined vaccine containing both a Mass and an Arkansastype strain.

Two inactivated vaccines were used containing antigens to either 2 or 3 different IB variants (Data GD, not published). At 10 weeks of age, the birds were killed humanely using CO 2 /O 2 and subsequent bleeding. A post mortem examination was performed with special attention being paid to abnormalities in the oviducts and kidneys.

Experiment 2. Level of protection in commercial broiler breeders against a D388

challenge at 4 weeks of age, after heterologous IB vaccination at day of hatch or at days 0 and 14. Experimental design. Five-hundred 18-day embryonated eggs from a well performing commercial broiler breeder grandparent flock were transported to GD. After disinfection, the eggs were hatched at the animal facility of GD. After hatching, 8 groups of 27 female chickens were individually marked with a plastic tag and housed in separate negative pressure isolators (Table 2). All inoculations of vaccines (one recommended dose per bird) and D388 challenge virus (10 4 EID 50 ) were applied by eye-nose drop (one droplet of 0.05ml on the eye, one droplet of 0.05ml on the nostril) using cold (4 0 C) sterile, demineralised water for reconstitution. Groups 1 and 2 were inoculated at day of hatch with sterile water. Groups 3 and 4 were vaccinated at day of hatch with Mass and at 14 days with the 793B vaccine. Groups 5 and 6 were vaccinated at day of hatch with both Mass/D274 and Mass/Ark. Groups 7 and 8 were vaccinated at day of hatch with Mass/D274 and at 14 days with the 793B vaccine. The level of beating of the cilia in each ring was expressed as 4 (less than 25 % beating of cilia), 3 (25-50% beating), 2 (50-75% beating), 1 (75-99% beating) or 0 (all beating). One bird could score between 0 and 20 (5 rings from each trachea; maximum score 4). An individual chick was recorded as protected against challenge if the ciliostasis score was less than 10 (modified from [START_REF] Cook | Breadth of protection of the respiratory tract provided by different live-attenuated infectious bronchitis vaccines against challenge with infectious bronchitis viruses of heterologous serotypes[END_REF]. For each group, a protection score (0-100%) was calculated by the formula:

F

100% -100 x (total of the individual scores) / (number of individuals x 20).

Immunohistochemistry (IHC).

The presence of IBV antigen in different organs was investigated using immunohistochemistry. Organs were fixed for at least 24h in buffered 10% formalin followed by dehydration in absolute ethanol, and paraffin wax embedding. Sections subsequent wash steps with PBS the sections were treated with anti-mouse Dako EnVision+ (Dako UK Ltd, Cambridgeshire, UK) for 30 min at RT. Again, sections were washed three times with PBS and then treated with DAB + (Dako UK Ltd, Cambridgeshire, UK) for 5 min at RT. Finally, the sections were counter-stained using haematoxylin. Sections incubated in the absence of primary antibody were taken along as negative controls.

Statistic analyses. The 95% confidence intervals were calculated using the Episcope computer software [START_REF] Frankena | Episcope: computer programs in veterinary epidemiology[END_REF]. The Student t test (two-sided) was used to test the differences in VNT titres between groups for significance (P<0.05).

Results

Virus cross neutralization test. The results of the 2-way cross neutralization tests using the IB strains D388, M41, D274, D1466, 793B-4/91 and Italy-02 and their antisera showed that the strains were all of different serotypes (Table 1). The results of the 1-way neutralization test using the D388 strain and the antisera against strains of the serotypes D8880, D3128, D3896, Arkansas, Connecticut and Iowa also showed low or non-detectable levels of cross neutralization. 5. The non-challenged SPF birds showed 100% cilia beating at 5 d.p.c. and the IHC staining of all kidneys was negative. D388 inoculation at 10 days of age caused no mortality or severe illness in the unvaccinated SPF birds (positive controls).

RT

However, the birds showed respiratory signs and some had dirty vents. The ciliostasis protection score was 91% at 5 d.p.c. D388 antigen was detectable by IHC in the kidneys of 20%, 70%, 40% and 30% of the positive control group at 5, 8, 11 and 18 d.p.c. respectively.

At 10 days of age (day of challenge), some residual damage to the tracheal cilia, varying from 2 to 16%, was detected in the birds that had been vaccinated at day of hatch (not shown). The D388 challenge of the progeny of the vaccinated layer breeders caused no clear clinical signs except for mild to moderate respiratory signs in several birds. At 5 d.p.c. the ciliostasis protection score of the challenged progeny of breeder groups C and D was 54%

(group H; 793B at day 1), 64% (group F; Mass/D274 at day 1) and 78% (group G; Mass at day 1). The number of IHC IBV positive kidneys was low in all 3 groups. 

Discussion

The results of the cross neutralization tests showed that the D388 strain was of a different serotype to the European and USA strains it was compared with. This was confirmed by the sequencing results which showed that the D388 strain was of the Chinese QX genotype (YuDong et al., 1998;[START_REF] Liu | A new genotype of nephropathogenic infectious bronchitis virus circulating in vaccinated and non-vaccinated flocks in China[END_REF]. The cross-neutralization tests did not include the original QX strain from China, which was not available for the comparison. Regarding the level of 98% genomic homology in the part of the S1 gene that was used for the comparison, it would not be surprising to find results that showed that the original QX strain and the D388 strain are of the same serotype. However, it has been reported that a few percentage changes in the S1 gene can result in a change in serotype [START_REF] Cavanagh | Location of the amino acid differences in the S1 spike glycoprotein subunit of closely related serotypes of infectious bronchitis virus[END_REF], due to a change in a neutralizing epitope. For that reason, until a direct cross-neutralization study comparison has been performed, the D388 strain is considered to be of the QX genotype and the D388 serotype.

The severity of the clinical signs caused by the D388 strain in these experiments was age dependent. Respiratory signs were seen at all ages. Mortality due to nephritis was only seen in the birds that were inoculated at day of age. Infections at 6 and 10 days did not cause clear clinical signs due to nephritis, although the virus could be detected by IHC in a high percentage of the kidney tissues of the infected birds. The D388 infection induced cystic oviducts with water-like fluid accumulation in 81% of the 1-day-old SPF birds that survived the infection, whereas no lesions could be detected at 10 weeks after infection with the pathogenic 4/91 strain. [START_REF] Benyeda | Comparison of the pathogenicity of QX-like, M41 and 793/B infectious bronchitis strains from different pathological conditions[END_REF] also did not detect abnormalities in the oviducts of 793B-infected 1-day-old SPF chickens, whereas a variable percentage of oviduct dilatations were detected following inoculation with 5 different QX-like strains, with a maximum of 20% between 14 and 42 days of age with the Chinese isolate. The reasons for this difference in ability to induce cystic oviducts between the QX-like strains in the study of [START_REF] Benyeda | Comparison of the pathogenicity of QX-like, M41 and 793/B infectious bronchitis strains from different pathological conditions[END_REF] and the D388 strain used here is unknown. Differences between strains of the same serotype of IBV in ability to induce these oviduct lesions have been reported before. For the Mass serotype, percentages of cystic lesions/false layers varied from 0% with M41 [START_REF] Benyeda | Comparison of the pathogenicity of QX-like, M41 and 793/B infectious bronchitis strains from different pathological conditions[END_REF], 26% with the Mass 33 strain [START_REF] Crinion | Egg quality and production following infectious bronchitis virus exposure at one day old[END_REF] to 44% with M41 (Jones & Jordan, 1972). The induction of cystic oviducts causes a lot of permanent damage.

Field evidence has shown that the percentage of cystic oviducts at 6 to 10 weeks of age is highly correlated with the percentage of false layers in the production period. It is common practice in The Netherlands to determine the percentage of cystic oviducts at about 6 weeks of age in rearing flocks that had a confirmed infection with D388 at the first few weeks of life.

This percentage of cystic oviducts is used to decide whether it is worthwhile to continue the rearing, or whether the flock will be culled to minimize the economical losses.

The results of vaccination/challenge experiment 2 using young commercial broiler breeders that had been vaccinated at day 0 or at days 0 and 14 with combinations of heterologous live vaccines showed that each of the vaccination programmes used induced a reasonable to high level of protection of the trachea, kidney, oviduct and airsacs against the challenge with the D388 strain at 28 days of age. Remarkable was the peak of IBV positive kidneys at 5 d.p.c. in the unvaccinated positive control group, whereas the peak of IBV positive kidneys in the vaccinated and challenged groups was at 11 d.p.c. Possibly, the viraemia was delayed in the vaccinated groups due to partial protection following the vaccination. However, it must be noted that the percentage of IBV positive kidney cells was much lower in the vaccinated groups than in the positive control group.

At the different time points of experiment 2, IBV was detected by IHC in the kidney and/or oviduct of 46 challenged birds. In total 96% of the birds with a positive IHC for IBV had a positive staining result on the kidney. The oviduct was positive in 30% (14/46) of these birds. For this reason, it was concluded from the results of experiment 3b and 3c that IHC testing could be limited to the kidney as this had a higher sensitivity, and is much easier to perform than IHC on oviducts of 6 or 10 day old birds.

Experiment 3a showed that it is possible to induce D388 VN antibodies in SPF layer breeders with combinations of heterologous live and inactivated IBV vaccines. The possibility of inducing VN antibodies against an IBV strain by the administration of combination of 2 or more heterologous IBV strains has been reported before [START_REF] Gelb | Serum antibody responses of chickens following sequential inoculations with different infectious bronchitis virus serotypes[END_REF][START_REF] Karaca | A monoclonal antibody blocking ELISA to detect serotypespecific infectious bronchitis virus antibodies[END_REF][START_REF] De Wit | Sensitivity and specificity of serological tests for infectious bronchitis virus antibodies in broilers[END_REF]. Boosting of the SPF layer breeders, primed with 2 heterologous live vaccines, with inactivated vaccines containing 2 or 3 heterologous IBV antigens resulted in significantly higher D388 neutralizing antibody levels at 23 and 29 weeks of age. Experiments 3b and 3c showed that these maternally derived D388 neutralizing antibody titres of between 9 and 10 log 2 in the breeders were important for the early protection of the progeny against challenge with D388 at 6 and 10 days of age. Maternally derived D388 neutralizing antibody titres in the progeny here were not determined in order to prevent unpredictable and undesirable losses of these antibodies by the bleeding procedure itself. It is assumed that the titres in the progeny were comparable to the titres of the breeders [START_REF] Lucio | Infectious Bursal Disease emulsified vaccine: Effect upon neutralizing antibody levels in the dam and subsequent protection of the progeny[END_REF][START_REF] Naqi | Pathogenicity of a QX strain of infectious bronchitis virus in specific pathogen free and commercial broiler chickens, and evaluation of protection induced by a vaccination programme based on the Ma5 and 4/91 serotypes[END_REF][START_REF] De Wit | Validation of five commercially available ELISAs for the detection of antibodies against infectious bursal disease virus (serotype 1)[END_REF]. The MDA positive, but unvaccinated progeny that were challenged at 6 days of age had a ciliostasis protection score of between 50 and 100%. The MDA positive progeny that were challenged with D388 at 10 days of age showed similar tracheal protection to the challenged unvaccinated progeny at 6 days of age. This indicated that the single heterologous vaccination of the MDA positive birds at day 1 did not induce a significant rise in tracheal protection against D388 challenge. it seems very likely that the incidence of D388 positive oviducts in experiment 3c was also very low. In general, the results of experiments 3b and 3c showed that a higher level of D388 neutralising antibodies in the breeders correlated with a higher level of protection against early challenge in the progeny.

In conclusion, these experiments confirmed the field observations that the D388 strain of the QX genotype is a very pathogenic IBV strain that is able to cause a high percentage of cystic oviducts, mortality due to nephritis and respiratory distress with complete ciliostasis of the tracheal epithelium and airsacculitis in susceptible birds of the appropriate age.

Vaccination programmes using different combinations of heterologous live vaccines at dayold or at days 0 and 14 induced a reasonable to high level of protection against challenge at 28 days of age. However, for very early protection, maternally derived D388 neutralizing antibodies were showed to be very important. Titres of 9 to 10 log 2 of maternally derived D388 VN antibodies that provided partial protection against tracheal damage and high protection against replication of D388 in the kidney after challenge at 6 or 10 days of age, could be achieved by using a broad heterologous live priming and subsequent boosting using inactivated IBV vaccines containing 2 or 3 heterologous IBV antigens. 
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  any indication of the appearance of false layers related to the detection of these new types of IBV.

(

  or serotypes). Both inactivated vaccines were administrated at the manufacturer's recommended dose of 0.5ml by the intramuscular route. Inactivated vaccine "inac.IB2" contained the Mass (M41) and D274 antigens in combination with antigens of avian metapneumovirus, Newcastle disease virus and egg drop syndrome virus. Inactivated vaccine "inac.IB3" contained the M41, D274, and D1466 IBV antigens in combination with the antigen of Newcastle disease virus.IB challenge strains. D388 of the QX genotype was isolated by GD in March 2004, from the trachea and kidneys of 19-day-old broiler breeders with respiratory signs and increased mortality due to nephritis. In the subsequent laying phase, this flock showed a peak in egg production of only 36% due to many birds showing cystic oviducts in the presence of active ovaries, which was diagnosed as false layers[START_REF] Landman | High incidence of false layers in (re)production hens supposedly attributed to a juvenile infectious bronchitis infection[END_REF]. The 4/91-like challenge strain was isolated from broilers with respiratory distress. It has been confirmed to be of the 4/91 (793B or CR88 type) by means of cross neutralization tests and genotyping. In earlier experiments, it caused 100% ciliostasis in the tracheal epithelium of unvaccinated SPF birds. day-old SPF layers. At day of hatch, 2 groups of 30 SPF white layer chickens were housed in separate negative pressure isolators at GD. All birds were inoculated by eye-drop with 10 5 EID 50 of the D388 strain or the pathogenic 4/91-like strain of IBV in 0.1ml of diluent per bird. The 4/91-like challenge strain was used as it represents the second most relevant IBV genotype detected in The Netherlands in the period from 2007 to 2010

  Ciliostasis test. The level of protection of th trachea was determined using the ciliostasis test on 5 tracheal rings per bird. The tracheas are placed in Hank's Minimum Essential Medium (HMEM) medium immediately after killing the chickens by an intravenous injection of 0.1-0.2ml T61 and subsequent bleeding. Five tracheal rings (equally divided over the total length of the trachea) were cut and placed in medium at 37ºC. The level of ciliostasis was determined independently by two technicians between 1 and 4h after the birds were killed.

  were cut at 4µm, and mounted on glass slides. Endogenous peroxidase activity was blocked by incubation with 1% H 2 O 2 containing 0.1% NaN 3 for 20 min at room temperature (RT), and subsequently boiled in Tris (0.01 M)-EDTA (0.001 M), pH 9.0 for 10 min. The binding of Fcreceptors was blocked by incubation with 10% foetal bovine serum for 20 min. at RT. The immunostaining of IBV-positive cells was performed using 1:20.000 diluted anti-IBV nucleoprotein monoclonal antibody 48.4 (Prionics, Lelystad, The Netherlands) in Normal Antibody Diluent (Klinipath, Duiven, The Netherlands) for 30 min at RT. After three

  inac.IB3) showed 100% protection of the trachea at 5 d.p.c. and 0%, 10%, and 0% IBV positive kidneys at 5, 8 and 11 d.p.c. respectively. Experiment 3c. D388 challenge of 10-day-old vaccinated progeny of layer breeder groups C and D. The results of D388 challenge of both the 10-day-old progeny of the layer breeder groups C and D, that were vaccinated at day of hatch, and the non-vaccinated SPF control birds are shown in Table

  However, the combination of D388 virus neutralizing MDA and heterologous vaccination at day-old resulted in a very low incidence of IBV positive kidneys post challenge. Taking the results of the replication in the kidneys and oviducts in the birds of experiment 2 into account,

Figure 1 .

 1 Figure 1. Cystic dilatation of the oviduct of 10-week old SPF layers after infection at day 1 with IBV D388 strain.

Materials and methods Virus cross neutralization test. Monospecific

  National Board for Poultry and Eggs (PPE) provided GD with grants for performing several experiments. This paper reports a first selection of these.

	EID 50 of IB strain D388 and strains of the serotypes Mass, D274, D1466, D8880, D3128,
	D3896, 793B, Italy-02, Arkansas, Connecticut and Iowa. Blood samples were collected 3
	The aims of the studies that are presented in this paper are: weeks after inoculation. The sera were pooled for each virus and used for the virus
	1. To type the D388 strain by serotyping and genotyping. neutralisation (VN) test to determine the ability to neutralize a constant amount of 30-300
	2. To test and compare the ability of the D388 strain and a pathogenic 4/91-like strain to median tissue culture infectious dose (TCID 50 ) of virus. The virus was mixed with two-fold
	induce cystic oviducts in 1-day-old SPF layers (experiment 1), dilutions of antisera and incubated for 1h at 36-38°C. Subsequently, the virus-serum mixtures
	F o r 3. To test the efficacy in protecting the trachea, kidney, oviduct and airsacs of commercial broiler breeders of several combinations of live heterologous (non-QX-F were transferred in duplicate to wells of microtitre plates which contained monolayers of o r primary chicken embryo kidney cells (CEKC). The plates were placed in a CO 2 incubator at
	P e like) vaccines applied at day 0 or at days 0 and 14, against challenge with D388 at 4 weeks of life (experiment 2), 36-38°C for 72h. The VN titres were expressed as the reciprocal of the highest dilution of P e serum that prevented cytopathic effects. The test was performed in the presence of appropriate
	e r 4. To test the ability of 5 different combinations of commercially available heterologous (non-D388) live and inactivated vaccines to induce virus neutralizing antibodies r e controls.
	R against D388 in SPF layer breeders (experiment 3a) and the role of this MDA in the R
	e protection of the progeny, either with MDA alone or MDA in combination with a live e
	v i e w vaccination at day 0 against challenge at a very young age (6 or 10 days). In the first v i e experiment with the progeny (experiment 3b), challenge with D388 was performed using 6-day-old unvaccinated progeny of 5 different breeder groups. In experiment 3c w
	O n l the progeny of 2 selected breeder groups were vaccinated at day of hatch with different vaccines and challenged with D388 at 10 days of age. O n l
	y y
	antisera were raised in groups of 4 to 8-week-
	old White Leghorn SPF chicks that were inoculated by eye-drop with approximately 10 6

Since the end of 2003, strains of the D388 serotype (QX genotype) have caused considerable damage to the Dutch poultry industry. To be able to support the industry with substantiated advice to prevent or decrease the damage caused by the D388 strain, the Dutch

Induction of D388 virus neutralizing antibodies with 5 different combinations of commercially available heterologous live attenuated and inactivated vaccines

  At 7 days of age, the number of birds per group was reduced to 24. At 30 days of age groups 2, 4, 6 and 8 were challenged by eye-drop with the D388 strain. The birds in the other groups were inoculated with sterile water. At 5, 8 and 11 days post challenge (d.p.c.), 8 birds were

	Experiment 3b.
	removed from the isolator and killed by an intravenous injection of 0.1-0.2ml T61 (Intervet
	Nederland, Boxmeer, The Netherlands) and subsequent bleeding. At 5 and 8 d.p.c., tracheas
	were collected for the ciliostasis test (see below). At 5, 8 and 11 d.p.c., samples of kidney,
	o r oviduct and airsacs were collected for immunohistochemistry (IHC) to detect the presence of IBV in these organs. F o r
	P e e r R e v i e w O n l y P e e r R e v i e w O n l Experiment 3a. Blood samples were collected at 13, 23 and 29 weeks of age for determining the individual y
	level of D388 virus neutralizing antibodies by the VNT. Starting at 4 weeks after the
	application of the inactivated vaccines, eggs were collected and hatched for use in
	experiments 3b and 3c.

. Experimental design. Five groups (A, B, C, D and E) of eight 13-week-old SPF layer pullets and 2 males were housed in negative pressure isolators with laying nests. The birds of groups A, B, C and D were vaccinated by eye-nose drop at 13 weeks of age with one dose of a Mass/D274 vaccine and at 15 weeks with one dose of 793B vaccine in 0.1 ml of cold sterile water per bird (Table

3

). The birds of group E were inoculated by eye-nose drop at 13 weeks of age with D388 (10 4 EID 50 ). The birds in group B were boosted intramuscularly (i.m.) at 19 weeks of age with one dose (0.5 ml) of the bivalent IBV M41 and D274 component of inac. IB2 vaccine. Groups C, D and E were boosted i.m. at the same age with one dose of inac.IB3 vaccine. Group D received another dose of inac. IB3 at 23 weeks of age.

D388 challenge of 6-day-old unvaccinated progeny of 5 groups of breeders in which different vaccination programmes were used.

  In experiment 3b, progeny of all 5 breeder groups A-E from experiment 3a were housed in 5 separate isolators (A-E). SPF birds, housed in 2 separate isolators served as negative and positive control groups. All birds of groups A-E and the positive control birds were challenged at 6 days of age with 10 4 EID 50 of D388 by eye-nose drop (Table4). At 5, 8 and 11 d.p.c, 10 birds were removed from the isolator and killed by an intravenous injection of 0.1-0.2ml T61 and subsequent bleeding. At 5 d.p.c. tracheas were collected for determination of the level of protection by the ciliostasis test. At 5, 8 and 11 d.p.c. samples from the kidney were collected for IHC to detect the presence of IBV.

	The birds of groups F, G, H and the positive control group were challenged at 10 days
	of age with 10 4 EID 50 of D388 by eye-nose drop as described earlier. From the vaccinated
	groups F, G and H, 4 birds were checked at day of challenge for residual damage in the
	trachea due to the vaccination 10 days earlier. From groups F, G and H, 11 to 13 birds were
	removed at 5 and 8 d.p.c. and killed by intravenous injection of 0.1-0.2ml T61 and subsequent
	bleeding. From the negative and positive control group, 10 birds were removed at 5, 8, 11 and
	18 d.

Experiment 3c. D388 challenge of 10-day-old vaccinated progeny of layer breeder groups B and C. In experiment 3c, progeny of breeder groups C and D were mixed and housed in 3 isolators (each group had 50% offspring of breeder group C and of breeder group D) and vaccinated by eye-nose drop at day of hatch with one dose of the vaccine Mass/D274 (group F), Mass (group G) or 793B (group H) in 0.1 ml of cold sterile water per bird. SPF layer chickens were added to the experiment to serve as negative and positive controls. p.c. At 5 d.p.c. tracheas were collected for examination by the ciliostasis test. At 5, 8, 11 and 18 d.p.c, samples of the kidneys were collected for IHC to detect the presence of IBV.

Ability of D388 and a pathogenic 4/91-like strain to induce cystic oviducts in 1-day-old SPF layers.

  The groups inoculated with both IB D388 and 4/91-like viruses showed respiratory signs from 3 days after challenge up to about 10 days of age. One 4/91 infected chicken died in this period. The post mortem examination of this bird only showed a

	Experiment 1. tracheitis. The clinical signs in the D388 infected group were more severe than in the 4/91
	infected group. Nine of the 30 D388 inoculated birds died in the first 10 days, mainly with
	F signs of nephritis. At 10 weeks of age, none of the remaining 29 4/91 infected birds showed o r any macroscopically visible abnormality of the oviduct or other organs. In 17 out of 21 birds
	(81%) that survived the D388 infection, cystic dilatations with a watery content were present P e in the oviducts at 10 weeks of age (Figure 1). In most of these birds, no normal part of the
	oviducts could be detected.	r e
	Experiment 2.	R
		e
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		w
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		y
	-PCR and sequencing. The new virus D388 isolate had 98% homology with the Chinese
	QX strain (accession code AF193423), being distinct from all known IBV types present in
	The Netherlands at that time (data not shown).

Level of protection in commercial broiler breeders against a D388 challenge at 4 weeks of age after heterologous IB vaccination at day of hatch or at 0 and 14 days of age.

  The results of experiment 2 are shown in Table2. No or mild respiratory

	in a protection score of 26%. The ciliostasis protection score in the vaccinated groups 4, 6 and
	8 was 51%, 78% and 89% respectively at 5 d.p.c..
	D388 antigen was detectable by IHC in the kidneys of 100%, 75% and 75% of the
	non-vaccinated group 2 at 5, 8, and 11 d.p.c. respectively. The sampling day with the highest
	percentage of IBV positive kidneys was 11 d.p.c. in all vaccinated groups. At this day, the
	percentage of IBV positive kidneys in the vaccinated groups 4, 6 and 8 was 63%, 57% and
	F 38% respectively. o r D388 antigen was detectable by IHC in the oviducts of 50%, 38% and 38% of the non-
	vaccinated group 2 at 5, 8, and 11 d.p.c. In the vaccinated groups, the number of IBV positive P e oviducts was low and varied from 0% to 14%. In group 4, 13% of the oviducts were IB
	positive at 5, 8 and 11 d.p.c. In group 6, 14% of the oviducts were positive at 11 d.p.c, e r whereas no IBV positive oviducts were detected in group 8.
	R The detection of D388 antigen by IHC in the airsacs was highly correlated with the
	e level of ciliostasis in the tracheas. D388 antigen was detectable by IHC in the airsacs of
	signs were observed post vaccination in groups 3, 4, 7, and 8. Severe respiratory signs were observed in groups 5 and 6 which had been vaccinated with the Mass/D274 or Mass/Ark at v 100%, 75% and 50% of the non-vaccinated group 2 at 5, 8, and 11 d.p.c, respectively. The i e sampling day with the highest percentage of IBV positive airsacs was 5 d.p.c. for groups 4 w (50%) and 8 (25%). In group 6, the highest percentage of IHC positive airsacs was detected at
	day of hatch. All 4 non-challenged groups, 1, 3, 5, and 7, showed 100% cilia beating at 5 and 8 days post inoculation with sterile water. All IHC-IBV stainings of the kidneys, oviducts and airsacs 11 d.p.c. At the different sampling times in this experiment, IBV was detected by IHC in the O kidney and/or oviduct of 46 birds. In 12 birds, both organs were IBV positive. In 32 birds n l y only the kidney was positive whereas in 2 birds only the oviduct was positive. In total 96%
	of the non-challenged birds were negative except for a few birds of group 7. These birds, that (44/46) of the birds positive by IHC for IBV had a positive staining result on the kidney. The
	had been vaccinated with a Mass/D274 vaccine at day 0 and 793B at day 14 had a few IBV oviduct was positive in 30% (14/46) of these birds.
	positive kidney cells at 35 (2 birds), 38 (1 bird) and 41 (2 birds) days of age.
	Experiment 3a.

The D388 challenge caused 100% ciliostasis (0% protection) at 5 d.p.c. of the nonvaccinated group 2. At 8 d.p.c. the epithelium of the tracheas had started to recover, resulting

Induction of D388 virus neutralizing antibodies in SPF layer breeders with 5 different combinations of commercially available heterologous live and

  The level of D388 VN antibodies that was generated in the layer breeders using the different vaccination programmes is shown in Table3. The breeders of group A that had only been vaccinated with the live attenuated vaccines Mass/D274 and 793B hardly developed detectable levels of D388 VN antibodies by 23 and 29 weeks of age. All groups of birds that had been boosted with one of the inactivated vaccines had significantly higher D388 neutralizing antibody levels than group A. The birds of group B and C, which had been boosted after the live vaccinations with inactivated vaccines inac.IB2 or inac.IB3 showed very similar titres at 23 and 29 weeks. The birds of group D, which had been boosted twice with inac.IB3 developed titres of 9.8 and 10.1 log 2 at 23 and 29 weeks of age respectively. Group E that had been primed with live D388 strain and was boosted with inac.IB3 developed the highest level (P<0.05) of D388 antibodies (11.5 and 11.3 log 2 at 23 and 29 weeks of age).

	F o r P e e r R e e i v inactivated vaccines. Experiment 3b.
	w
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D388 challenge of 6-day-old unvaccinated progeny of 5 groups of breeders given different vaccination programmes

  

. The results of study 3b are presented in

Table 4 .

 4 The non-challenged SPF birds of the negative control group showed the maximum of 100% of ciliary movement at 5 d.p.c. and all IHC stainings of the kidneys were negative. The 70% and 0% IBV positive kidneys at 5, 8 and 11 d.p.c. respectively.The challenged progeny of breeder groups C and D (both live vaccine and inac.IB3 once or twice) both showed 60% protection of the trachea at 5 d.p.c. and 0%, 30% and 0% IBV positive kidneys at 5, 8 and 11 d.p.c. respectively.The challenged progeny of breeder group E (D388 infection, boosted with

	D388 infection caused 100% ciliostasis at 5 d.p.c. in the positive control SPF group. The
	D388 infection at 6 days of age caused no mortality or severe illness, although the birds
	showed respiratory signs and some had dirty vents. D388 antigen was detectable by IHC in
	the kidneys of 10%, 50% and 60% of these birds at 5, 8 and 11 d.p.c. respectively. Based on
	the results of the ciliostasis test, the challenged progeny of layer breeder group A (given only
	live vaccines) showed 50% protection of the trachea at 5 d.p.c., and 0%, 30% and 40% IBV

positive kidneys at 5, 8 and 11 d.p.c. respectively. The challenged progeny of breeder group B (both live vaccine and inac.IB2) showed 50% protection of the trachea at 5 d.p.c. and 20%,

Table 1 .

 1 Results of virus cross neutralisation tests using different IBV variants, including the IBV D388 strain and specific antiserum
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Table 2 .

 2 Level of protection against D388 challenge at 4 weeks of age after heterologous IB vaccination at day of hatch or at days 0 and 14 days in commercial broiler breeders (experiment 2)

		Vaccination at	Vaccine	Challenge at	Days post challenge	Protection score	Percentage of 8 birds with detectable IBV antigen by IHC b in
	Group	day 0	day 14	reaction	day 30		(ciliostasis test)	Kidney	Oviduct	Airsac
	1	-	-	-	no	5	100	0	0	0
						8	100	0	0	0
						11	Nt b	0	0	0
	2	-	-	-	D388	5	0	100	50	100
						8	26	75	38	75
						11	Nt	75	38	50
	3	Mass	793B	mild	no	5	100	0	0	0
						8	100	0	0	0
						11	Nt	0	0	0
	4	Mass	793B	mild	D388	5	51	25	13	50
						8	74	13	13	13
						11	Nt	63	13	13
	5	+ Mass/D274	-	severe	no	5	100	0	0	0
		Mass/Ark				8	100	0	0	0
						11	Nt	0	0	0
	6	+ Mass/D274	-	severe	D388	5	78	25	0	25
		Mass/Ark				8	98	13	0	0
						11	Nt	57	14	43
	7	Mass/D274	793B	mild	no	5	100	25	0	0
						8	100	13	0	0
						11	Nt	25	0	0
	8	Mass/D274	793B	mild	D388	5	89	13	0	25
						8	98	13	0	0
						11	Nt	38	0	0
	a Immunohistochemistry.							
	b Not tested.								

Table 3 .

 3 Levels of IBV D388 neutralizing antibodies after vaccination of 5 groups of SPF layer breeders with different heterologous vaccines (experiment 3a) 1 dose of an inactivated IB vaccine intramuscularly.A, B, C, D: Values marked with different superscript letters at the same day, are significantly different from each other (P<0.05).

	Group		Age of vaccination (weeks)		Mean log 2 VNT D388 titre (standard
		Live a vaccine	Inactivated b vaccine	deviation) at week of age	
		13	15	19	23	13	23	29
	A	Mass/D274	793B	-	-	≤ 6	7.0 (1.6) A	≤ 6 A
	B	Mass/D274	793B	Inac.IB2	-	≤ 6	8.9 (1.2) B	8.8 (1.3) B
	C	Mass/D274	793B	Inac.IB3	-	≤ 6	9.0 (1.7) B	9.3 (2.2) BC
	D	Mass/D274	793B	Inac.IB3	Inac.IB3	≤ 6	9.8 (1.8) B	10.1 (1.2) C
	E	D388	-	Inac.IB3	-	≤ 6	11.5 (1.2) C	11.3 (1.0) D

a 1 dose of live vaccine by eye-drop. b

Table 4 .

 4 Results of D388 challenging at 6 days of age the unvaccinated progeny of 5 layer breeder groups vaccinated with 5 different vaccination programmes using heterologous vaccines(experiment 3b) 

	Unvaccinated	Vaccines	Challenge at	Cilliostasis	Percentage of 10 birds with detectable
	progeny of	used in the	day 6	protection	IBV antigen in the kidney by IHC b (95%
	breeder group	breeders		score	confidence interval)	
				5 d.p.c. a	5 d.p.c.	8 d.p.c.	11 d.p.c.
	SPF (Negative	None	No	100	0	0	0
	control)						
	SPF (Positive	None	D388	0	10 (0-29)	50 (19-81)	60 (30-90)
	control)						
	A	Live c	D388	50	0	30 (2-58)	40 (10-70)
	B	Live,	D388	50	20 (0-45)	70 (42-98)	0
		inac.IB2 d					
	C	Live,	D388	60	0	30 (2-58)	0
		inac.IB3 e					
	D	Live, 2x	D388	60	0	30 (2-58)	0
		inac.IB3					
	E	D388,	D388	100	0	10 (0-29)	0
		inac.IB3					

a Days post challenge. b Immunohistochemistry. c Live attenuated Mass/D274 vaccine at day 1 and live attenuated 793B vaccine at day14. d Inactivated vaccine containing M41 and D274 antigens. e Inactivated vaccine containing M41, D274 and D1466 antigens.

Table 5 .

 5 Results of D388 challenging at 10 days of age the progeny of layer breeder groupsC and D, vaccinated at day-old (experiment 3c) 

	Group	Vaccine at	Challenge	Protection (%) score	Percentage of 10 to 13 birds with	
		day of hatch	at 10 days	ciliostasis		detectable IBV antigen in kidneys by IHC a
			of age			(95% confidence interval)	
				0 d.p.c. b	5 d.p.c.	5 d.p.c. 8 d.p.c.	11	18
								d.p.c.	d.p.c.
	SPF	-	-	Nt c	100	0	0	0	0
	(negative								
	control)								
	SPF	-	D388	Nt	91	20 (0-	70 (42-	40 (10-	30 (2-
	(positive					45)	98)	70)	58)
	control)								
	F	Mass/D274	D388	84	64	8 (0-	0	nt c	nt
						24)			
	G	Mass	D388	98	78	0	8 (0-24) nt	nt
	H	793B	D388	92	54	0	0	nt	nt

a Immunohistochemistry. b Days post challenge. c Not tested.
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