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			Abstract | Infectious bursal disease (IBD) is a highly contagious disease that causes immunosuppression in chickens at an early age, resulting in devastating economic losses. Despite using different vaccination strategies in Egypt, recurrent outbreaks of IBDV infection have been periodically reported. This study aims to determine the molecular diversity of IBDVs causing recent outbreaks in chicken farms in Ismailia governorate and provide a field assessment of the commercial vaccines used. Between 2022 and 2024, 150 bursae were collected from 30 farms (5 samples per farm), processed, and underwent RNA extraction, real-time RT-qPCR, and sequencing. All farms under investigation were positive for IBDV with Ct values of 18-25, and three representative samples (Ism-1, Ism-2, and Ism-3) were selected and successfully sequenced for the hypervariable region of VP2 and the B marker of VP1. Upon applying the new classification that combines both VP1 and VP2, the sequenced samples were typically related to the A3B2 genotype. Notably, Ism-2 shows a single novel substitution S229N in the VP2, and Ism-3 exhibits a single novel substitution A239V in VP1. Additionally, most vaccination strategies used in chicken farms under investigation failed to protect birds against very virulent (vv) IBDV infection, except the intermediate plus and hot vaccines, which could mitigate the severity of the disease. In conclusion, this study presents a new classification of IBDVs that combines both VP1 and VP2. Additionally, most commercial vaccines showed an inability to protect chicken farms against vvIBDV infection. This suggests the urgent need for next-generation sequencing and the evaluation of vaccination regimes to address the issue of vaccination failure due to genetic substitutions. 
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			Introduction

			Infectious bursal disease (IBD) is an acute, highly contagious disease affecting the lymphocytes in lymphoid organs (primarily the bursa of Fabricius) of young chickens, causing high mortalities and immune suppression (Mosa et al., 2023). IBD virus (IBDV) is a linear double-stranded non-enveloped bi-segmented RNA virus belonging to the genus Avibirnavirus, family Birnaviridae (ICTV Taxonomy, 2023). The total length of the IBDV genome is 6 kbp, composed of two segments: Segment A is the longest segment (3.1–3.6 kbp), while Segment B is the shortest, ranging from 2.8 to 3.3 kbp. Segment A contains two overlapping open reading frames (ORFs). The first ORF encodes for VP0, which subsequently processes into two structural proteins, pVP2 (capsid protein) and VP3, and one nonstructural protein VP4 (Chevalier et al., 2002). The second ORF encodes VP5, with regulatory and anti-apoptotic activities (Ebrahimi et al., 2020). Segment B translates to RNA-dependent RNA polymerase VP1, which is responsible for virus replication (Swayne et al., 2019). VP2 is a trimerized spike, representing the main component of the IBDV capsid (Coulibaly et al., 2010), which comprises two conserved ends (shell and base) and a variable projection which contains the hypervariable region (hvVP2) located at 206-350 amino acids (aa) (Luque et al., 2007). 

			Two main serotypes of IBDV have been determined based on virus neutralization; serotype I is pathogenic to chickens, causing IBDV infections, whereas serotype II is apathogenic and mainly detected in turkeys (Swayne et al., 2019). Serotype I, IBDVs can be classified into seven major genogroups, with A222, I242, I256, and I294 aa identified as conserved motifs for very virulent (vv)IBDVs (Michel and Jackwood, 2017). However, this classification was insufficient for proper genotyping (Jackwood et al., 2018). Thus, global IBDVs have been recently classified according to combining VP2 (nine genogroups A1-A9) and VP1 (five genogroups B1-B5), into four main genotypes: A1B1 (classic virulent cvIBDV), A2B2 (variant IBDV), A3B2 (very virulent vvIBDV), and A9B1 (attenuated IBDV) (Gao et al., 2023; Islam et al., 2021; Zhang et al., 2022).

			Vaccination is the main way to mitigate the seriousness of IBDV infection and reduce the incidence of the disease by both live and inactivated vaccines (Baron et al., 2018). Inactivated vaccination of breeders provides the young broilers with maternal-derived antibodies (MDAs), preventing IBDV infection during the first 15-20 days of life (Jackwood, 2017). However, the live vaccines were associated with safety and efficacy concerns (Olesen et al., 2018). Therefore, two new generation vaccines, including live recombinant vector vaccines expressing VP2, like the herpesvirus of turkey HVT (Prandini et al., 2016), and the immune complex vaccine (Abou El-Fetouh et al., 2020), were developed to address these concerns. 

			In Egypt, the first record of IBDV infection was in 1974 (El-Sergany, 1974), while in 1989, the detection of vvIBDV was confirmed (Mawgod et al., 2014). Since that time, the vvIBDVs have circulated in Egyptian chicken farms, and several recurrent outbreaks have been reported in various locations at the age of 3-6 weeks, despite the application of different vaccination programs (Mawgod et al., 2014; Omar et al., 2021). Recently, a novel variant of BDV (A2DB2) has been detected in Egyptian chicken farms (Legnardi et al., 2023), exacerbating the situation and increasing the burden on producers. 

			In this study, we experienced a severe outbreak of highly virulent IBVs among various chicken farms, regardless of the vaccination programs and biosecurity standards implemented in these farms. Thus, the primary objective of this study was to identify the cause of the recent IBDV outbreak among Ismailia chicken farms and confirm any novel mutations. Additionally, we conducted a field-based evaluation of the various commercial vaccines used on the affected farms under investigation. We reported the genetic substitutions that may affect the effectiveness of vaccination. 

			Materials and Methods

			Sample collection and preparation

			A total of 150 bursae were collected from 30 farms (5 bursae per farm) between 2022 and 2024, from various locations in Ismailia Governorate, which is characterized by extensive chicken production. Five bursae were physically processed by adding 10 mL of sterile HBSS (Hanks’ balanced salt solution) and subjected to three cycles of freezing, thawing, and homogenization between each cycle using a mortar and pestle with sterile sand to ensure appropriate processing. After the third freezing and thawing, the homogenized bursae were placed in a sterile 15 mL tube, followed by centrifugation at 4000 × g for 10 minutes at 4 °C. Following centrifugation, the clear supernatant was transferred to a sterile 15 mL tube and stored at -80 °C until further examination.

			RNA extraction and Real-time qRT-PCR 

			Viral RNA was extracted from the tissue supernatants using the QIAamp viral RNA Mini Kit (Qiagen, Germany, GmbH) according to the manufacturer’s instructions. Real-time qRT-PCR was performed to determine relative amounts of VP2 gene transcripts in bursal samples using the primer-probe combinations delivered from Metabion (Germany) targeting a 69 bp amplicon; IBD-F GAGGTGGCCGACCTCAACT, IBD-R AGCCCGGATTATGTCTTTGAAG and IBD-Probe [FAM] TCCCCTGAAGATTGCAGGAGCATTTG [TAMRA], as previously described by Moody et al. (2000). The real-time qRT-PCR conditions started with reverse transcription at 55°C for 30 min, followed by initial denaturation at 94°C for 15 min, and 40 cycles of denaturation at 94°C for 15 sec, annealing at 59°C for 30 sec, and extension at 72°C for 30 sec. The reaction was done in a Stratagene MX3005P real-time PCR machine.

			Table 1: Primers used in conventional RT-PCR for IBDV typing.

			
				
					
					
					
					
				
				
					
							
							Reference

						
							
							Length of amplified product (bp)

						
							
							Primer sequence

							(5'-3')

						
							
							Target gene

						
					

					
							
							 Nwagbo et al., 2016

						
							
							722

						
							
							5'CATAAAGCCTACAGCTGGAC3'

						
							
							VP1

						
					

					
							
							5'GTCCACTTGATGACTTGAGG3'

						
					

					
							
							Metwally et al., 2009

						
							
							620

						
							
							5'TCACCGTCCTCAGCTTACCCACATC3'

						
							
							VP2

						
					

					
							
							5'GGATTTGGGATCAGCTCGAAGTTGC3'

						
					

				
			

			Conventional RT-PCR amplification of partial VP1 and VP2 genes for sequencing 

			Initially, the chosen samples were tested by conventional RT-PCR via two sets of primers supplied by Metabion (Germany), which were used for the amplification of B marker, a 722 bp fragment of VP1 (Nwagbo et al., 2016) and a 620 bp fragment of VP2 (Metwally et al., 2009) (Table 1). The reaction was performed in a Biometra thermal cycler. The RT-PCR condition was an initial reverse transcription, which was performed at 50 °C for 30 min, a primary denaturation step was done at 95°C for 5 min, followed by 35 cycles of 94°C for 30 sec., annealing (55°C for 40 sec for VP1 and 60OC for 40 sec for VP2) and extension 72OC for 45 seconds. The final extension step was done at 72°C for 10 min. The products were separated by electrophoresis on a 1.5% agarose gel (Applichem). The gel was photographed by a gel documentation system (Alpha Innotech, Biometra), and the data were analyzed through computer software.

			Sequence analysis 

			The expected-size bands of the selected amplified fragments of VP1 and VP2 were subjected to sequencing. The PCR products were first purified using AMPure XP beads and then sequenced directly using a Big Dye Terminator v3.1 Cycle Sequencing Kit through the Sanger Sequencing Terminator machine (Applied Biosystems). The purified PCR products were sequenced using forward and reverse primers, following the manufacturer’s instructions.

			Phylogenetic analysis

			The phylogenetic relationship between the hvVP2 and B markers of VP1 from the sequenced samples in this study was compared with the representative sequences mentioned in Tables 2 and 3 for each genogroup of IBDV, according to the recent classification proposed by Gao et al. (2023). Two separate maximum likelihood trees with 1000 bootstrap replicates were reconstructed based on VP1 and VP2, including the new sequences of this study, using IQ-TREE2 and the best-fit TIM2e+G4 model chosen according to BIC. Multiple sequence alignments were performed using Muscle, and the identity matrix was created using Genious software for VP2 and VP1 separately (Kearse et al., 2012). Deduced amino acid sequence alignments of the hvVP2 (210-325 aa) and VP1 (20-250 aa) were conducted between the newly detected strains and the representative sequences of vvIBDs and vaccine strains widely used in commercial vaccines, using BioEdit software.

			Table 2: The representative reference sequences of hvVP2 of genogroups (1-9) used in the phylogenetic analysis in this study.

			
				
					
					
					
				
				
					
							
							Year of isolation

						
							
							Location of isolation

						
							
							Strain accession number

						
					

					
							
							SEP/2018

						
							
							EGYPT

						
							
							MK496544.1

						
					

					
							
							2022

						
							
							EGYPT

						
							
							OQ030208.1

						
					

					
							
							Strain 91168 (Vaccinal strain)

						
							
							Y14957.1

						
					

					
							
							2014

						
							
							EGYPT

						
							
							MH078255.1

						
					

					
							
							1998

						
							
							EGYPT

						
							
							MH078253.1

						
					

					
							
							2022

						
							
							EGYPT

						
							
							OR791878.1

						
					

					
							
							SEP/2018

						
							
							EGYPT

						
							
							MK496541.1

						
					

					
							
							2017

						
							
							EGYPT

						
							
							MT840281.1

						
					

					
							
							2015

						
							
							EGYPT/Domitta

						
							
							KY610531.1

						
					

					
							
							1999

						
							
							EGYPT

						
							
							KY610528.1

						
					

					
							
							Isolate 99323 (Vaccinal strain)

						
							
							AJ583500.1

						
					

					
							
							2015

						
							
							EGYPT/Domitta

						
							
							KY597836.1

						
					

					
							
							2015

						
							
							EGYPT (isolate509)

						
							
							MF142543.1

						
					

					
							
							2016

						
							
							Morroco (ISOLATE 752)

						
							
							MF142572.1

						
					

					
							
							2015

						
							
							EGYPT/Dakahlia

						
							
							KY597834.1

						
					

					
							
							2015

						
							
							EGYPT/Domitta

						
							
							KY597835.1

						
					

					
							
							2022

						
							
							EGYPT

						
							
							OQ030204

						
					

					
							
							2015

						
							
							Algeria

						
							
							KY555576.1

						
					

					
							
							Strain 94432 (Vaccinal strain)

						
							
							Y14955.1

						
					

					
							
							Faragher 52/70 (Vaccinal strain)

						
							
							Y14958.1 

						
					

					
							
							Faragher 52/70 

						
							
							United kingdom

						
							
							 HG974565

						
					

					
							
							Bursavac (Vaccinal strain) 

						
							
							AF498633.1

						
					

					
							
							Bursine2 (Vaccinal strain)

						
							
							AF498631.1

						
					

					
							
							(spain4178EV04 vp1 gene)

						
							
							Spain

						
							
							EU162081.1

						
					

					
							
							Bursine plus (Vaccinal strain)

						
							
							AF498632.1

						
					

					
							
							2018

						
							
							USA

						
							
							MH329181.1

						
					

					
							
							(Int/228E VP2 gene)

						
							
							Taiwan

						
							
							AF457104.1

						
					

				
			

			Statistical analysis

			Linear correlation analysis was performed to assess the relationship between the Ct values of the IDBV detected 

			Table 3: The representative reference sequences of VP1 of genogroups (1-5) used in the phylogenetic analysis in this study.

			
				
					
					
					
				
				
					
							
							Strain accession number

						
							
							Location of isolation

						
							
							Year of isolation

						
					

					
							
							KY597863.1

						
							
							Egypt/Domitta

						
							
							2015

						
					

					
							
							KY597861.1

						
							
							Egypt/Domitta

						
							
							2015

						
					

					
							
							KY597859.1

						
							
							Egypt

						
							
							1999

						
					

					
							
							OR791871.1

						
							
							Egypt

						
							
							2022

						
					

					
							
							AF240687.1

						
							
							Netherlands

						
							
							1989

						
					

					
							
							MT935649.1

						
							
							France

						
							
							2019

						
					

					
							
							MT066170.1

						
							
							China

						
							
							2019

						
					

					
							
							MT935635.1

						
							
							France

						
							
							2019

						
					

					
							
							OP978046.1

						
							
							Poland

						
							
							2017

						
					

					
							
							OQ883724.1

						
							
							Egypt

						
							
							2022

						
					

					
							
							OQ883728.1

						
							
							Egypt

						
							
							2022

						
					

					
							
							DQ679811.1

						
							
							 Holland

						
							
							2007

						
					

					
							
							MF576307.1

						
							
							India

						
							
							2015

						
					

					
							
							KX759563.1

						
							
							Poland

						
							
							2014

						
					

					
							
							MG739299.1

						
							
							Finland

						
							
							2014

						
					

					
							
							AF083092.1

						
							
							Winterfield

						
							
							1999

						
					

					
							
							AJ878657.1

						
							
							Strain 228E (Vaccinal strain)

						
					

					
							
							AJ878655.1

						
							
							Bursine 2 (Vaccinal strain)

						
					

					
							
							EU162090.1

						
							
							Isolate D78(Vaccinal strain)

						
					

					
							
							OR791866.1

						
							
							Egypt

						
							
							2023

						
					

					
							
							OR791872.1

						
							
							Egypt

						
							
							2023

						
					

				
			

			by real-time qRT-PCR, mortality rate, and the severity of infection (mild, moderate, and severe) according to our proposed scheme, with the vaccines applied in the farms under investigation. Using Microsoft Excel for data analysis, the regression produced the slope, intercept, coefficient of determination (R²), 95% confidence intervals for the slope, and the p-value for statistical significance. A scatter plot with a fitted linear regression line was generated to illustrate the relationship among Ct values, mortality rates, infection severity, and vaccines applied, with R² and p-values indicating the strength and significance of this correlation.

			Results

			Clinical investigation for chickens 

			Farm investigations were started immediately after the appearance of IBDV infection-related signs. To facilitate the accuracy of our surveillance, we developed a specific scheme that is based on four definite criteria: (1) The signs related to IBDV infection, including a sudden onset of infection characterized by loss of appetite, ruffled feathers, huddling, inability to move, shivering, dehydration, whitish diarrhea, and chalky vents. (2) The significant spiking mortality curve, which typically lasts 5-7 days, peaking on the third day after the onset of infection, with a quick recovery by the 7th day. (3) We developed a distinctive severity score to assess the severity of IBDV infection in all farms under investigation. This score is based on clinical signs and post-mortem lesions, including bursal lesions, thigh hemorrhage, renal lesions, and persistence of the mortalities. The score has three grades, mild, moderate, and severe, as outlined in Figure 1. (4) The Bursae showed IBDV-related infection lesions were collected during the middle of the infection and mortality curve (3-4 days) and subjected to IBDV-specific real-time RTqPCR. 

			[image: ]

			Figure 1: Scheme for severity of the infection (Mild, Moderate, Severe). (A) the renal lesions, (B) the thigh lesions, and (C) the bursal lesions.

			The farms that possessed all four of these criteria, with Ct values for IBDV in the collected bursae, were considered in our study; however, those that did not confirm the presence of IBDV by PCR results were excluded. Interestingly, to verify this scheme, all 30 farms were confirmed to be negative for the universal PCR assay applied in the diagnostic lab of the Animal Health Institute for both high- and low-pathogenic Avian influenza and Newcastle Disease. Most farms under investigation exhibited severe disease conditions, regardless of their vaccination programs. Nevertheless, farms vaccinated with a single dose of hot or intermediate plus vaccines at 14-15 days displayed a reasonable degree of protection against infection, exhibiting a mild clinical disease score and mortality of less than 10% (Figure 2). 

			[image: ]

			Figure 2: The farm investigation data in this study and the RT-PCR results. This figure provides a detailed description of the farms under investigation, including farm capacity, operating system, applied vaccination programs for IBDV, Ct values for the collected bursae from the farms, IBDV infection onset, and severity. The yellow highlight indicates the sequenced strains (Ism-1, 2, and 3). 

			[image: ]

			Figure 3: A scattered plot with a fitted linear regression line between Ct values and mortality rates of 30 chicken farms. The linear regression line indicates a significant negative association (R² = 0.43, p < 0.0001), suggesting that higher viral loads (lower Ct values) are associated with increased mortality. Vaccinated farms with hot and intermediate plus vaccines (surrounded by a red circle) showed mild severity of infection, considerably high Ct values, and significantly low mortalities. However, all farms vaccinated with other vaccines (intermediate, recombinant HVT-VP2, and immune complex vaccines), as well as non-vaccinated farms (blue circle), displayed relatively low Ct values, significantly (p < 0.0001) high mortalities, and severe IBDV infections.

			Remarkably, linear regression analysis was performed among the 30 farms to examine the relationship between Ct values, mortalities, and the severity of IBDV infections, as well as their correlation with the vaccination program used in these farms. This regression model showed a negative association between Ct values and mortality, with a 4.3% decrease (R² = 0.43, slope = –0.043, 95% CI = –0.063 to –0.024, p < 0.0001). Overall, vaccinated farms with hot or intermediate plus vaccines had a considerable increase in the Ct values of IBDV, as measured by real-time RT-qPCR, along with a significant (p < 0.0001) reduction in mortality rates compared to other vaccination programs based on intermediate, rHVT-VP2, and immune complex vaccines, as well as non-vaccinated farms. Furthermore, all hot and intermediate plus vaccinated farms had shown mild severity of infection compared to other vaccination programs, which showed severe infection (Figure 3).

			Molecular diagnosis of IBDVs 

			All 30 farms under investigation showed positive real-time RT-qPCR results with Ct values ranging from 18 to 25. Based on our statistical analysis, sequencing was specifically performed only on those samples that exhibited the lowest Ct values, typically around 18-19, and showed severe clinical scores. Fortunately, upon this selection criterion, the three selected samples displayed highly intense bands upon gel electrophoresis, corresponding to the expected fragment sizes as VP1 (722 nucleotides, nt) and hvVP2 (620 nt) (Figure 4), followed by successful sequencing of both hv VP2 and VP1 B markers of the three strains.

			Phylogenetic analysis 

			The phylogenetic analysis of the nucleotide sequences of the hvVP2 (620 nt) (205-330 aa) was conducted according to the recently proposed refined classification by Gao et al. (2023), who classified the IBDVs based on the hvVP2 into nine main genogroups. A maximum likelihood tree, supported by high bootstrap values, showed that the three Ism-1, -2, and -3 sequences clustered within the vvIBDV A3 genogroup, particularly within the clade 
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			Figure 4: The gel bands for the Ism-1, 2, and 3 strains correspond to VP1 (722bp) and hvVP2 (620 bp).
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			Figure 5: The phylogenetic tree of the nucleotide sequences of the hvVP2 of the detected Ism-1, -2, and -3 viral sequences and the representative sequences of the nine main genogroups (A1-8) of segment A classification. A maximum likelihood tree supported by 1000 bootstrap replicates was reconstructed by Iqtree2 software using the best-fit model TIIM2e+G4 model, according to BIC. This tree showed alignment of the three strains (red dot) detected in this study, within the A3 group, including the very virulent strains previously detected in Egypt and worldwide.

			of the Egyptian vvIBDVs (Figure 5). However, all the commercial vaccines used in the infected chicken farms investigated in this study were found to exist in cvIBDVs in both A1 and A9 (F5270 strain). The identity percentage also supported the tree topology, indicating that the three new viral sequences detected in the Ismailia chicken farm outbreaks were closely identical to each other (98.1-98.6% nt and 99-100% aa). The identity percentage between the Ism-1, -2, and -3 and the other vvIBDV in A3 was notably higher than the vaccine strains (Table 4).

			Table 4: The identity percentage between Ism strains and the other vvIBDVs and vaccinal strains based on hvVP2.

			
				
					
					
					
					
					
					
					
				
				
					
							
							
							ISM-1

						
							
							ISM-2

						
							
							ISM-3

						
					

					
							
							
							na1 %

						
							
							aa2%

						
							
							na %

						
							
							aa %

						
							
							na %

						
							
							aa %

						
					

					
							
							ISM-1

						
							
							ID

						
							
							ID

						
							
							98.1

						
							
							99

						
							
							98.6

						
							
							100

						
					

					
							
							ISM-2

						
							
							98.1

						
							
							99

						
							
							ID

						
							
							ID

						
							
							98.1

						
							
							99

						
					

					
							
							ISM-3

						
							
							98.6

						
							
							100

						
							
							98.1

						
							
							99

						
							
							ID

						
							
							ID

						
					

					
							
							vvIBDVs

						
							
							95.63-994

						
							
							98.1-100

						
							
							94.8-98.4

						
							
							97-100

						
							
							95.8-99

						
							
							98-100

						
					

					
							
							Reassortant vvIBDVs

						
							
							91.9

						
							
							94.4

						
							
							92.1

						
							
							95.1

						
							
							91.7

						
							
							94.4

						
					

					
							
							F52/705

						
							
							93.3

						
							
							95.8

						
							
							93.3

						
							
							96.3

						
							
							93.3

						
							
							95.8

						
					

					
							
							Bursavac

						
							
							92.1

						
							
							92.4

						
							
							91.9

						
							
							93.1

						
							
							91.9

						
							
							92.4

						
					

					
							
							Bursine 2

						
							
							91

						
							
							91

						
							
							91.7

						
							
							91.7

						
							
							90.8

						
							
							91

						
					

					
							
							D78

						
							
							91.7

						
							
							91.7

						
							
							91.4

						
							
							92.4

						
							
							91.4

						
							
							91.7

						
					

					
							
							Bursine plus

						
							
							90.5

						
							
							91

						
							
							91.2

						
							
							91.7

						
							
							90.3

						
							
							91

						
					

					
							
							Winterfield

						
							
							91.7

						
							
							94.3

						
							
							91.9

						
							
							94.8

						
							
							91.4

						
							
							94.3

						
					

					
							
							Nobilis E228

						
							
							91.9

						
							
							93.1

						
							
							91.2

						
							
							93.7

						
							
							91.7

						
							
							93.1

						
					

				
			

			1 na; nucleotide, 2 aa; amino acids, 3 minimum identity with highly virulent IBDVs, 4 maximum identity with highly virulent IBDVs, 5; grey background commercial IBDV vaccines.

			The hvVP2 deduced amino acid alignment of the three Ismailia viral sequences and representative sequences of typical and atypical vvIBDVs, reassortant vvIBDVs, and vaccine strains was verified by phylogenetic analysis (Figure 6). It revealed that the Ism-1 and -3 were completely identical with all the typical vvIBDV circulating previously in Egyptian chicken farms, exhibiting all the characteristic amino acid markers of vvIBDV Exceptionally, the Ism-2 displayed a unique substitution at the 299 aa (S299N) which is a characteristic of the vaccine strains, representing the first reported amino acid mutation at that position in all vvIBDVs either in Egypt or worldwide which is related to the vaccine strains. 

			Regarding the phylogenetic analysis of the B marker of VP1 (722 nt) (20-240 aa) of the detected viral sequences in Ismailia, the maximum likelihood tree, based on the study by Gao et al. (2023), revealed the clustering of the three strains with the Egyptian vvIBDVs in the B2 genogroup and other global vvIBDVs. While all the vaccine strains existed in the B1 genogroup (Figure 7). The three viral sequences were closely identical to each other. They had high identity 
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			Figure 6: The Deduced Amino Acid Alignment between the current IBDV Viral sequences in Ismailia Province and the Representative Sequences of the Vaccines, and vvIBDVs based on the hvVP2 (210-325 amino acids).
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			Figure 7: Phylogenetic tree of the nucleotide sequences of Ism-1, -2, and -3 viral sequences and representative sequences of the five genogroups (B1-5), based on the B marker of VP1. A maximum likelihood tree supported by 1000 bootstrap replicates was reconstructed by Iqtree2 software using the best-fit model TIIM2e+G4 model, according to BIC. These three strains (red dots) detected in this study were grouped in the B2 group, which included all the very virulent IBDVs in Egypt and globally.

			percentages to the other vvIBDVs (97-98% nt and 99-100% aa), declining to 87-88% nt and 96-97% aa with the vaccines in the B1 genogroup. Additionally, the deduced amino acids alignment revealed no mutations between the current viral sequences and all the representative VP1 sequences of the vvIBDVs, possessing the distinctive genetic markers of the vvIBDVs, the three TDN amino acid residues at positions 145-147aa. Exclusively, the Ism-3 strain displayed a unique substitution V239A, which was unrivaled in all other vvIBDVs and vaccines, except in newly emerged novel antigenic variant IBDVs in Egypt (Figure 8). Then, applying the advanced genetic classification of Gao et al. (2023), which combines both classifications of hvVP2 and the B marker of VP1, revealed that the genotype A3B2 is the dominant strain circulating among the chicken farms in Ismailia province. 

			Discussion

			It is worth noting that the Egyptian vvIBDVs possess a highly invasive nature and antigenic variation to the vaccines based on cvIBDV strains (Samy et al., 2020). Thus, recurrent outbreaks with extensive severity and mortality have been significantly noted among Egyptian chicken farms (Mawgod et al., 2014; Mosad et al., 2024; Samy et al., 2020; Sedeik et al., 2018). This served as the primary motivation for our study, delivering a distinct insight into the disease condition during the recent outbreak in the Ismailia governorate. Unlike most previous studies, we provide a real-world assessment of the commercial vaccines under field conditions during this outbreak, offering a clear view of their efficacy. 

			The successful sequencing of three clinical bursal samples based on hvVP2 and B marker of VP1 revealed that they belonged to the vvIBDVs, the most common IBDVs circulating in Egyptian chicken farms (Mosad et al., 2024; Shehata et al., 2017), specifically, the typical vvIBDV, possessing A321 in the hvVP2 (Samy et al., 2020). 

			[image: ]

			Figure 8: The deduced amino acid alignment between the detected Ismailia viral sequences and representative sequences of the five genogroups and vaccinal strains based on 20-250 amino acid residues of VP1.

			Notably, the three strains studied here, which belonged to the A3B2 genotype of vvIBDV, dominated in the infected chicken farms in Ismailia. Interestingly, this genotype was recently detected in other locations in Egypt (Mosad et al., 2024), causing a severe outbreak regardless of the vaccination programs.

			The three viral sequences detected in this study display the main antigenic markers for the vvIBDVs, namely 222A, 242I, 249Q, 253Q, 256I, 272I, 279D, 284A, 294I, and 299S, which distinguish them from the cvIBDVs (Michel and Jackwood, 2017; Yilmaz et al., 2019). Notably, unlike all vvIBDVs, the Ism-2 strain represents the first vvIBDV exhibiting a single substitution at position S299N aa, which has been reported to be a distinctive hallmark of the cvIBDVs, attenuated vaccines, and recently detected vvIBDV reassortants. This could be attributed to the pressure created by the vaccinal pressure (Jackwood, 2012), especially since all the commercial vaccines used in the investigated farms had N amino acid at the 299 position, which could be the possible source of this mutation. Additionally, another single substitution in residue 239 aa of VP1 of the Ism-3 sequence was unmatched in all vvIBDVs. The impact of these mutations on the antigenicity and pathobiology of the detected strains in this study required further molecular characterization and an in vivo pathogenicity study, which would be the next step for our team. 

			Regarding the assessment of the vaccination programs applied in the farms under our study investigation, it is evident that the farms vaccinated with vaccines based on the hot or intermediate plus strains showed a significant reduction in the severity of the IBDV infection. This is mainly because the capacity of intermediate plus and hot strains to induce rapid replication in the bursa within 6 hours post-vaccination, resulting in potent local bursal immunity (Hamad et al., 2020). Additionally, these vaccines possess the capacity to escape from the MDAs, causing active immunization (Sedeik et al., 2019). This helps these vaccines compete with vvIBDVs for bursal occupation, thereby depriving them of infection. They also promote potent cellular innate immunity (Ramon et al., 2022).

			On the other hand, during our surveillance, the other vaccination programs based on intermediate live attenuated vaccines, rHVT+VP2 vaccines, and immune complex vaccines did not show a noticeable degree of protection against the vvIBDV outbreak in the farms under investigation. Firstly, the intermediate live attenuated vaccines are usually negatively impacted by the MDAs, which neutralize these vaccines, rendering them less potent (Rautenschlein et al., 2003). Secondly, the rHVT-VP2 usually lacks active immunization and bursal occupation by the vaccine strain, which is necessary to enhance intra-bursal T cell production (Ramon et al., 2022). However, this field study required subsequent vaccination and challenge studies using these detected strains to provide an accurate view of the potency of the commercial IBDV vaccines against the very virulent strains. 

			Conclusion

			This study presents the first application of the new classification system for IBDVs in Ismailia province, which integrates both VP1 and VP2 segment analyses, revealing the prevalence of the A3B2 genotype associated with a severe outbreak. Notably, two substitutions were detected: The VP2 S299N mutation in Ism-2, which aligns more closely with vaccine strains, and the VP1 A239 mutation in Ism-3, a feature of emerging antigenic variants. These two mutations firstly reported in very virulent IBDVs in Egypt. The impact of these two mutations requires further investigation through whole-genome sequencing and pathogenicity studies. To the best of our knowledge, we conducted a unique real-world assessment of vaccine performance against genetically characterized field strains, revealing widespread vaccine failure against vvIBDVs, except for intermediate-plus and hot-strain vaccines. However, the other commercial vaccines were unable to provide sufficient protection. 
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Abstract | Infectious bursal disease (IBD) is a highly contagious disease that causes immunosuppression in chickens at
an early age, resulting in devastating economic losses. Despite using different vaccination strategies in Egypt, recurrent
outbreaks of IBDV infection have been periodically reported. This study aims to determine the molecular diversity
of IBDVs causing recent outbreaks in chicken farms in Ismailia governorate and provide a field assessment of the
commercial vaccines used. Between 2022 and 2024, 150 bursae were collected from 30 farms (5 samples per farm),
processed, and underwent RNA extraction, real-time RT-qPCR, and sequencing. All farms under investigation were
positive for IBDV with Ct values of 18-25, and three representative samples (Ism-1, Ism-2, and Ism-3) were selected
and successfully sequenced for the hypervariable region of VP2 and the B marker of VP1. Upon applying the new
classification that combines both VP1 and VP2, the sequenced samples were typically related to the A3B2 genotype.
Notably, Ism-2 shows a single novel substitution S229N in the VP2, and Ism-3 exhibits a single novel substitution
A239V in VP1. Additionally, most vaccination strategies used in chicken farms under investigation failed to protect
birds against very virulent (vv) IBDV infection, except the intermediate plus and hot vaccines, which could mitigate the
severity of the disease. In conclusion, this study presents a new classification of IBDVSs that combines both VP1 and
VP2. Additionally, most commercial vaccines showed an inability to protect chicken farms against vvIBDV infection.
This suggests the urgent need for next-generation sequencing and the evaluation of vaccination regimes to address the
issue of vaccination failure due to genetic substitutions.
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