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Abstract

:

Background: Fowl adenovirus serotype 4 (FAdV-4), causing inclusion body hepatitis (IBH) and hydropericardium hepatitis syndrome (HPS), is responsible for the significant economic losses in poultry industry worldwide. This study describes FAdV disease and molecular characteristics of the virus as the first report in UAE. Methodology: Clinical, necropsy, histopathology, qPCR and phylogenetic analysis of hexon gene were used to diagnose and characterize the virus. Results: The age of the infected broiler chicken was 2–4 weeks. The morbidity and mortality rates ranged between 50 and 100% and 44 and 100%, respectively. Clinically, sudden onset, diarrhea, anemia and general weakness were recorded. At necropsy, acute necrotic hepatitis, with swollen, yellowish discoloration, enlarged and friable liver; hydropericarditis with hydropericardium effusions; and enlarged mottled spleen were observed. Histopathology examination revealed degeneration and necrosis, lymphocytic infiltration and inclusion bodies. The qPCR analysis detected the virus in all samples tested. Hexon gene sequence analysis identified FAdV serotype 4, species C as the major cause of FAdV infections in UAE in 2020, and this strain was closely related to FAdV-4 circulating in Saudi Arabia, Pakistan, Nepal and China. Conclusion: The serotype 4, species C, was the common FAdV strain causing IBH and HPS episodes in the region. This result may help design effective vaccination programs that rely on field serotypes.
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1. Introduction


Adenoviruses infection is one of the most prevalent diseases in a wide range of poultry species worldwide, resulting in severe economic losses in the poultry industry [1,2]. Fowl adenovirus (FAdV) is a DNA virus belonging to group-I adenoviruses in the genus Aviadenovirus in the family of Adenoviridae [3]. The virus is genetically grouped into five species (FAdV A, B, C, D and E) based on restriction fragment length polymorphism (RFLP) of the full FAdV genome and further classified into twelve serotypes (FAdV-1 to 8a and 8b to 11) by cross-neutralization test [4].



Some of the FAdVs are implicated in a variety of diseases in chicken, including inclusion body hepatitis (IBH), hydropericardium hepatitis syndrome (HPS) and adenoviral gizzard erosion (AGE) [5,6,7]. Both IBH and HPS in broiler chickens could be caused by any of the twelve serotypes of FAdV with a 10–30% mortality rate [8], while HPS is associated with species C (FAdV-C), serotype 4 fowl adenovirus (FAdV-4) with a mortality rate 30–80% [9,10,11]. Moreover, IBH is usually associated with FAdV-2-11 (species D), 8a and 8b (species E), while AGE is commonly caused by FAdV-1 (species A) [12,13,14].



Clinically, the affected chickens by IBH and HPS show depression, ruffled feathers and resting on the ground with their chest close to death [15].



The pathological changes in IBH and HPS adenovirus infection include pale, enlarged, hemorrhagic and friable liver; swollen and hemorrhagic kidneys; and mottled spleen [16]. The most consistent pathological lesions of adenovirus infection observed in broilers were hepatitis with severe hepatomegaly and cholestasis, splenomegaly, hemorrhagic nephritis, hydropericarditis, pancreatitis, tracheitis and proventriculitis, visceral gout and serosal ecchymoses of the gizzard wall [17,18].



Severe microscopic lesions could be observed during the histopathological examination of IBH and HPS infection in several organs [19]. In the liver, multifocal areas of coagulative necrosis and many hepatocytes with large, round, eosinophilic or basophilic intranuclear inclusion bodies were described. In the heart, accumulation of mononuclear cells was observed. There was massive degeneration or necrosis of the acinar epithelium in the pancreas, and viral inclusion bodies appeared in the cell nuclei. In the kidneys, there was severe hyperemia and massive degeneration of the epithelium in all renal tubules. In the lungs, congestion and various degrees of edema were reported. In the brain, there was slight viral encephalitis with lymphocyte infiltration around the blood vessels [19].



Confirmation of FAdV (A-E) diagnosis could be performed by qPCR [20], and further characterization of serotypes and species levels could be performed by direct sequencing of the hexon gene [21]. The hexon protein is a major antigenic determinant and a reliable marker for detailed epidemiological and phylogenetic analyses of FAdV field strains.



The FAdV infection has been described in several Asian and Middle East countries, including Saudi Arabia [22], Iraq [23], Pakistan [24,25], Korea [6], China [10], Japan [7] and India [26]. Most of these FAdV belong to FAdV-4, species C, a new dominant serotype worldwide. In UAE, only a single report describing FAdV infection in Pigeon is publically available [27].



Several breeder farms in the Al Ain region, Abu Dhabi Emirate, UAE, reported high morbidity and mortality rates in broiler chickens aged 2–4 weeks in 2020. Chickens in these farms showed clinical signs and pathological lesions suggestive of FAdV infection. All diagnostic results in these farms confirmed the typical IBH and HPS infection of FAdV in broiler chicken. Therefore, the main goal of the present study is to describe the clinical, pathological features and molecular characteristics of FAdV in broiler chicken based on routine diagnosis in Abu Dhabi Agriculture and Food Safety Authority (ADAFSA) Veterinary Laboratories, Abu Dhabi, UAE. Based on the sequencing of the partial hexon gene, we identified the FAdV serotype and species responsible for the IBH and HPS outbreaks in the region in 2020 and further described the phylogenetic and evolutionary relationships of the predominant FAdV serotype with other FAdV worldwide available in the GenBank. The study’s findings will help understand the epidemiology of FAdV infection and design control measures in the region, especially vaccination programs.




2. Materials and Methods


2.1. Epidemiological Data, Necropsy and Sampling


Between March and December 2020, several FAdV epidemic waves were reported in seven broiler farms in the Al Ain region, Abu Dhabi Emirate, UAE. The location of the farms is shown in (Figure 1). The poultry population per farm ranged from 9000 to 107,839 chickens. The case history, epidemiological data and clinical signs were recorded by ADAFSA veterinarians, and ninety-seven broiler chickens in different ages and stages of the disease and recently dead birds were submitted for routine necropsy examinations. Following necropsy examinations, fifty-four representative tissue samples from different birds, including liver, spleen and heart, were collected and transported on ice to ADAFSA molecular biology laboratory for FAdV PCR confirmation and subsequent analysis. For histopathological examinations, the samples were fixed in 10% neutral formalin. The post-mortem and avian diagnostic pathology were performed following the previously described procedure [28]. All tests performed in this study were in the context of routine diagnosis and clinical activity, and no experimental treatments or additional assays were applied during the study.




2.2. Histopathological Examination


Tissue samples, including liver, heart, spleen and kidney, were fixed in 10% neutral formalin for 24–48 h at room temperature for histopathological examinations following the previously described method [29]. The formalin-fixed tissue samples were processed in an automatic tissue processor (ATP1-220, Triangle Biomedical Sciences, Durham, NC, USA), embedded in paraffin blocks and cut into five µm thick sections. Sections were stained with Hematoxylin and Eosin (H & E) (Thermo Fisher Scientific, Runcorn, Cheshire, UK) for microscopic examination, and the images were acquired with the VisionTek digital microscopy system (DM01, Sakura Finetek, Torrance, CA, USA).




2.3. SYBR Green-Based Quantitative Real-Time PCR (qPCR) of FAdV


According to procedures previously described, the presence of FAdV in each sample was confirmed by quantitative real-time polymerase chain reaction (qPCR) [20]. DNA extraction was performed using the collected fifty-four tissues samples including liver, spleen, kidney and heart) using the EZ1 DNA Tissue Kit (Qiagen, Hilden, Germany) as per the kit instructions. Briefly, tissue samples were lysed in 300 µL of buffer G2 at 56 °C for 15 min. About 200 µL of the lysate was transferred to the Advanced EZ1 instrument, and the DNA was eluted in 50 µL. DNA quality was measured on a Nanodrop 2000 spectrophotometer (Thermo Scientific, Waltham, MA, USA) and was used either for SYBR Green real-time PCR analysis or subsequent sequencing.




2.4. Hexon Gene Sequencing and Phylogenetic Analysis


2.4.1. Hexon Gene Amplification


The Hexon gene (800 bp) was amplified from the extracted DNA of representative samples using AmpliTaq Gold® 360 (Applied Biosystems, Waltham, MA, USA) and a set of previously described Hexon gene primers: HexF1 (5′-GAYRGYHGGRTNBTGGAYATGGG-3′) and HexR1 (5′-TACTTATCNACRGCYTGRTTCCA-3′) [21,30]. These primers were previously designed from a conserved sequence of hexon genes of several FAdVs (group I-III) that can determine the species and serotype of FAdV [21]. The PCR thermal profile was set to 95 °C for 10 min for initial denaturation and activation of the polymerase followed by 35 cycles of 94 °C for 30 s, 55 °C for 30 s and 72 °C for 1 min. The final extension was conducted at 72 °C for 5 min. The amplicons were visualized in a 1.5% agarose gel.




2.4.2. Sanger Sequencing


The PCR products were purified with a QIAquick PCR Purification Kit (Qiagen, Hilden, Germany) and subjected to bidirectional Sanger sequencing using the original Hexon gene primers and BigDye Terminator v3.1 Cycle Sequencing kit (Applied Biosystems) at ADAFSA molecular laboratory. The 10 μL reactions consist of (2.5 µL of DNA, 4 µL of the BigDye Terminator V3.1, 3 µL of water and 0.5 µL of 3.2 pmol primers). The reaction mixture was purified with the BigDye XTerminator™ Purification kit (Applied Biosystems) following the manufacturer’s instructions. Sequencing was performed on a SeqStudio Genetic Analyzer (Applied Biosystems) using the ‘LongSeq BDX’ run module. The sequence trimming and assembly were performed with CLC Genomic Workbench v.20 (Qiagen, Aarhus, Denmark), and the obtained consensus sequence (800 bp) was first subjected to serotype and species identification using the BLAST search tool [31].




2.4.3. Sequence Alignment and Phylogenetic Analysis


For FAdV serotyping, comparative sequence analysis of the partial hexon gene obtained in this study along with forty-one reference sequences of corresponding hexon genes representing all the groups and serotypes of FAdV were used in the phylogenetic tree as indicated previously [6]. These sequences were either obtained from the NCBI nucleotide sequence database or from previously published papers [19]. Multiple sequences alignment was performed with the ClustalW program [32] impeded in MEGAX. The phylogenetic tree was built with the Maximum Likelihood method and Kimura 2-parameter model [33] with 1000 Bootstrap confidence using the MEGAX software [34].






3. Results


3.1. Epidemiological Data and Sampling


Nine epidemic waves of IBH or HPS were recorded in seven broilers chicken farms located in the Al Ain region, Eastern Abu Dhabi, from March to December 2020. The infected farms were at least 10 Kilometers distant from each other (Figure 1). The poultry population per farm was found to be ranging from 9000 to 107,839 chickens. The birds showed high morbidity, mortality and case-fatality rates on the date of notification ranging between 50 and 100%, 44 and 100%, and 67 and 100%, respectively (Table 1). The age of the infected chickens was between 2 and 4 weeks. The mortality rate is negatively correlated with age as it increases to 100% in small age broilers.




3.2. Clinical and Pathological: Findings


Affected flocks showed various signs of sudden onset, high morbidity and mortality rates, rough feather, diarrhea, general weakness and finally, deaths (Figure 2). Necropsy examination revealed prominent gross lesions including pale, enlarged, hemorrhagic, necrotic and friable liver; hydropericarditis with the accumulation of straw-colored fluids in the pericardial sac; pale kidneys with enlarged prominent tubules; and mottled splenomegaly (Figure 3).




3.3. Histological Analysis


The most prominent microscopic lesion in the liver was multifocal hepatitis with accumulation of mononuclear cells in some areas, hydropic and vacuolar degeneration in hepatocytes, and many hepatocytes had large, round, eosinophilic or basophilic intranuclear inclusion bodies (Figure 4A). There was an accumulation of mononuclear cells and macrophages in the heart in some interstitial areas (Figure 4B). In the spleen, reticuloendothelial cells hyperplasia with intranuclear inclusions bodies was observed (Figure 4C). In the kidneys, the lesions were variable. Some birds showed severe hyperemia and massive degeneration of renal epithelial cells, while other birds demonstrated edema fluid and intranuclear inclusions bodies (Figure 4D).




3.4. Molecular Analysis


3.4.1. The qPCR


Out of ninety-seven necropsied chickens, only fifty-four tissue samples from all farms, including liver, spleen, heart and kidney, were collected and subjected to qPCR analysis. All the samples from farms were tested positive for FAdV (A–E) by qPCR (100%). The Ct values of the samples ranged between 15 and 25. The melting curve of the qPCR using SYBER Green chemistry is shown in Figure 5.




3.4.2. Sequencing and Phylogenetic Analysis of FAdV


Serotyping of FAdVs field strains was performed by sequencing and phylogenetic analyses of the partial Hexon gene from twelve FAdV field samples (one sample from farms numbered 2, 6 and 7, two samples from farms numbered 1, 3, 5 and three samples from farm number 4). BLAST analysis of the partial hexon gene obtained in this study indicated that the sequence had shared a 99.70% to 99.85% nucleotide similarity with the FAdV serotype 4, species C reference sequences available in the NCBI database with notable two substitution mutations in all UAE FAdV hexon gene sequences as G > A and C > G (Figure 6) without amino acid (AA) deletions. The later mutation changed the amino acid glutamine (Gln or Q) to glutamic acid (Glu or E) (Figure S1). By computing the pairwise distance of partial-length hexon coding sequence of species FAdV-C obtained in this study, it was found that the sequence had a 100% similarity among them and varying between 0.45 and 1% from the hexon gene sequence of FAdV serotype 4, species C of China, Nepal, Pakistan and Saudi Arabia.



The sequence data of 12 field samples obtained from this study were deposited in GenBank under the accession numbers OL456285–OL456296. Phylogenetic analysis indicated all obtained sequences are classified as FAdV group C, serotype 4 as a dominant serotype associated with IBH and HBP in the region (Figure 7). It was noted the UAE FAdV strains clustered along with the same serotype of FAdVs circulating in Saudi Arabia (KY606586.1), Pakistan (MH151202.1 and EU931693.1), Nepal (MN604721.1) and China (MK629523.1, KY426988.1 and MH006602.1) (Figure 7), but forming a unique monophyletic group.






4. Discussion


The FAdV infections are associated with several diseases, including IBH, HPS and AGE. In 2020 in the Al Ain region, UAE, outbreaks of IBH and HPS were reported through the routine diagnosis by ADAFSA veterinary laboratories with high morbidity and mortality rates in several broiler farms, leading to severe economic losses. In order to better prevent and control the FAdV infection in the regions, we characterized the UAE FAdV field strains and identified their serotypes based on the sequence of the hexon gene, which could help in the design of an effective vaccination strategy. To the best of our knowledge, this is the first report on FAdV epidemiology in poultry in the region.



In addition to FAdV infection that caused high mortality rates observed (reached 100% in some farms on the date of notification), co-infection with other immunosuppressive viruses such as bursal disease virus (IBDV) and chicken infectious anemia virus (CIAV) could not be excluded as these diseases were also found to contribute to the high IBH and HPS related deaths [19,35]. However, screening of these viruses during FAdV testing was not performed, which is a limitation to the study. Therefore, it is unclear whether FAdV described in this study is a primary or secondary infection. Moreover, it is necessary to evaluate the biosecurity level in these farms as biosecurity is also considered one of the factors contributing to the high incidence of FAdV infections [26].



The IBH and HPS were known to infect chickens of ages 3–5 weeks [36]; similar results were observed in our study as most affected ages are 2–4 weeks, which may indicate both horizontal and vertical transmission. However, it is unclear whether the route of transmission was horizontal or vertical in each case in our study.



Although hepatitis was a prominent finding, the viral inclusion bodies were regularly observed in the present study. Necropsy examination of the affected chicken revealed pale, enlarged, hemorrhagic, necrotic and friable liver; accumulation of straw-colored fluids in the pericardium sac; pale kidneys with enlarged prominent tubules; and enlarged mottled spleen. A similar clinical picture was reported in chickens in many FAdV serotype 4 outbreaks in several countries, including India, Pakistan, Iraq and Korea [6,23,37,38].



The PCR investigation has confirmed that FAdV was the causative agent of IBH and HPS in broiler chickens in UAE in 2020. We monitored the presence of FAdV serotype 4 DNA in tissue samples collected from necropsied chickens using previously published primers [20]. The results further described the liver; hearts, spleen and kidneys are the most affected organs in chickens infected with FAdV serotype 4. These results match well with the typical clinical picture of FAdV serotype 4 in affected birds that have been reported elsewhere [15,39].



The FAdV infection in Pigeon in Dubai, UAE, was previously reported [27], but the serotype and species were not described. In contrast, in our study, we found that all the FAdV field strains affected broiler chickens were genetically related to serotype 4, species C. All the twelve partial hexon genes sequenced from UAE FAdV serotype 4 field strains obtained from different outbreaks are 100% identical, which suggests a single strain circulating in these different farms and may derive from a common ancestor or common source, although the epidemiological relationship is unclear. These UAE strains were also found to have two mutations in hexon gene G > A and C > G (Figure 5) without amino acid (AA) deletions, but the later mutation changes the amino acid from glutamine (Gln or Q) to glutamic acid (Glu or E). Structurally, glutamine has a side chain similar to that of glutamic acid, except the carboxylic acid group is replaced by an amide group. The glutamic acid serves as the precursor for synthesizing the inhibitory gamma-aminobutyric acid (GABA) in GABA-ergic neurons. Interestingly, the hexon protein and the fiber proteins were described to play a major role in FAdV serotype 4 pathogenicity [40]. Specifically, the amino acid residue at position 188 of the hexon is responsible for FAdV serotype 4 pathogenicity [41]. However, the contribution of the amino acid substitution observed in this study to the pathogenicity of FAdV serotype 4 UAE field strains remains to be studied. Thus, it is necessary to continue investigating the prevalence of FAdV and understand the genetic epidemiology of viruses associated with IBH and HHS across the UAE.



Furthermore, sequencing analysis of the partial hexon gene revealed a high similarity of the FAdV serotype 4 strain in this study to those from Asian and Gulf countries such China, KSA, Nepal and Pakistan, which may indicate the circulation of FAdV serotype 4 in these regions and implies the application of further control measures to reduce the FAdV burden. However, the FAdV from this study formed a unique monophyletic group in the phylogenetic tree, which could be explained by the mutations in two regions (G > A and C > G) in UAE FAdV hexon gene sequences, as explained earlier in (Figure 5). By computing the pairwise distance of partial-length of hexon gene sequence obtained in this study, with hexon gene sequence from close related FAdV serotype 4, species C shown in the phylogenetic tree, it was found that the sequence FAdV UAE sequences had a 100% similarity between them and varying between 0.45 and 1% from hexon gene sequence from China, Nepal and Pakistan and Saudi Arabia. This may further explain the monophyletic cluster of UAE FAdVs.



Mixed infections of multiple serotypes were observed in other world regions, such as China [1]. Therefore, it is crucial to continue investigating the presence of mixed FAdV infections, which will represent a big challenge to the prevention and control strategy of the disease in the region. At present, no FAdV commercial vaccine was licensed in UAE; therefore, the detected FAdV were considered natural infections. The latter may underline the necessity of taking adequate control measures against FAdV infections through vaccination and enhancing biosecurity levels in broiler farms.



Overall, the present study demonstrates FAdV circulation (particularly FAdV serotype 4, species C) and the limited effectiveness of applied control measures in preventing the disease occurrence in the region. Currently, only FAdV serotype 4 was associated with clinical FAdV infections, such as IBH or HPS in UAE. Results provided useful information on the genetic epidemiology of FAdV circulating in UAE in 2020 and would help to develop a local vaccine against FAdV serotype 4 serotypes to control and prevent the IHB and HPS diseases among broiler chickens within UAE.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/vetsci9040154/s1, Figure S1: The mutation C > G that changed the amino acid glutamine (Gln or Q) to glutamic acid (Glu or E).





Author Contributions


H.Z.A.I. contributed to conceptualization, methodology, data curation, visualization and writing—original draft. A.M.A.T. contributed to the methodology, visualization and writing—review and editing. E.T.A.E.T.-A. contributed to the writing—review and editing, O.K.B. contributed to data curation and writing—review and editing, N.A.H.K. and A.I.K. contributed to the writing—review and editing the manuscript. Z.M.A.H.A.H.: supervision and project administration. A.A.M.S. project administration. S.S.M.A.M. conceptualization, funding acquisition, resources and supervision. All authors have read and agreed to the published version of the manuscript.




Funding


Abu Dhabi Agriculture and Food Safety Authority (ADAFSA), Abu Dhabi, UAE.




Institutional Review Board Statement


This research was approved by the research ethics committee Abu Dhabi Agriculture and Food Safety Authority (ADAFSA) (approval number: ADAFSA-EA-06-2021), and the study was conducted following the guidelines stated for animal use. A written consent (which was included in the sample request form approved by the ADAFSA research ethics committee) for the use of samples and animals was obtained from the owner before inclusion in the study.




Informed Consent Statement


Informed Consent was obtained from the owners of the animals.




Data Availability Statement


The partial hexon gene sequence generated in this study are available in the NCBI database under accession numbers mentioned in the manuscript.




Conflicts of Interest


The authors declare that they have no conflict of interest.




References


	



Chen, L.; Yin, L.; Zhou, Q.; Peng, P.; Du, Y.; Liu, L.; Zhang, Y.; Xue, C.; Cao, Y. Epidemiological investigation of fowl adenovirus infections in poultry in China during 2015–2018. BMC Vet. Res. 2019, 15, 271. [Google Scholar] [CrossRef] [PubMed]

	



Shah, M.; Ashraf, A.; Khan, M.; Rahman, M.; Habib, M.; Chughtai, M.; Qureshi, J. Fowl adenovirus: History, emergence, biology and development of a vaccine against hydropericardium syndrome. Arch. Virol. 2017, 162, 1833–1843. [Google Scholar] [CrossRef] [PubMed]

	



Harrach, B.; Benko, M. Phylogenetic analysis of adenovirus sequences. In Adenovirus Methods and Protocols; Springer: Berlin/Heidelberg, Germany, 2007; pp. 299–334. [Google Scholar]

	



Hess, M. Detection and differentiation of avian adenoviruses: A review. Avian Pathol. 2000, 29, 195–206. [Google Scholar] [CrossRef]

	



Domanska-Blicharz, K.; Tomczyk, G.; Smietanka, K.; Kozaczynski, W.; Minta, Z. Molecular characterization of fowl adenoviruses isolated from chickens with gizzard erosions. Poult. Sci. 2011, 90, 983–989. [Google Scholar] [CrossRef] [PubMed]

	



Lim, T.-H.; Lee, H.-J.; Lee, D.-H.; Lee, Y.-N.; Park, J.-K.; Youn, H.-N.; Kim, M.-S.; Youn, H.-S.; Lee, J.-B.; Park, S.-Y. Identification and virulence characterization of fowl adenoviruses in Korea. Avian Dis. 2011, 55, 554–560. [Google Scholar] [CrossRef]

	



Mase, M.; Nakamura, K.; Minami, F. Fowl adenoviruses isolated from chickens with inclusion body hepatitis in Japan, 2009–2010. J. Vet. Med. Sci. 2012, 74, 1087–1089. [Google Scholar] [CrossRef]

	



Ojkic, D.; Martin, E.; Swinton, J.; Vaillancourt, J.-P.; Boulianne, M.; Gomis, S. Genotyping of Canadian isolates of fowl adenoviruses. Avian Pathol. 2008, 37, 95–100. [Google Scholar] [CrossRef]

	



Kim, J.N.; Byun, S.H.; Kim, M.J.; Kim, J.J.; Sung, H.W.; Mo, I.P. Outbreaks of hydropericardium syndrome and molecular characterization of Korean fowl adenoviral isolates. Avian Dis. 2008, 52, 526–530. [Google Scholar] [CrossRef]

	



Li, H.; Wang, J.; Qiu, L.; Han, Z.; Liu, S. Fowl adenovirus species C serotype 4 is attributed to the emergence of hepatitis-hydropericardium syndrome in chickens in China. Infect. Genet. Evol. 2016, 45, 230–241. [Google Scholar] [CrossRef]

	



Lobanov, V.; Borisov, V.; Borisov, A.; Drygin, V.; Gusev, A.; Shmarov, M.; Akopian, T.; Naroditskiĭ, B. Sequence analysis of hexon gene from adenovirus KR95 inducing hydropericardium syndrome in chickens. Mol. Genet. Mikrobiol. Virusol. 2000, 30–36. [Google Scholar]

	



Kaján, G.L.; Affranio, I.; Bistyák, A.T.; Kecskeméti, S.; Benkő, M. An emerging new fowl adenovirus genotype. Heliyon 2019, 5, e01732. [Google Scholar] [CrossRef]

	



Okuda, Y.; Ono, M.; Shibata, I.; Sato, S. Pathogenicity of serotype 8 fowl adenovirus isolated from gizzard erosions of slaughtered broiler chickens. J. Vet. Med. Sci. 2004, 66, 1561–1566. [Google Scholar] [CrossRef]

	



Okuda, Y.; Ono, M.; Shibata, I.; Sato, S.; Akashi, H. Comparison of the polymerase chain reaction-restriction fragment length polymorphism pattern of the fiber gene and pathogenicity of serotype-1 fowl adenovirus isolates from gizzard erosions and from feces of clinically healthy chickens in Japan. J. Vet. Diagn. Investig. 2006, 18, 162–167. [Google Scholar] [CrossRef] [PubMed]

	



Asrani, R.; Gupta, V.; Sharma, S.; Singh, S.; Katoch, R. Hydropericardium-hepatopathy syndrome in Asian poultry. Vet. Rec. 1997, 141, 271–273. [Google Scholar] [CrossRef] [PubMed]

	



Cizmecigil, U.Y.; Umar, S.; Yilmaz, A.; Bayraktar, E.; Turan, N.; Tali, B.; Aydin, O.; Tali, H.E.; Yaramanoglu, M.; Yilmaz, S.G.; et al. Characterisation of fowl adenovirus (FAdV-8b) strain concerning the geographic analysis and pathological lesions associated with inclusion body hepatitis in broiler flocks in Turkey. J. Vet. Res. 2020, 64, 231. [Google Scholar] [CrossRef] [PubMed]

	



De Herdt, P.; Timmerman, T.; Defoort, P.; Lycke, K.; Jaspers, R. Fowl adenovirus infections in Belgian broilers: A ten-year survey. Vlaams Diergeneeskd. Tijdschr. 2013, 82, 125–133. [Google Scholar] [CrossRef]

	



Maartens, L.H.; Joubert, H.W.; Aitchison, H.; Venter, E.H. Inclusion body hepatitis associated with an outbreak of fowl adenovirus type 2 and type 8b in broiler flocks in South Africa. J. S. Afr. Vet. Assoc. 2014, 85, 1–5. [Google Scholar] [CrossRef]

	



Niu, Y.; Sun, Q.; Zhu, M.; Zhao, J.; Zhang, G.; Liu, X.; Xiao, Y.; Liu, S. Molecular epidemiology and phylogenetic analysis of fowl adenoviruses caused hydropericardium outbreak in China during 2015. Poult. Sci. 2018, 97, 803–811. [Google Scholar] [CrossRef]

	



Günes, A.; Marek, A.; Grafl, B.; Berger, E.; Hess, M. Real-time PCR assay for universal detection and quantitation of all five species of fowl adenoviruses (FAdV-A to FAdV-E). J. Virol. Methods 2012, 183, 147–153. [Google Scholar] [CrossRef]

	



Mase, M.; Mitake, H.; Inoue, T.; Imada, T. Identification of group I-III avian adenovirus by PCR coupled with direct sequencing of the hexon gene. J. Vet. Med. Sci. 2009, 71, 1239–1242. [Google Scholar] [CrossRef]

	



Maged Gomaa Hemida, M.A.-H. Prevalence and molecular characteristics of fowl adenovirus serotype 4 in eastern Saudi Arabia. Turk. J. Vet. Anim. Sci. 2017, 41, 506–513. [Google Scholar] [CrossRef]

	



Abdul-Aziz, T.; Al-Attar, M. New syndrome in Iraqi chicks. Vet. Rec. 1991, 129, 272. [Google Scholar] [CrossRef] [PubMed]

	



Hafez, H.M. Avian Adenoviruses Infections with Special Attention to Inclusion Body Hepatitis/Hydropericardium. Pak. J. Zool. 2009, 41, 269–276. [Google Scholar]

	



Sharif, N.; Mehmood, M.D.; Naqvi, S.Z.H.; Ul-Haq, H.A.; Ahmed, S.S.; Ghani, M.U.; Shoaib, M.; Hussain, M. PCR Based Detection and Phylogenetic Analysis of Fowl Adenovirus Strains Isolated from 2019 Epidemic from Punjab and Sindh, Pakistan. Am. J. Mol. Biol. 2020, 10, 246–258. [Google Scholar] [CrossRef]

	



Schachner, A.; Matos, M.; Grafl, B.; Hess, M. Fowl adenovirus-induced diseases and strategies for their control–a review on the current global situation. Avian Pathol. 2018, 47, 111–126. [Google Scholar] [CrossRef]

	



Ledwoń, A.; Bailey, T.; O’Donovan, D.; Mckeown, S.; Lloyd, C.; Więckowski, T.; Kinne, J.; Silvanose, C.; Szeleszczuk, P.; Wernery, U. Prevalence of circovirus and adenovirus in pigeons in Dubai. Med. Weter 2011, 67, 752–756. [Google Scholar]

	



Bello, A.; Umaru, M.; Baraya, Y.; Adamu, Y.; Jibir, M.; Garba, S.; Hena, S.; Raji, A.; Saidu, B.; Mahmuda, A. Postmortem procedure and diagnostic avian pathology. J. Zool. 2012, 229, 1–5. [Google Scholar]

	



Suvarna, K.S.; Layton, C.; Bancroft, J.D. Bancroft’s Theory and Practice of Histological Techniques E-Book; Elsevier Health Sciences: Amsterdam, The Netherlands, 2018. [Google Scholar]

	



Abghour, S.; Zro, K.; Mouahid, M.; Tahiri, F.; Tarta, M.; Berrada, J.; Kichou, F. Isolation and characterization of fowl aviadenovirus serotype 11 from chickens with inclusion body hepatitis in Morocco. PLoS ONE 2019, 14, e0227004. [Google Scholar] [CrossRef]

	



Madden, T. The BLAST Sequence Analysis Tool, 2nd ed.; US National Center for Biotechnology Information: Bethesda, MD, USA, 2003. [Google Scholar]

	



Larkin, M.A.; Blackshields, G.; Brown, N.P.; Chenna, R.; McGettigan, P.A.; McWilliam, H.; Valentin, F.; Wallace, I.M.; Wilm, A.; Lopez, R.; et al. Clustal W and Clustal X version 2.0. Bioinformatics 2007, 23, 2947–2948. [Google Scholar] [CrossRef]

	



Kimura, M. A simple method for estimating evolutionary rates of base substitutions through comparative studies of nucleotide sequences. J. Mol. Evol. 1980, 16, 111–120. [Google Scholar] [CrossRef]

	



Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular evolutionary genetics analysis across computing platforms. Mol. Biol. Evol. 2018, 35, 1547–1549. [Google Scholar] [CrossRef] [PubMed]

	



Winterfield, R.; Fadly, A.; Gallina, A. Adenovirus infection and disease. I. Some characteristics of an isolate from chickens in Indiana. Avian Dis. 1973, 17, 334–342. [Google Scholar] [CrossRef] [PubMed]

	



Naeem, K.; Niazi, T.; Malik, S.; Cheema, A. Immunosuppressive potential and pathogenicity of an avian adenovirus isolate involved in hydropericardium syndrome in broilers. Avian Dis. 1995, 39, 723–728. [Google Scholar] [CrossRef] [PubMed]

	



Mansoor, M.K.; Hussain, I.; Arshad, M.; Muhammad, G.; Hussain, M.H.; Mehmood, M.S. Molecular characterization of fowl adenovirus serotype 4 (FAV-4) isolate associated with fowl hydropericardium-hepatitis syndrome in Pakistan. Pak. J. Zool. 2009, 41, 269–276. [Google Scholar]

	



Parthiban, M.; Manoharan, S.; Roy, P.; Chandran, N.; Aruni, A.W.; Koteeswaran, A. Nucleotide sequence analysis of the L1 loop variable region of hexon gene of fowl adenovirus 4 isolates from India. Acta Virol. 2005, 49, 65–68. [Google Scholar]

	



Hess, M.; Raue, R.; Prusas, C. Epidemiological studies on fowl adenoviruses isolated from cases of infectious hydropericardium. Avian Pathol. 1999, 28, 433–439. [Google Scholar] [CrossRef]

	



Zhang, Y.; Liu, R.; Tian, K.; Wang, Z.; Yang, X.; Gao, D.; Zhang, Y.; Fu, J.; Wang, H.; Zhao, J. Fiber2 and hexon genes are closely associated with the virulence of the emerging and highly pathogenic fowl adenovirus 4. Emerg. Microbes Infect. 2018, 7, 1–10. [Google Scholar] [CrossRef]

	



Zhang, Y.; Liu, A.; Wang, Y.; Cui, H.; Gao, Y.; Qi, X.; Liu, C.; Zhang, Y.; Li, K.; Gao, L.; et al. A Single Amino Acid at Residue 188 of the Hexon Protein Is Responsible for the Pathogenicity of the Emerging Novel Virus Fowl Adenovirus 4. J. Virol. 2021, 95, JVI0060321. [Google Scholar] [CrossRef]








[image: Vetsci 09 00154 g001 550] 





Figure 1. Map showing the location of the seven FAdV infected farms in Al Ain region, Abu Dhabi, UAE. The distance between the infected farms were shown in kilometers. 
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Figure 2. Broiler chicken carcasses infected with FAdV presented for necropsy examination showing rough feather, distended abdomen and diarrhea. 
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Figure 3. (A) The heart—accumulation of clear, straw-colored fluid in the pericardial sac (blue arrows). (B) The liver—pale, necrotic enlarged and friable (blue arrow). (C) Spleen—enlargement, congested and mottled spleen. (D) Kidneys—enlargement, congested, pale prominent tubules. 
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Figure 4. Histologic lesions of natural Avian Adenovirus infection. H&E staining, ×400. (A) The liver, hydropic and vacuolar degeneration in hepatocytes (blue arrows) with basophilic intranuclear inclusion body in liver cells (blue circles). (B) The heart—monocytes and macrophages infiltration in interstitial areas (blue arrow). (C) The spleen—reticuloendothelial cells hyperplasia with intranuclear inclusions bodies (blue circles). (D) Kidney—hyperemia and degeneration of the epithelium in renal tubules with intranuclear inclusions bodies (blue circles). 
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Figure 5. Real-time PCR amplification curves. Melting curve of the amplified FAdV-4 hexon gene from infected chickens tested tissue specimens (heart, spleen, kidney or liver). The arrows indicate positive control (+Ve CL) and negative control (−Ve CL). The qPCR was performed with LightCycler® 2.0 Instrument. 
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Figure 6. Mapping of the hexon gene sequence of FAdV of UAE field strains to the reference genome of FAdV serotype 4 strain LC1611 hexon gene (Sequence ID: MN316650.1) (A), while (B,C) represents the sequence and the chromatogram of two FAdVs hexon genes from UAE field strains, farm 1 and farm 2, respectively. The mutations G > A and C > G were highlighted in green and blue, respectively, while red arrows denoted their chromatogram. * denotes for 100% identity. 
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Figure 7. Hexon gene-based phylogenetic analysis of FAdV serotype 4. The tree was constructed using MEGA X software by the Maximum Likelihood method (1000 replicates for bootstrap utilizing the partial FAdV serotype 4 hexon gene obtained from sequencing of twelve FAdV field strains from UAE strain and other forty-one representatives FAdV reference strains obtained from GenBank. The UAE FAdVs are clustered into FAdV serotype 4, species C, with other isolates from Saudi Arabia, Pakistan, Nepal and China. The FAdV serotype 4, species C of UAE field strains, was highlighted. Serotypes are indicated on the right. 
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Table 1. Epidemiological data of fowl adenovirus infection in chickens in 2020, Abu Dhabi, UAE.
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Farm

	
Outbreak

	
Age

	
Sampling Date

	
Population

	
Infected

	
Death

	
Morbidity Rate (%)

	
Mortality Rate (%)

	
Case Fatality Rate (%)






	
1

	
1

	
NA

	
2 March 2020

	
NA




	
2

	
7–14 days

	
11 April 2020

	
NA




	
2

	
3

	
25 days

	
28 July 2020

	
9000

	
9000

	
6000

	
100%

	
67%

	
67%




	
3

	
4

	
21 days

	
22 September 2020

	
20,000

	
20,000

	
16,000

	
100%

	
80%

	
80%




	
4

	
5

	
17 days

	
27 September 2020

	
16,000

	
8000

	
7000

	
50%

	
44%

	
88%




	
5

	
6

	
17 days

	
28 September 2020

	
9000

	
9000

	
9000

	
100%

	
100%

	
100%




	
6

	
7

	
NA

	
28 September 2020

	
107,839

	
4000

	
916

	
3.70%

	
85%

	
23%




	
8




	
7

	
9

	
14 days

	
24 November 2020

	
11,000

	
11,000

	
11,000

	
100%

	
100%

	
100%
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