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Fowl adenoviruses (FAdVs), which are distributed worldwide, have caused considerable economic losses to poultry farms. Co-infection with FAdVs and other avian pathogens has been reported previously. However, the pathogenicity of different serotypes of FAdVs causing co-infection remains unclear. Herein, strain HN from FAdV species C serotype 4 (FAdV-4) and strain AH720 from species E serotype 8a (FAdV-8a) were used to assess the pathogenicity of their co-infection in specific-pathogen-free (SPF) chickens. Compared with chickens infected with FAdV-4 alone, those co-infected with FAdV-4 and FAdV-8a showed similar clinical symptoms, mortality rates and degree of tissue lesions, and notably decreased viral loads of HN. Conversely, the viral loads of AH720 increased markedly in the co-infection group compared with that in chickens infected with AH720 strain alone. Increased viral loads of AH720 in the liver were suspected to contribute to the pathogenicity of chickens co-infected with the HN and AH720 strains. This was further investigated by histopathology and terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) staining analyses. Collectively, these data indicated that co-infection with FAdV-4 and FAdV-8a suppresses the replication and proliferation of FAdV-4 but enhances the replication and proliferation of FAdV-8a in chicken liver. This study will provide valuable information for the further investigation of the interactions between FAdV-4 and FAdV-8a during co-infection.
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INTRODUCTION

Fowl adenoviruses (FAdVs) are non-enveloped double-stranded DNA viruses belonging to the genus Aviadenovirus, the family Adenoviridae (Besson et al., 2020). FAdVs are classified into five species (FAdV-A to -E) and 12 serotypes (FAdV-1 to -8a and -8b to -11) (Hess, 2000). Among these, FAdV-A and FAdV-B include FAdV-1 and FAdV-5, respectively, FAdV-C includes FAdV-4 and FAdV-10, FAdV-D includes FAdV-2, FAdV-3, FAdV-9, and FAdV-11, and FAdV-E includes FAdV-6, FAdV-7, FAdV-8a, and FAdV-8b (Fauquet et al., 2005).

Fowl adenoviruses are transmitted horizontally and vertically (Chandra et al., 2000; Grafl et al., 2012), and 3- to 5-week-old broilers are highly susceptible to infection with FAdVs (Shah et al., 2017). Some FAdVs can cause various clinical symptoms, such as hydropericardium-hepatitis syndrome (HHS), inclusion body hepatitis (IBH), and gizzard erosion (Kajan et al., 2013; Zhao et al., 2018; Harrach et al., 2019). HHS is characterized by pericardial effusion and an enlarged liver with petechial hemorrhages in broilers (Ganesh et al., 2002). FAdV-4 is the major causative agent of HHB, which was first reported in Pakistan in 1987 and soon spread worldwide (Yu et al., 2018). Recently, FAdV-4 has emerged as an important pathogen in chickens. Since 2015, outbreaks of HHS caused by FAdV-4 have occurred in many chicken farms in China; this has resulted in an extremely high mortality in chickens (Zhao et al., 2015, 2018; Zhang et al., 2016; Pan et al., 2017c). IBH is characterized by an enlarged liver with hepatic necrosis and eosinophilic or basophilic intranuclear inclusion bodies in hepatocytes; it can be caused by FAdV-2, 8a, 8b, and 11 (Ojkic et al., 2008; Mittal et al., 2014). The presence of FAdV-8a and novel FAdV-E has been reported in poultry farms in China (Chen et al., 2020; Lv et al., 2021).

Recently, several studies have reported co-infections with FAdVs and other pathogens. Yu et al. (2019) reported that the infection rate of FAdV-4 has reached 65.2% in 36 farms in Shandong province, China, and co-infection with FAdV-4 and avian influenza virus (AIV), infectious bursal disease virus (IBDV), and chicken infectious anemia virus (CIAV) were found to be common in these samples. Co-infections with FAdVs and CIAV in broilers have been reported in India as well (Brown Jordan et al., 2019). More recently, Yan et al. (2020) reported the co-infection with FAdV-4 and avian orthoreovirus (ARV) in broilers, and that the co-infection rate in ARV-positive samples reached 63%. Moreover, PCR-based methods, combined with the restriction enzyme analysis of chicken samples have revealed that co-infections with different serotypes of FAdVs exist frequently in broiler chickens (Meulemans et al., 2001; Rahul et al., 2005; Mittal et al., 2014). However, little is known about the pathogenicity of different serotypes of FAdVs during co-infection.

In our previous studies, the FAdV-4 strain HN and FAdV-8a strain AH720, isolated from chickens from poultry farms in Hunan and Anhui provinces, respectively, were identified and characterized (Wang et al., 2019; Lv et al., 2021). In the present study, we aim to establish a chicken model of co-infection with both these stains to investigate the interactions between FAdV-4 and FAdV-8a in specific-pathogen-free (SPF) chickens. This may provide valuable information for further investigations of the interactions between FAdV-4 and FAdV-8a during co-infection.



MATERIALS AND METHODS


Cells, Viruses, and Animals

The chicken liver hepatocellular carcinoma cell line LMH was purchased from the American Type Culture Collection (ATCC); LMH cells were cultured in DMEM/F12 (Gibco, NY, United States) supplemented with 10% fetal bovine serum (FBS) (Gibco). The FAdV-4 strain HN and FAdV-8a strain AH720 were isolated as described previously (Wang et al., 2019; Lv et al., 2021) and allowed to replicate in LMH cells. SPF chickens were purchased from Merial Vital Laboratory Animal Technologies Co., Ltd. (Beijing, China). All animal experiments were performed with strict adherence to the guidelines for animal use with approval from Shanghai Laboratory Animal Management Committee and the Animal Care and Use Committee of Shanghai Veterinary Research Institute, Chinese Academy of Agricultural Sciences (permit number: SYXK 2020-0027).



Co-infection With Fowl Adenovirus Serotype 4 and 8a in Specific-Pathogen-Free Chickens

The pathogenicity of FAdV-4 and FAdV-8a during co-infection with these strains was demonstrated in the SPF chickens. First, 52 3-week-old SPF chickens were randomly divided into four groups (n = 13 per group). The chickens in group I and group II were challenged intramuscularly with 100 μl of 105 TCID50 of strain HN and 100 μl of 105 TCID50 of strain AH720, respectively. The chickens in group III were challenged intramuscularly with a mixture of 100 μl of 105 TCID50 of strain HN and 100 μl of 105 TCID50 of strain AH720. The chickens in group IV were intramuscularly challenged with 100 μl of PBS. At 3 days post-challenge, three chickens from each group were sacrificed. Tissue samples, including tissues from the liver, pancreas, kidney, spleen, lung, duodenum, jejunum, rectum, and cecum, were collected. These samples were divided into two parts. One part was used for DNA extraction to monitor the viral loads and the second part was fixed in 10% neutral formalin. The remaining 10 chickens from each group were monitored daily and scored for clinical signs for 14 days, as described previously (Zhao et al., 2015). The scoring scheme was as follows: 0 for normal, 1 for mild depression, 2 for severely depressed, 3 for paralysis/prostration, and 4 for death. The survival of the remaining chickens was monitored.



Quantification of Viral Loads in Tissues

The viral loads in the tissues of infected chickens were determined using TaqMan probe fluorescence quantitative polymerase chain reaction (qPCR). The total DNA was isolated from the liver, pancreatic, kidney, spleen, lung, duodenal, jejunal, rectal, and cecal tissue samples. The FAdV-4 hexon gene (1293–1417 nt) was used as an indicator for the presence of HN strain DNA and the FAdV-8a fiber gene (836–904 nt) was used as an indicator for the presence of AH720 strain DNA, as described in previous studies (Wang et al., 2019; Lv et al., 2021). qRT-PCR was performed on an Applied Biosystem 7500 Fast instrument with the following cycling conditions: 95°C (5 min), 40 cycles at 95°C (10 s) and 60°C (15 s) and 60°C (30 s). The standard curves were generated, based on which the quantity of the viral DNAs in the tissue samples were calculated.



Histopathology Examination

The liver, kidney, lung, and spleen tissue samples collected from three chickens in each group were fixed in 10% neutral-buffered formalin for histopathological examination. The samples were routinely dehydrated, embedded in paraffin wax, and then sectioned for hematoxylin and eosin (H&E) staining. The tissue samples were examined under a Nikon microscope equipped with an Olympus DP25 camera. The histopathological lesions were assessed using the following scoring scheme: 0 for no lesions, 1–3 for mild lesions, 4–6 for moderate lesions, and 7–10 for severe lesions (Zhao et al., 2015).



Immunofluorescence Assay

An immunofluorescence assay (IFA) was performed to investigate the distribution of the viral particles in the livers of chicken infected with the mixture of the HN and AH720 strains. The slides of livers from chickens infected with the HN and AH720 strains were serially cut, blocked using 2% BSA for 1 h, and incubated overnight at 4°C with FAdV-4 Hexon 1B4 monoclonal antibody (1:1000 dilution) and FAdV-8a Fiber polysera (1:1000 dilution) (both prepared by our lab), respectively. Following three washes in PBS buffer, the slides were incubated with Alexa Fluor 488-conjugated goat anti-mouse antibody and Alexa Fluor 594-conjugated goat anti-mouse IgG, respectively. Whole-slide images were captured using the Pannoramic confocal 3D HISTECH system and analyzed by PanoramaStudio Pro software.



Terminal Deoxynucleotidyl Transferase dUTP Nick-End Labeling Staining

Terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick-end labeling (TUNEL) assay was performed to evaluate the degree of apoptosis in liver samples from the chickens in the different infection groups, according to the manufacturer’s instructions. The samples were incubated with 50 μl of TUNEL reaction mixture (TdT and fluorescein – dUTP) at 37°C for 60 min in a humid atmosphere. The TUNEL staining intensity was examined, and images were captured using a Pannoramic confocal 3D HISTECH system and analyzed using the PanoramaStudio Pro software. The TUNEL-positive cells were counted, and the average numbers of these cells were compared.



Statistical Analysis

The data were presented as the means ± SEM. All the data were analyzed using the Prism 7 software (GraphPad, La Jolla, CA, United States). A paired two-tailed Student’s t-test was performed to compare the means of data from two groups. The differences were considered statistically significant at p-values < 0.01 or < 0.05.



RESULTS


Pathogenicity of Chickens Co-infected With the HN and AH720 Strains

To determine the pathogenicity of chickens co-infected with HN and AH720 strains, the chickens were first randomly divided into four groups and then challenged with the HN strain (group I), AH720 strain (group II), mixture of the HN and AH720 strains (group III), and PBS (group IV). During the infection period, the clinical scores varied for the chickens from the different infection groups. The clinical scores for AH720 infection were less than those for HN infection and those for HN + AH720 infection (Figure 1A). The chickens from groups I and III showed typical symptoms of HHS and IBH, with enlarged yellow and hemorrhagic liver and pericardial effusion (Figure 1B). The chickens from group II showed mild symptoms with minor liver hemorrhage (Figure 1B). The control chickens (those from group IV) showed no clinical symptoms.
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FIGURE 1. Pathogenicity of chickens from different infection groups. (A) Clinical scores of chickens in four different infection groups. Chickens were randomly divided into four groups and challenged with HN strain (group I), AH720 strain (group II) and a mixture of HN and AH720 strains (group III), and PBS (group IV). Clinical scoring: 0 for normal, 1 for mild depression, 2 for severely depressed, 3 for paralysis/prostration, and 4 for death. (B) Gross lesions of chickens in four different infection groups. The livers of chickens from groups I and III both showed enlarged yellow and pericardial effusion. A chicken in group II showed a liver with hemorrhages and a chicken from group IV showed a normal liver. (C) Survival rate of the chickens in four different groups. No death was found in the chickens infected with AH720 strain. The mortality rate of chickens challenged with HN strain reached 100% within 4 days post-challenge. However, 100% mortality rate in chickens from group III was within 6 days when co-infected with HN and AH720 strains.


Further, the mortality rates of the chickens from the different groups were investigated. The mortality rates of the chicken from groups I and III were both 100%, while no death was observed in the cases of the chickens from groups II and IV (Figure 1C). Notably, the mortality rate of the chicken from group I reached 100% within 4 days post-challenge. However, the mortality rate of the chickens from group III reached 100% at 6 days post-challenge (Figure 1C). These data suggested that co-infection with the HN and AH720 strains was slightly less lethal to the chickens than the infection with the HN strain alone.



Quantification of the Viral DNA Using TaqMan Probe RT-PCR

To investigate the distribution and viral loads of the HN and AH720 strains in infected chickens, viral copy numbers in different tissues from the FAdV-infected chickens were determined at 3 days post-challenge using the previously established TaqMan probe RT-PCR for FAdV-4 and FAdV-8a (Wang et al., 2019; Lv et al., 2021), respectively.

In chickens from group I, the HN strain was detected in all the tissue samples, with the highest counts in the liver (approximately 2.5 × 107 copies/mg), followed by the pancreas, jejunum, kidney, duodenum, and cecum (Figure 2). In the chickens from group II, the AH720 strain was detected in most tissue samples, but the viral loads were relatively low, with the highest viral load being observed in the cecum (approximately 1 × 104 copies/mg) (Figure 2). However, the viral loads of the HN and AH720 strains in the chickens from group III differed markedly from these in the chickens from group I and group II. On one hand, the viral loads of the HN strain in the liver, pancreas, jejunum, kidney, and duodenum in the chickens from group III were significantly lower than those in the corresponding organs of chickens from group I. On the other hand, the viral loads of the HN strain in the cecum, rectum, spleen, and lungs from the chickens in group III were higher than those in the corresponding organs from the chickens in group I (Figure 2). In addition to the pancreas and jejunum, a significant increase in the viral load of the AH720 strain was observed in all the tested tissue samples from the chickens in group III, compared with that in the tested tissue sections from the chickens in group II (Figure 2). These results suggested that the interaction between the HN and AH720 strains may influence the viral replication and proliferation of the HN and AH720 strains in different tissues.
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FIGURE 2. Viral loads in different infected tissues. Tissue samples from liver, pancreas, jejunum, kidney, duodenum, cecum, rectum, spleen, and lung were collected from chickens at 3 days post-challenge. Viral DNA was detected using TaqMan quantitative real-time PCR. The error bars indicate SEM. ns represents not significant, **P < 0.01, ***P < 0.001, ****P < 0.0001 (Student’s t-test).




Histopathology

At 3 days post-challenge, the liver, kidney, lung, and spleen tissues from the chickens in the four different groups were fixed for histopathological analysis. Pathological lesions were observed in various tissues of chickens in the different infection groups (Figure 3). The liver tissues from the chickens in group I showed severe liver lesions and presented typical basophilic inclusions with many infiltrating lymphocytes (Figure 3A1). Hepatocyte necrosis was found in the liver tissues of the chickens from group II (Figure 3A2). Lymphocyte infiltration and hepatocyte necrosis were observed in the liver tissues of the chickens from group III (Figure 3A3). No histological changes were observed in the livers of the chickens from the control group (Figure 3A4).
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FIGURE 3. Histological examination of tissue samples from the chickens in different infection groups. (A1,B1,C1,D1) H&E staining of liver, kidney, lung, and spleen samples from the chickens infected with HN strain alone. (A2,B2,C2,D2) H&E staining of liver, kidney, lung, and spleen samples from the chickens infected with the AH720 strain alone. (A3,B3,C3,D3) H&E staining of liver, kidney, lung, and spleen samples from the chickens co-infected with HN and AH720 strains. (A4,B4,C4,D4) The normal tissue sample staining in the chickens of the PBS control.


Renal tubular structural disorder was observed in the kidney tissues from chickens in all the three infection groups (Figures 3B1–B3). Inflammatory exudation was observed in the kidneys of the chickens from groups I and III (Figures 3B1,B3). Severe renal hemorrhage was seen in the kidneys of the chickens from group I (Figure 3B1). No histological changes were observed in the kidneys of the chickens from the control group (Figure 3B4).

Structural disorder of the pulmonary bronchus, inflammatory exudation, and alveolar rupture were observed in the lung tissues from the chickens in group I (Figure 3C1). The lung tissues from the chickens in group II were relatively normal (Figure 3C2). Desquamation of pulmonary epithelial cells was observed in the lung tissues from the chickens in group III (Figure 3C3). No significant histological changes were observed in the lung tissues from the chickens in the control group (Figure 3C4).

The number of lymphocytes was reduced in the spleen tissues from the chickens in group I (Figure 3D1). Splenic hemorrhage was observed in the spleen tissues from the chickens in group II (Figure 3D2). Splenic hemorrhage and reduced lymphocytes were observed in the spleen tissues from the chickens in group III (Figure 3D3). No significant histological changes were observed in the spleen tissues from the chickens in the control group (Figure 3D4).

Compared with the control groups, the histopathological lesions in the liver, kidney, lung, and spleen tissues from the chickens in the infection groups were notable (Figure 4). Among the four sampled tissues, the liver tissue showed the highest histopathological scores; the highest histopathological scores were observed for the livers from the chickens in group I (Figure 4).
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FIGURE 4. Scores of histopathological lesions in sampled tissues of chickens in different infection groups. Lesion scoring: 0 for no lesions, 1-3 for mild lesions, 4-6 for moderate lesions, and 7-10 for severe lesions. The error bars indicate SEM. ns represents not significant, *P < 0.05 (Student’s t-test).




Immunofluorescence Assay

The liver tissues collected from the chickens in group III were serially sectioned to investigate the distribution of the viruses in the livers of chickens co-infected with the HN and AH720 strains by IFA. The presence of the HN strain was seen as a green color that was detected by incubation with FAdV-4 Hexon antibody, and subsequently, incubation with Alexa Fluor 488-conjugated secondary antibody. The presence of the AH720 strain was seen as a red color that was detected by incubation with FAdV-8a Fiber antibody, and subsequently, incubation with Alexa Fluor 594-conjugated secondary antibody. IFA analysis of the liver slides revealed that in the chickens co-infected with the HN and AH720 strains, the HN strain presented a scattered distribution and the AH720 virus particles were accumulated in the hepatic cells (Figure 5). This result corresponded with that observed from the histopathological examination of the liver tissues from the chickens co-infected with the HN and AH720 strains.
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FIGURE 5. Distribution of viruses in liver of the chickens co-infected with HN and AH720 strains. The slides of liver samples were blocked in 2% BSA and incubated with previously prepared FAdV-4 Hexon 1B4 monoclonal antibody and FAdV-8a Fiber polysera, followed by incubation with Alex Fluor 488 and Alex Fluor 594-conjugated secondary antibodies, respectively. Images were captured by Pannoramic confocal 3D HISTECH system and analyzed by PanoramaStudio Pro software.




Apoptosis in the Liver Tissues

To further investigate the apoptosis of the liver cells in the chickens from the different infection groups, the collected liver tissue samples were analyzed by TUNEL staining. As shown in Figure 6, the number of TUNEL-positive cells in the livers of chickens from group I was the highest, but this number was not statistically significant compared with that in the livers of chickens from group III. However, the number of TUNEL-positive cells in the livers of chickens from group II was significantly less than that in the livers of chickens from groups I and III. These data indicated that the decrease of the viral load of the HN strain was compensated by the increase of the viral load of the AH720 strain in the liver samples from the chickens in group III, resulting in a similar apoptotic level being observed in the samples from the chickens in group I.
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FIGURE 6. TUNEL staining of livers of the chickens from different infection groups. (A) TUNEL staining of livers of chickens from four infection groups. (B) Quantification of the TUNEL stained cells. The slides of liver samples were incubated with 50 μl of TUNEL reaction mixture at 37°C for 60 min in a humid atmosphere. The TUNEL intensity was examined and captured by Pannoramic confocal 3D HISTECH system and analyzed by PanoramaStudio Pro software. The TUNEL-positive cells were counted and the average number was compared. The error bars indicate SEM. ns represents not significant, ∗∗P < 0.05 (Student’s t-test).




DISCUSSION

Outbreaks of HHS caused by FAdV infection have been reported in broiler farms in China since 2005 (Pan et al., 2017a; Niu et al., 2018). This highly contagious disease has caused the death of large numbers of chicken, resulting in great economic losses to the poultry industry (Pan et al., 2017b). The pathogenicity of FAdV in cases of co-infection with other pathogens has been previously reported. However, little is known about the pathogenicity of two serotypes of FAdVs during co-infection. Although FAdV-4 was reported as the dominant serotype in chickens infected with FAdVs, isolation of other serotypes of FAdVs, such as FAdV-8a and FAdV-8b, was reported in chicken farms in China (Chen et al., 2019; Cui et al., 2020). In this study, a co-infection model was developed using the FAdV-4 strain HN and FAdV-8a strain AH720 to investigate the co-infection with FAdV-4 and FAdV-8a in chickens. The clinical symptoms, mortality rates, viral loads, and histopathological features of tissues after co-infection were then investigated.

The pathogenicity of different serotypes and strains of FAdVs is different (Grgic et al., 2011; Steer et al., 2015; Wang et al., 2019). We have previously reported that the FAdV-4 strain HN is a virulent strain that could cause 100% mortality in experimentally infected chickens, whereas AH720 is an attenuated strain that caused IBH in, but was not lethal to, chickens (Wang et al., 2019; Lv et al., 2021). To characterize the pathogenicity of the HN and AH720 strains during co-infection with these strains, the chickens were challenged with HN strain (group I), AH720 strain (group II) and a mixture of HN and AH720 strains (group III), and PBS (group IV). Although the mortality rates of the chickens from groups I and III were both 100% (Figure 1C), the trends shown by the change in mortality rates in these two groups were slightly different. The mortality rate in group I reached 100% at 4 days post-challenge, while that in group III was 90% at 4 days post-challenge and reached 100% 2 days later (Figure 1C). In contrast, the mortality rates of chickens in groups III and IV were 0 (Figure 1C), suggesting that the AH720 strain is mildly pathogenic in chickens. This result is consistent with findings from previous studies regarding the pathogenicity of FAdV serotype 8 strains (Grgic et al., 2011; Ruan et al., 2017; Lv et al., 2021). The differences between the mortality rates of the chickens from the four infection groups indicated that interactions between the HN and AH720 strains may slightly influence the outcomes of the disease.

Interactions between FAdVs and other avian pathogens have been previously investigated, and researchers have found that co-infection with FAdVs and other avian pathogens could produce synergistic effects. For instance, co-infection with IBDV and FAdV-4 in chickens could induce immunosuppression and enhance the pathogenicity of FAdV-4 (Xu et al., 2021). Co-infection with Avibacterium paragallinarum and FAdV-4 in layer chickens caused more severe clinical symptoms (with 50% mortality), than that caused by infection with FAdV-4 alone (with 40% mortality) (Mei et al., 2020). In addition, co-infection with CIAV and FAdV-4 in chickens can increase the mortality rate and cause severe symptoms, with pericardial effusion and the formation of intranuclear inclusion bodies in hepatocytes (Toro et al., 2000).

In the present study, although the clinical symptoms and mortality rates of the chickens in groups I and III were similar, the viral loads in the tissues of chickens from the different infection groups differed markedly (Figure 2). Compared with the chickens from group I, the viral loads of the HN strain in the liver, pancreas, jejunum, kidney, and duodenum of the chickens from group III were significantly lower, but those in the cecum, rectum, spleen, and lung were relatively higher. Compared with the chickens from group II, all the tested tissues from chickens in group III, except the pancreatic and jejunal tissues, showed significantly higher viral loads of the AH720 strain. Of these changes, it is notable that the biggest decrease of the viral load of the HN strain and increase of the viral load of the AH720 strain were presented in the livers of chickens from group III, compared with the case for the chickens from group I or group II. It is likely that the significant decrease of the viral load of the HN strain in chickens from group III was compensated by the marked increase of the viral loads of the AH720 strain, resulting in similar symptoms and mortality rates being observed in the chickens infected with HN alone.

Further, the histopathological features of tissues of the liver, kidney, lung, and spleen were investigated. Histopathology lesions were observed in all the sampled tissues of the chickens from different infection groups compared with that of the chickens from the control group (Figure 3). Among these, liver tissues of chickens showed the most severe lesions. Notably, hepatocyte accumulation in the liver was observed in the chickens from group III (Figure 3). This is consistent with the results of the IFA analysis, which showed that the HN strain presented a scattered localization, whereas the AH720 strain presented an accumulated localization in the livers of the chickens from group III (Figure 5). Moreover, the TUNEL staining analysis showed that the degree of apoptosis in the livers of the chickens from groups I and III were similar. These data indicated that the decrease in the viral loads of the HN strain in the livers of the chickens infected with the HN and AH720 strains did not affect the symptoms significantly due to the marked increase of the viral loads of the AH720 strain.



CONCLUSION

In conclusion, in this study, we established an avian model of co-infection with a FAdV-4 strain and FAdV-8a strain. Co-infection with the HN and AH720 strains decreased the replication and proliferation of the HN strain, and conversely, increased the replication and proliferation of the AH720 strain in chicken livers. The interaction between the HN and AH720 strains allows chickens co-infected with these strains to present similar symptoms and mortality rates as those presented by chickens infected with the HN strain alone. However, the mechanisms underlying the interactions between the HN and AH720 strains during co-infection in chickens require further investigation. To the best of our knowledge, this is the first study that investigates the co-infection with FAdV-4 and FAdV-8a strains experimentally. These findings will lay the foundation for further investigations of the mechanisms underlying co-infection with strains of FAdV-4 and FAdV-8a in chickens.
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