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Simple Summary: Enteric viruses act as etiological agents for a series of health disturbances that
pose a threat to commercial chickens worldwide. The affected chickens exhibit stunted growth, low
feed conversion, etc. On a global scale, research on enteric virus diversity has been performed in
countries such as India, South Korea and Brazil, yet at present, there have been no conclusive reports
of avian enteric viruses in China. In the present study, the virus species, infection types, clinical
symptoms, and relationships among the virus species were studied in 145 positive enteric virus
samples. Additionally, the evolutionary relationship and recombination of the viruses were also
further studied. The results of this study can be used to define the distribution and infection type of
enteric viruses in poultry, and to analyze the classification of and evolutionary relationship between

certain viruses.

Abstract: Enteric viruses, as a potential pathogen, have been found to be vital causes of economic
losses in poultry industry worldwide. The enteric viruses widely studied to date mainly include
avian nephritis virus (ANV), avian reovirus (ARe), chicken astrovirus (CAstV), chicken parvovirus
(ChPV), fowl adenovirus group I (FAdV-1), infectious bronchitis virus (IBV), and avian rotavirus
(ARoV). This paper aimed to identify single and multiple infections of the seven enteric viruses using
the data obtained from positive 145 enteric virus samples in poultry flocks from different areas in
Hebei Province, throughout the period from 2019 to 2021. Next, the correlation between bird age
and clinical signs was investigated using PCR and RT-PCR techniques. Furthermore, the whole
genomes of seven parvovirus strains and open reading frame 2 (ORF2) of six CAstV strains and eight
ANV strains were sequenced for phylogenetic analysis and recombination analysis, to characterize
the viruses and evaluate species correlation and geographic patterns. A total of 11 profiles of virus
combinations were detected; 191 viruses were detected in 145 samples; 106 single infections were
reported in 73.1% of the samples; and multiple infections were detected in the remaining 26.9%. For
viruses, 69% of ChPV was correlated with single infection, while ANV (61.4%) and CAstV (56.1%)
were correlated with multiple infections. However, IBV and ARe were not detected in any of the
samples. Recombination events were reported in parvovirus, and all CAstV sequences investigated in
this paper were included within genotype Bii. The eight ANV strains pertained to different subtypes
with significant differences. The above results revealed for the first time the complexity of enteric
viruses over the past several years, thus contributing to disease prevention and control in the future.

Keywords: chicken; enteric virus; recombination; diversity; phylogenetics

1. Introduction

Enteric viruses act as the etiological agents for a series of health disturbances that
pose a threat to commercial chickens worldwide. Diseases related to enteric viruses were
first reported in the late 1970s. These diseases are characterized by growth deficiency, pale
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bird syndrome, helicopter wing disease, and other abnormalities [1-4]. Although these
enteric diseases have proven very difficult to reproduce experimentally with defined viral
inoculums [5], their hazards are real and are mainly associated with low feed conversion
rates, decreased immune function, and high mortality [2,3,5]. A considerable number
of viruses have been detected in or isolated from the intestinal tract of poultry, whereas
the main enteric viruses reported that caused poultry enteric diseases consist of chicken
parvovirus (ChPV), fowl adenovirus of group-I (FAdV-I), infectious bronchitis virus (IBV),
two viruses of the Astroviridae family: avian nephritis virus (ANV) and chicken astrovirus
(CAstV), and two viruses of the Reoviridae family: avian reovirus (ARe) and avian rotavirus
(ARoV) [4,6-8]. The results of molecular epidemiological investigation of different coun-
tries and regions suggested that different viruses or virus combinations have existed [8,9].
In Brazilian poultry flocks, single infections outnumbered multiple infections, and the main
enteric virus was IBV. In South Korea, however, multiple infections were identified in 51.7%
of chicken farms, and the main enteric virus was ANV. In China, the first report of enteric
virus infections in chickens was published in 1987. Chicken flocks showed growth inhibi-
tion, and the CHPV was isolated. Since then, there have been reports about duck astrovirus,
CAstV, ANV, and FAdV [10-13]. For the epidemiological investigation of enteric virus,
most of the reports are about a specific single virus in the chicken population [11,12,14].
Conventional PCR and reverse transcription-PCR (RT-PCR) have been recognized as the
two most commonly used methods to perform molecular epidemiological investigation
of viruses in the poultry industry [8]. For different enteric viruses, the possible origin and
genetic evolution trend of the virus isolates have been unknown in Hebei Province. This
paper aimed to determine the prevalence of enteric viruses affecting commercial chicken
flocks in Hebei Province, which included an analysis of the correlations between single
and multiple infections, bird age, and clinical signs. We carried out PCR amplification of
complete genome sequences of seven parvovirus strains, eight ANV open reading frame 2
(ORF2) genes, and six CAstV ORF2 genes sequenced from parts of Hebei isolates, to gain
insight into molecular evolutionary characteristics and taxonomic status.

2. Materials and Methods
2.1. Field Samples

In this study, 145 positive samples of single and multiple enteric viral infections
were detected from 212 samples (185 pullet/layer Hens and 27 broilers) collected from
large-scale farms of commercial chickens in Baoding, Cangzhou, Hengshui, Shijiazhuang,
Xingtai, Zhangjiakou, and Langfang of Hebei Province, China (Supplementary Table S1).
Among the positive samples, 21 samples were collected from broilers of 2-5-week-olds,
and 124 from pullet and layer hen flocks of 2-49-week-olds. Sampling was performed from
2019 to 2021. Each sample consisted of a pool of maximum three small intestine samples,
and each sample was taken from different farms throughout the abovementioned cities.
The main reported symptoms of the birds were digestive problems (including enteritis,
diarrhea, decreased feed absorption, and indigestion of feed), signs of respiratory disease,
and stunting syndrome.

2.2. Preparation of Samples

The samples were taken from the small intestine. A 1:4 saline was prepared for
grinding; freeze-thaw was repeated 3 times; the cell debris was removed by centrifuging at
8000 RPM for 10 min. The supernatants were filtered through a 0.22 pm filter to remove
bacteria, and stored at —80 °C in preparation for the extraction of viral DNA and RNA.

The samples were processed and analyzed by conventional PCR and RT-PCR for
detection of the seven main enteric viruses reported in recent years: FAdV-1, ChPV, CAstV,
ANV, IBV, ARe, and ARoV. The organ used for viral detection was the intestines. The
results were categorized as previously described [7], mainly according to the viral infection
in each sample, the type of birds (broilers, layers), the age of birds (days for broilers and
weeks for pullet/layer hen), and clinical signs. Known positive samples for FAdV-1, ChPV,
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CAstV, ANV, and ARoV were validated through Sanger sequencing, and the corresponding
positive control viruses were provided by the Disease Testing Center Laboratory of Hebei
Agricultural University.

2.3. Viral Genome Extraction and Reverse Transcription

The viral genome was extracted using an EasyPure Viral DNA /RNA Kit (TransGen
Biotech, Beijing, China). Reverse transcription was performed by Superscript SMART
MMLYV Reverse Transcriptase (Takara, Beijing, China) with random primer (Takara, Beijing,
China), according to the manufacturer’s instructions.

2.4. PCR Detection of Viruses

PCR was performed by a previously described method to screen all samples for
the presence of the seven tested virus genes of ANV, CAstV, ARoV, ARe, IBV, FAdV-],
and ChPV [9,15-18]. The primers used for pentaplex PCR are listed in Table 1. PCR
amplification was performed using 2 pL of the template DNA (ChPV and FAdV-I) or cDNA
(the other five viruses), 2 puL of each primer, ANTP Mixture (2.5 mM) 4 uL, 10 x PCR Buffer
(Mg?* plus) 5 pL, RNase-free water 34.5 uL, and 0.5 uL of Taq DNA polymerase, for a total
volume of 50 uL. The following temperature conditions were used for the PCR reaction:
1 cycle at 94 °C for 3 min, 35 cycles of amplification (94 °C for 30 s, annealing treatment for
455,72 °C for 1 min), and a final extension at 72 °C for 10 min.

Table 1. Primers sequences, gene target, amplicon size, and the corresponding references that were
used to screen for the enteric viruses by RT-PCR and PCR reactions.

Amplicon Annealing

Virus Primer Name Primer Sequences (5 to 3') Target Gene Size (bp) Temp (°C) References
ANV ANVR CRITKCCCKGTAGICTYIGA ORFo 73 52 g
Chsty CAWVR  TCRGIGGGAGTGGGKAGTCTRC  ORFIb 62 52 g
ARoV ARVR  GTTGGGGTACCAGGGATTAN NG 620 52 g
we e eglcodqommoeac = v
15v BV TACTCTCTACACACACAC M 729 o4 i3]
I e
ar QN NSOGOMTTE o m mm

Abbreviations: ANV, avian nephritis virus; CAstV, chicken astrovirus; ARe, avian reovirus; ARoV, avian rotavirus;
IBV, infectious bronchitis virus; FAd V-1, fowl adenovirus of group-I; ChPV, chicken parvovirus; ORF1b, open
reading frame 1b; S1, spike 1 gene; NSP4, nonstructural protein 4; M, membrane protein gene; NS, nonstructural
gene.

2.5. PCR Amplification of Complete Genome Sequences of Parvovirus

PCR was performed following a previously described method [6,14]. The primers
used for pentaplex PCR are listed in Table 2. PCR amplification was performed using
2 uL of the template DNA. The same procedure described above was used, except for the
annealing temperature and extension time. The details are listed in Table 2.



Animals 2022, 12, 2873

40f 15

Table 2. Primers used in this study for polymerase chain reaction amplification of the complete
genome of chicken parvovirus (ChPV) and turkey parvovirus (TuPV).

Amplicon

Annealing

Extension

Primer

. . / /
Primer Primer Sequences (5 to 3') Size (bp) Temperature (°C) Time (s) Location (nt) References
PV-AF CAATCCGCACGTTGATTCGG 0 5 % ChPV/TuPV
PV-AR GGCGTGTTTCGCCAATTGAA 366-668
PV-BF TATGCCTGTATTCGAGTGTG ChPV
PV-BR CTTTCAGGAGACTATCCACG 1559 52 100 485-2043
PV-CF TTCCACGGACCAGCCAATAC ChPV
PV-CR CATATCCCTGCTGGGTCGTC 1360 52 100 1876-3915
PV-DF CTCGAGTGGTACAATGGGGG 56 5 i ChPV ”
PV-DR AGCGTTTGCGTTCAGCTTTT 2613-3181
PV-EF GCTTCTATAGGCACACAATG ChPV
PV-ER CCTGTCAAGTCGTTAGAGTA 895 50 50 2981- 3875
PV-FF ACCGGTAATTGGAATTGTGA ChPV
PV-FR ACATTGACCTGGTATTGACC 1448 52 100 35204967
PV-GF GAACCACTCAACACTCACAG - 5 " ChPV/TuPV
PV-GR CATATGCATAGTCACGCCTT 4855-5208
PV-HF CTGCTGAGCTGGTAAGATGG . o 50 TuPV
PV-HR TTTGCGTTGCGGTGAAGTCTGGCTCG 395-2401
PV-IF TTCTAATAACGATATCACTCAAGTTTC | i o TuPV (141
PV-IR GTATTGKGTYTGGTTTTCAG 1841-3678
PVJF CAAGCCGCCATTGTGTTTGT TuPV
PVJR TTAATTGGTYYKCGGYRCSCG 1451 57 100 3575-5025

2.6. PCR Amplification of Complete ORF2 for CAstV and ANV

PCR was used to amplify ORF2 complete sequences of ANV [19] and CAstV. The
primers used for pentaplex PCR are listed in Table 3. PCR amplification was performed
using 2 pL of the cDNA. The same procedure described above was used, except for
annealing temperature and extension time. The details are listed in Table 3.

Table 3. RT-PCR amplification primers of complete open reading frame 2 (ORF2) gene of avian
nephritis virus (ANV) and chicken astrovirus (CAstV).

Annealing Extension
Primer Name Primer Sequences (5’ to 3') Amplicon Size (bp) Temperature Ti References
©0) ime (s)
ANV-ORF2-F ACCTTGAATCCCTGTGGGGCA 2500 55 130 [19]
ANV-ORF2-R AAAAGTTAGCCAATTCAAAATTAATTC
CAstV-ORE2-F CGGGATCCATGGCCGATAAGGCTGGGCCG 914 63 130 This research

CAstV-ORF2-R

CGGAATTCCTACTCGGCGTGGCCGCG

2.7. Evaluation of RT-PCR and PCR Products

Next, 5 puL of each PCR product was electrophoretically separated and visualized by
ethidium bromide staining. Some PCR products were sent for sequencing, then compared
to the information in the GenBank database of the BLAST network of the National Center
for Biotechnology Information.

2.8. Sequencing and Phylogenetic Analysis

Some samples were chosen randomly for DNA sequencing to validate the RT-PCR
and PCR-specific reactions to screens for the enteric viruses: ChPV (n = 9, MW548986—
MW548989, MZ546785-MZ546789), ANV (n = 4, MW522990-MW522993), CAstV (n =1,
MW855893), and FAdV-I (n = 1, MW855894).

PCR production of the complete sequence of parvovirus and ORF2 complete se-
quence of ANV and CAstV were chosen randomly for DNA sequencing to be used in the
phylogenetic analysis: ChPV (n = 7): isolate ChPV /CK/CH/HB/17 (OK274225), isolate
ChPV/CK/CH/HB/31 (OK274226), isolate ChPV /CK/CH/HB/52 (OK274227), isolate
ChPV/CK/CH/HB/77 (OK274228), isolate ChPV/CK/CH/HB/81 (OK274229), isolate
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ChPV/CK/CH/HB/82 (OK274230) and isolate TuPV/CK/CH/HB/22 (OK490349); ANV
(n = 8): isolate ANV /CK/CH/HBBD/32 (OK274237), isolate ANV /CK/CH/HBCZ/69
(OK274238), isolate ANV /CK/CH/HBBD/77 (OK274239), isolate ANV /CK/CH/HBCZ/
106 (OK274240), isolate ANV /CK/CH/HECZ /117 (OK274241), isolate ANV /CK/CH/
HES]Z /126 (OK274242), isolate ANV /CK/CH/HES]Z /127 (OK274243), and isolate ANV /
CK/CH/HBBD/134 (OK274243); CAstV (n = 6): isolate CAstV/CK/CH/HBBD/6
(OK274231), isolate CAstV/CK/CH/HBCZ/26 (OK274232), isolate CAstV/CK/CH/
HBLF/41 (OK274233), isolate CAstV/CK/CH/HBBD/52 (OK274234), isolate CAstV /CK/
CH/HBS]Z/80 (OK274235), and isolate CAstV/CK/CH/HBCZ/117 (OK274236). All se-
quences had already been submitted to the GenBank database. Phylogenetic trees were
inferred using the neighbor-joining statistical method, with 1000 bootstrap replications in
the software package of the Molecular Evolutionary Genetics Analysis 11 software program
(Pennsylvania State University, State College, PA, USA).

2.9. Recombination Analysis

The sequence analysis was performed using RDP4 software v5.5, and seven recombi-
nation and analysis methods were used, as described by Palomino-Tapia et al. (2020) [20].
The putative recombination sequences were further investigated using Simplot analysis
within the Simplot program v3.5.1, with the following parameters: window size = 400 bp;
step size = 40 bp; GapStrip = On; Kimura 2-parameter substitution model; T/t = 2; and
using the neighbor-joining method.

2.10. Statistical Analysis

Descriptive statistics were used to represent the variability of the positive samples
as previously described [7], including single and multiple viral infections, type of birds
(broilers and pullet/layers), age of birds (days for broilers and weeks for pullet/layers
hen), and clinical signs (respiratory signs, digestive signs, stunting, and no clinical signs
reported). Next, statistical analyses were performed using the SPSS software package
version 19.0 (SPSS Inc., Chicago, IL, USA). Categorical variables were reported as absolute,
along with the corresponding relative frequencies. Chi-squared or Fisher’s exact test was
used for comparisons. The two-sided significance level alpha was set as 0.05.

3. Results
3.1. Single and Multiple Viral Infections

A total of 191 viruses were found in 145 positive samples, and the most common
virus detected corresponded to ChPV, showing a 52.4% (100/191) occurrence, followed
by ANV, with 23.0% (44/191); CAstV, with 21.5% (41/191); FAdV-I, with 2.6% (5/191),
and ARoV, with 0.5% (1/191) (Table 4). However, IBV and ARe were not detected in the
samples. Single infections were found in 73.1% (106/145) of the samples, with ChPV being
the most predominant virus diagnosed as a unique agent. In addition, ChPV, ANV, and
CAstV were found in simple and combined (2 to 4 viruses) infections. FAdV-I was found in
unique and combined (two to three viruses) infections. ARoV was only found in combined
(four viruses) infections. The multiple infection analysis results revealed that two viral
infections were found in 22.8% (33/145) of samples, followed by three viral infections
in 3.4% (5/145), and four viral infections in 0.7% (1/145). The single and multiple viral
infections are described in Table 4.
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Table 4. Frequencies of viruses and samples in single and multiple viral infections diagnosed !.

Infection Type
Item All - - - - - X2 p-Value *
Single Infection Multiple Infection (2, 3, 4 Viruses)
Virus 2
ChPV 100 69 (69.0%) 3 31 (31.0%) (25,5,1) 15.494 0.000 **
ANV 44 17 (38.6%) 27 (61.4%) (21,5,1) 10.040 0.002 **
CAstV 41 18 (43.9%) 23 (56.1%) (18,4, 1) 6.769 0.009 **
FAdV-1 5 2 (40.0%) 3 (60.0%) (2,1,0) - 0.657
ARoV 1 0 (0.0%) 1 (100%) 0,0,1) - 0.445
Total 191 106 85 (66, 15, 4)
Positive samples, n 145 106 39 (33,5,1)
Positive samples/145 73.1% 26.9% (22.8%, 3.4%, 0.7%)

1 Abbreviations: ANV, avian nephritis virus; CAstV, chicken astrovirus; ARe, avian reovirus; ARoV, avian
rotavirus; IBV, infectious bronchitis virus; FAdV-I, fowl adenovirus of group-I; ChPV, chicken parvovirus. 21BV
and ARe were not detected in any samples. 3 Positive/total number of each enteric virus detected. * Comparison
between two types of infections (single and multiple infection) by chi-squared or Fisher’s exact test. ** Indicates
extremely significant differences.

The analysis of the factors of 191 virus distribution suggested that the ChPV in single
and multiple infection respectively accounted for 69.0% and 31.0%, while those of ANV
were 38.6% and 61.4%, and those of CAstV were 43.9% and 56.1%, respectively (Table 4).
Chi-squared and Fisher’s exact tests were performed in terms of the distribution enteric
viruses between two types of infection (single and multiple), in accordance with the 191
viruses detected. There were extremely significant differences in the distribution of ChPV,
ANV, and CAstV between single and multiple infections (Table 4). This revealed that ChPV
was more common in single infections, while ANV and CAstV were more common in
multiple infections.

Infections occurred with 11 profile combinations of viruses (Table 5). ChPV was
present in combination with ANV, FAdV-I, and ARoV, resulting in two and three virus
combinations. ARoV was only present in combination with ChPV, ANV, and CAstV,
resulting in four virus combinations. In addition, ChPV, ANV, CAstV, and FAdV-I were all
present within a single infection.

Table 5. Enteric virus detection patterns from 145 positive samples in the small intestines from
chicken commercial flocks.

Pattern

Virus Examined in 145 Samples

FAdV-I

ChPV CAstV ANV IBV ARe ARoV

Number of Samples and the %

[S—Y
TS O0O®NOUTEWN =

+

+ o+ o+ o+

+

4 (2.8%)
1 (0.7%)
1 (0.7%)
14 (9.7%)
2 (1.4%)
+ 10 (6.9%)
+ + 7 (4.8%)

69 (47.6%)

+ 17 (11.7%)

+ 18 (12.4%)
2 (1.4%)

+
+ 4+ + +
+

Abbreviations: ANV, avian nephritis virus; CAstV, chicken astrovirus; ARe, avian reovirus; ARoV, avian rotavirus;
IBV, infectious bronchitis virus; FAdV-1, fowl adenovirus of group-I; ChPV, chicken parvovirus. + indicate that the
sample showed positive result in the PCR assay, while blank indicates negative.

3.2. Age and Type of Birds

A total of 185 samples received for viral diagnostics originated from broilers older than
15 days and pullet/layer hens older than 2 weeks (Supplementary Table S1). In accordance
with the age of the birds, the samples corresponding to pullet/layer hens were assigned
to five groups, with the intervals of 5 weeks of age, from week 2 to week 26, and one
additional group for birds older than 26 weeks (Table 6). The samples corresponding to
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broilers were assigned to three groups with the intervals of 7 days of age, from day 15 to
day 35 (Table 6). The positive samples from pullet/layer hens in the 2-6-week groups were
found to have the highest rate of viral infections, which was 87.2%. The viral infection rates
of the other pullet/layer hen groups were measured as 67.4% for the 7-11-week group,
82.4% for the 12-16-week group, 65.9% for the 17-21-week group, 50.0% for 22-26-week
group, and 29.4% for the older than 26 weeks group (Table 6). Broilers were found to have
the highest rate of viral infections at 100% for the 15-21-day group. The viral infection rate
in the 22-28-day and 29-35-day groups were found to be 75.0% (Table 6).

Table 6. The number and positive rate of viral infections according to the ages of layer and broilers
flocks.

Pullet/Layer Hens ‘ Broilers
Ace of Flocks Number of Positive Rate for Ace of Flocks Number of Positive Rate for
& Positive Samples Each Week of Age & Positive Samples Each Day of Age
2-6 weeks 34 87.2% (34/39) 1 15-21 days 3 100.0% (3/3) 1
7-11 weeks 31 67.4% (31/46) 22-28 days 9 75.0% (9/12)
12-16 weeks 14 82.4% (14/17) 29-35 days 9 75.0% (9/12)
17-21 weeks 29 65.9% (29/44)
22-26 weeks 11 50.0% (11/22)
>26 weeks 5 29.4% (5/17)
Total 124 67.0% (124/185) 21 77.8% (21/27)
! Enteric virus positive samples/ total number of samples detected for enteric virus in each group.
FAdV-I was detected in the samples from broilers (1/5) and pullet/layer hens (4/5).
ChPV was detected in the samples from broilers (18/100) and pullet/layer hens (82/100).
CAstV was reported in the samples from pullet/layer hens (36/41) and broilers (5/41).
ANV was found in the samples from broilers (10/44) and pullet/layer hens (34/44). ARoV
was reported only in one pullet/layer hen sample, whereas ARe and IBV were not detected
in any chicken line. All data describing the positive samples in accordance with the age of
layers and broilers affected by the enteric viruses in this paper are listed in Table 7.
Table 7. Frequency of viruses affecting birds according to bird age !.
Chicken Line Age of Birds FAdV-1 ChPV CAstV ANV ARoV ARe IBV
15-21 days (n = 3) 0 3 0 3 0 0 0
Broilers 22-28 days (I’l = 9) 0 8 1 5 0 0 0
29-35 days (1 =9) 1 7 4 2 0 0 0
2-6 weeks (n = 34) 0 19 12 15 0 0 0
7-11 weeks (n = 31) 0 18 10 12 1 0 0
12-16 weeks (n = 14) 0 11 5 0 0 0 0
Pullet/layer hens 17-21 weeks (1 = 29) 3 23 6 5 0 0 0
22-26 weeks (n =11) 0 9 2 1 0 0 0
>26 weeks (n = 5) 1 2 1 1 0 0 0
Total (n = 145) 5 100 41 44 1 0 0

1. Abbreviations: ANV, avian nephritis virus; CAstV, chicken astrovirus; ARe, avian reovirus; ARoV, avian
rotavirus; IBV, infectious bronchitis virus; FAdV-I, fowl adenovirus of group-I; ChPV, chicken parvovirus.

3.3. Clinical Signs

Single viral infections were detected primarily in pullet/layer hens, at 97/124 (78.22%),
followed by 9/21 (42.86%) in broilers. Multiple viral infections were reported with a
higher frequency in broilers, at 11/21 (52.38%) with two viruses and 1/21 (4.76%) with
three viruses. The only sample with four viral infections was found in the pullet/layer
hens (Table 8). A chi-squared test and Fisher’s exact test were performed between two
chicken lines in accordance with 145 samples detected. There were extremely significant
differences (p < 0.01) both in single infection and dual virus infection between the broilers
and pullet/layer hens (Table 4). In the broilers, dual virus was found as the main infection
type, while in the pullet/layer hens, single infection was found as the main infection type.
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Table 8. Positive samples with single and multiple viral infections and clinical signs according to bird
type.

Chicken Line >
Item All, n =145 X p-Value
Broilers, n = 21 Pullet/Layer Hens, n = 124
Positive samples of
infections
One virus 106 (73.1%) 1 9 (42.86%) 97 (78.22%) 10.423 0.001 **
Two viruses 33 (22.8%) 11 (52.38%) 22 (17.7%) - 0.001 **
Three viruses 5(3.5%) 1 (4.76%) 4 (3.2%) - 0.548
Four viruses 1(0.7%) 0 (0.0%) 1 (0.8%) - 1.000
Clinical signs
Respiratory problems 16 (11.0%) 3 (14.3%) 13 (10.5%) - 0.705
Digestive problems 2 54 (37.2%) 9 (42.9%) 45 (36.3%) 0.331 0.565
Stunting 33 (22.8%) 7 (33.3%) 26 (21.0%) - 0.260
Not reported 42 (29.0%) 2 (9.5%) 40 (32.3%) - -

1 Number of positive samples, % of positive samples independently of chicken line. 2 Digestive problems were
defined as enteritis, diarrhea, decreased feed absorption, and indigestion of feed. 3 Comparison between two
chicken lines (broilers and pullet/layer hens) by Chi-squared or Fisher’s exact test. ** Means extremely significant
differences.

The positive samples fell into four groups according to the clinical signs and type of
birds. The most common disease symptoms reported were digestive problems in 54/145;
respiratory signs were detected in 16/145 samples; stunting signs were detected in 33/145;
and there were no reported signs in 42/145. The broilers and pullet/layer hens showed
the highest values of digestive problems. The digestive problems included were defined
as intestinal inflammation, indigestion of feed, and watery stool. Table 8 lists all of the
frequencies of clinical signs. The results of the Fisher’s exact test suggested that there was
no significant difference between the clinical signs for the respective type of birds (p > 0.05).

3.4. Phylogenetic Analysis and Recombination Analysis of Parvovirus

The seven isolates corresponding to parvovirus were studied phylogenetically with
strains from different countries based on the complete sequence gene (Figure 1). The 28
reference strains (Supplementary Table S2) could be assigned to two branches, namely
ChPV and TuPV, while the parvoviruses of the seven Hebei strains were all clustered
with ChPV. Isolate CHPV /CK/CH/HB/81 was clustered with the reference sequence of
strain GX-CH-PV-23, and isolate CHPV/CK/CH/HB/82 was found to have the closest
genetic distance from the reference strain GX-CH-PV-15. The above two strains were
located in a large clade, and clustered further with the strains from South Korea and the US.
Additionally, isolates ChPV /CK/CH/HB/52, 31, and 17 were clustered in a small group,
which was closest to the reference strain 260 from the US and ABU-P1 from Hungary; isolate
ChPV/CK/CH/HB/77 was clustered with the reference sequence of strain GA /1472 /2004
from the US; and isolate TuPV /CK/CH/HB/22 stood alone in a cluster.

The phylogenetic tree of the complete parvovirus sequences gene (Figure 1) was
clustered in a similar manner as the phylogenetic tree based on the full coding sequence
of the VP1 (Supplementary Figure S1A), whereas the above two phylogenetic trees were
clustered differently as the phylogenetic trees of NS (Supplementary Figure S1B). Isolate
TuPV/CK/CH/HB/22 was clustered with the reference sequences in the group of TuPV,
and a second group of isolates (ChPV/CK/CH/HB/81, 82,77, 52, 31, and 17) were clus-
tered with the reference sequences of ChPV (Supplementary Figure S1B). As revealed by
the phylogenetic trees, isolate TuPV/CK/CH/HB/22 may have undergone recombina-
tion events.

Next, the putative recombinant sequences isolate TuPV /CK/CH/HB/22 were inves-
tigated with seven recombination methods in RDP4, followed by SimPlot analysis using
the Simplot program. The results of the above analyses suggested that there was a re-
combination event of TuPV/CK/CH/HB/22 strain, with TuPV-1090 as the major parent
and ChPV/CK/CH/HB/31 as the minor parent, and with the p-Value range of 1.274 x
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10712-7.748 x 10~%. The recombination region was located in the NS gene and part of the
VP1 gene, and the recombination site was located between 287 and 3234 bp (Figure 2). As
confirmed by the recombinant analysis, TuPV/CK/CH/HB/22 was a recombinant strain.

o[~ ADL120035 (KJ486490) KP 2012
100 [ ADL120019 (KJ486489) KP 2012
ADL 120686 (KJ486491) KP 2012
GA/1478/2003 (MN782010) US 2005
GA/1477/2005 (MN782009) US 2005
A ChPV/CK/CHHBI/81 (OK274229) CN 2020
GX-CH-PV-23 (MG602513) CN 2016
IPV (KU569162) BR 2012
GX-CH-PV-15 (KX133422) CN 2015
A ChPVICKICH/HBI82 (OK274230) CN 2020
260 (NC 038534) US 2009 ChPV
ABU-P1 (NC 024452) HU 2009
A ChPVICKICHHB/52 (OK274227) CN 2020
A ChPVICKICHHBI31 (OK274226) CN 2020
A ChPVICKICHHB/17 (OK274225) CN 2020
A ChPVICKICHHBIT7 (OK274228) CN 2020
GA/1472/2004 (MN782008) US 2004
GX-CH-PV-27 (MG602517) CN 2017
GX-CH-PV-22 (MG602512) CN 2016
CH-CH-PV-4 (KX084401) CN 2014
GX-CH-PV-5 (KX133426) CN 2014
CH-CH-PV-2 (KX084400) CN 2014
A TUPVICKICHHB/22 (OK490349) CN 2020 _|
GX-CH-PV-8 (KX133415) CN 2015 &
GX-CH-PV-24 (MG602514) CN 2017
100 | GX-CH-PV-10 (KX133417) CN 2015
GX-CH-PV-11 (KX133418) CN 2015
GX-Tu-PV-2 (KX084397) CN 2014
GX-Tu-PV-3 (KX084398) CN 2015 | TuPV
GX-Tu-PV-1 (KX084396) CN 2015
TuPV1090 (KM598420) US 2014
1078 (NC 024454) US 2009
TuPVJO11 (KM598421) US 2014
93 L TuPV1030 (KM598418) US 2014 _|
Duck parvovirus DS15 (KX384726) CN 2015 ] DPV

0.050

Figure 1. Phylogenetic tree based on the complete sequence gene of parvovirus. Molecular Evolu-
tionary Genetics Analysis version 11 was used to perform the phylogenetic tree reconstruction, using
the neighbor-joining algorithm with 1000 bootstrap replicates. The tree was drawn to scale, with
branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic
tree. Accession numbers are shown in parentheses. Strains with A represent PV sequenced in this
paper. The sequence of duck parvovirus was used as the out-group control. CN, China; US, United
States; HU, Hungary; BR, Brazil; KR, South Korea.

3.5. Phylogenetic Analysis of CAstV and ANV

The six isolates corresponding to CAstV were investigated phylogenetically with
13 strains (Supplementary Table S3) from different countries, in accordance with the com-
plete sequence gene of the ORF2 (Figure 3). PCR products and corresponding nt sequences
(2232 bp) of a complete region gene of CAstV were obtained through RT-PCR. Among the
six CAstV identified in this paper, the nt and predicted amino acid sequences of the CAstV
OREF2 gene were found to exhibit high sequence identities, ranging from 88.4 to 99.3%
and from 95.4 to 99.7%, respectively. Among the five isolates, the above were 93.7-99.3%
and 97.7-99.7%, respectively (including CAstV/CK/CH/HBBD/6, HBLF/41, HBBD/52,
HBSJ /80, and HBCZ/117). The six isolates were clustered with the reference sequences of
CAstV from India, Canada, the UK, and the US (Figure 3). The six isolates were clustered
with the reference sequence of strain 4175 (JF832365), with a bootstrap value of 100 in the
common ancestral line, which revealed that the six isolates should be classified into the Bii
serotype.
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Figure 2. SimPlot analysis of recombinant TuPV /CK/CH/HB/22 sequence for confirming recombi-
nation was performed using the Simplot software program v3.5.1. The analysis considered different
parent sequences (strain TuPV-1090, TuPV/CK/CH/HB/31) plotted in a graph considering the
vertical-axis percentage of permuted trees, and on the horizontal axis is the position on the genome
of the query sequence.
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Figure 3. Phylogenetic tree based on analysis of open reading frame 2 (ORF2) complete gene of
chicken astrovirus (CAstV) strains and avian nephritis virus (ANV) strains. Molecular Genetics
Evolutionary Analysis version 11 was used for phylogenetic tree reconstruction using the neighbor-
joining algorithm with 1000 bootstrap replicates. These included sequences of different genotypes of
CAstV and ANV according to ORF2 analysis described by references [20—-22]. The tree was drawn
to scale, with branch lengths in the same units as those of the evolutionary distances used to infer
the phylogenetic tree. The accession numbers are expressed in parentheses. Strains with e and A
represent the CAstV and ANV identified in this paper, respectively. CN, China; UK, United Kingdom;
IN, India; US, United States; PL, Poland; SF, South Africa; NL, Netherlands; JP, Japan; AUS, Australia;
BR, Brazil.
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PCR products and corresponding nt sequences (2022-2049 bp) of a complete region
of the ORF2 gene of eight ANVs were obtained through RT-PCR. The nt and predicted
amino acid sequences of the ANV ORF2 gene were found to exhibit low sequence identities
from 61.4 to 98.0% and 60.4 to 98.7%, respectively. A second group of eight ANV isolates
(ANV/CK/CH/HBBD/32, HBCZ/69, HBBD/77, HBCZ/106, HECZ /117, HESJZ/126,
HESJZ /127, and HBBD/134) were clustered with nine reference sequences of ANV iso-
lates (Supplementary Table S3) from the UK, Brazil, Australia, China, and Japan (Fig-
ure 3). Isolate ANV/CK/CH/HBCZ/106 was clustered with an isolate of ANV from
the UK. In addjition, isolate ANV /CK/CH/HBBD/32 was clustered in a different group,
together with the Brazilian isolates, with a bootstrap value of 100 in the common ances-
tral line. Isolates HBBD /77 and HBBD /134 were clustered with an isolate of ANV from
China with a bootstrap value of 100 in the common ancestor line. Furthermore, isolates
ANV /CK/CH/HBCZ/69, HES]Z /127, HECZ /117, and HESJZ /126 were clustered with
the reference sequences of two ANV from Brazilian isolates. The eight ANV isolates
pertained to multiple genotypes (Figure 3).

4. Discussion

Enteric viruses of poultry can trigger significant economic losses, since they may
decrease bird weight gain, increase morbidity and mortality, and increase production costs
from poor feed conversions [4,6,23,24]. Various results have been achieved in the investiga-
tion of seven enteric viruses in different countries, including profiles of virus combinations,
and the main enteric viruses. In the positive samples, 11 profiles of virus combinations were
detected (Table 5), 73.1% of samples were subjected to 106 single infections, and multiple
infections were detected among the remaining 26.9% of the samples. ChPV was found as
the main virus either in single infection or multiple infections (Tables 4 and 7). The Indian
research regarding ANV, CAstV, and reovirus in broiler chickens reported that 53.80%
of samples tested positive for a single virus, 40.00% for two viruses, and the remaining
samples were negative for all three viruses tested. Moreover, none of the cases tested
positive for reovirus [24]. The results of the above study are consistent with the results of
this paper, which may be correlated with their geographical proximity. As revealed by the
molecular examination of the seven enteric viruses of commercial chicken flocks in South
Korea between 2010 and 2012, among 28 positive samples, there were 50% single and mul-
tiple infections, respectively, forming 15 profiles of virus combinations; the most common
pathogen found was ANV, and the least common was FAdV [6]. The molecular examination
of enteric virus of commercial chicken flocks in Brazil from 2010 to 2017 suggested that 25
profiles of virus combinations were detected in 270 samples, while single infections were
detected in 86.3% of samples, and multiple infections were reported in the remaining 13.7%.
IBV was the most common virus detected, and ARe was the least common [7]. The above
results are consistent with the detection results regarding commercial chicken in Brazil from
2008 to 2010, namely the viruses most frequently detected, either alone or in concomitance
with other viruses, were IBV, ANV, rotavirus, and CAstV [3]. The main pathogens detected
by the above researchers revealed that the abundance of common enteric viruses varied
significantly among different regions.

The correlation of enteric virus with the age of birds suggested that the viruses occurred
at different stages in the chickens (Tables 6 and 7), which may be conducive to the control
of virus infections. In the results of this paper, ANV and CAstV were primarily present
in broilers and the first 2-11 weeks of age of the pullet/layer hens. Considerable ChPV
was detected in all age groups of broilers and hens. Impacted by the limitation of the
experimental materials, broilers under 15 days in age and pullets of 1 week in age were
not investigated in this study. As revealed by the results of this paper (Tables 6 and 7),
enteric viral infections largely affected young birds, most likely because the mucosal barrier
and defense system of young birds have not yet fully developed, and the birds are easily
invaded by viruses. Moreover, the rapid proliferation of intestinal cells in young birds
would create a suitable environment for proliferating viruses, which may account for the
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high positive rate of parvovirus in young birds [25]. Avian astroviruses, both CAstV and
ANV, were mostly detected in the samples from young birds, despite five positive samples
being found in breeders older than 22 weeks (Table 6). The above result is consistent
with the conclusions of David et al. (2018), namely that astrovirus infections usually
affect young birds, but can also be detected in older birds [7]. Parvovirus affects birds
of virtually all ages, as confirmed by the results of this paper. This finding differs from
existing reports [7,26] which suggest that parvovirus infections affect young birds in their
first 4 weeks. The reason for this is that, in this paper, parvovirus was detected not only
in the 11 infected samples from broilers younger than 28 days, but also in a considerable
number of older broilers and pullet/layer hens, which may be related to the local epidemic
environment of parvovirus. As revealed by the results of Zhang et al. (2020), ChPV and
TuPV are widely distributed in commercial fowl in some areas of China (e.g., Guangxi).
The highest frequency of ChPV positive samples in chickens was 64.18% in broiler chickens,
compared with 38.75% in breeder chickens and 38.89% in layer hens [14]. Moreover, TuPV
was detected in 83.33% of the samples. The data of this study suggest that ChPV is widely
distributed in commercial poultry flocks in Hebei Province, China (Tables 4 and 7). The
age of the birds relating to the infection of FAdV-I and ARoV could not be observed in this
paper, since the positive samples were significantly low (Table 7).

The clinical symptoms were classified, and the results of the Fisher’s exact analysis
suggested that there was no significant difference in clinical signs between the two types
of birds. The correlation between enteric viruses and clinical symptoms is reported as
follows. ChPV has also been identified in a high proportion of chicken flocks suffering
from enteritis [6]. Furthermore, the results of our previous study showed that the ChPV
positive rate was 48.3% in 151 chicken small intestine samples with enteritis. Koo, Lee, et al.
(2013) reported that other pathogens (e.g., Escherichia coli, Salmonella spp.) were detected in
most of chicken flocks positive for enteric viruses [6]. Additionally, co-infections of CAstV
and ANV may affect visceral gout disease severity [21], but research regarding this was
conducted in this paper. The role of each enteric virus in chick diseases remains unclear.

The above enteric viruses may play a role in the etiology of enteric diseases in poul-
try [23,27]. Parvovirus sequences were characterized in accordance with their positions
in the phylogenetic trees, which indicated the nucleotide phylogenetic tree of complete
parvovirus sequences clustered in a similar manner as the phylogenetic tree based on VP1
sequences (Figure 1 and Supplementary Figure S1A). However, the above two phyloge-
netic trees clustered differently from the phylogenetic tree of NS (Supplementary Figure
51B), since the isolate TuPV/CK/CH/HB/22 was clustered in TuPV. The NS gene was
found as the basis of parvovirus classification by the International Committee on Taxon-
omy of Viruses [28]. All of the above seven isolates were isolated from chickens, whereas
TuPV/CK/CH/HB/22 was termed based on NS classification. The results of the phylo-
genetic analysis that compared NS gene sequences suggested a strong similarity between
the chicken and turkey parvoviruses. Notably, most of the TuPV and ChPV strains formed
distinct phylogenetic groups, which revealed that the above viruses may have diverged
from a common ancestor, and have subsequently undergone a host-specific adaptation.
Consequently, the chicken and turkey parvoviruses were highly adapted to their respective
host species. Zsak et al. (2015) found that the viral structural VP1 gene primarily accounted
for this host specificity [23]. Based on the strong species specificity, potential heterologous,
cross-species infection with parvoviruses would not play a vital role in the epidemiology
among species. However, in the present paper, recombination was found (Figure 2), which
is consistent with the structural characteristics of parvovirus, i.e., a single-stranded DNA
virus. The genetic evolutionary rates of single-stranded DNA viruses (e.g., parvoviruses)
are higher than those of double-stranded DNA viruses [25,29], and recombination events
have been identified in parvoviruses, which were also verified here. According to some
gene sequences, both NS and VP1/VP2 junctions exhibited high diversity [30,31]. The phy-
logenetic tree parvoviruses isolates in this paper were found to have a close phylogenetic
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relationship with isolates from India, the US, Poland, South Korea, Brazil, and Hungary,
thus further confirming the distribution of parvoviruses around the world [2,6,7].

Both CAstV and ANV were identified in a high proportion of chicken flocks in this
study, especially in broilers, and coinfection was also detected (Table 5). Their genetic
organization consists of three open reading frames (ORFs): ORFla, ORF1b, and ORF2,
among which ORF2 encodes the capsid protein. The capsid gene sequence of astroviruses
is highly variable, and is significantly correlated with antigenicity [32,33]. The serogroup
was further supported in the genotyping study, in which the strains were clustered into
CAstV groups A and B based on a lower level of shared amino acid identity across ORF2
(38-40%) [33]. Furthermore, group A was assigned to three subgroups (i.e., Ai, Aii, and
Aiii), while group B fell into four subgroups (i.e., Bi, Bii, Biii, and Biv) [21]. As compared
with the known subgroups [20,21], the six CAstV isolates identified in this paper were
classified into Bii, based on phylogenetic analysis of a complete sequence of ORF2. Smyth
(2017) found that the subgroups of Biii and Biv were associated with specific broiler chick
diseases, namely kidney disease with visceral gout, and white chicks, respectively [21]. The
hazards of subgroups of Bii alone have not been elucidated. It is of significance to classify
CAstV according to ORF2 since it is where the most hypervariable regions associated with
antigenicity are located. As revealed by the analysis of the ORF2 of eight ANV isolates, two
strains were significantly correlated with Chinese strains, while the other six strains were
closely correlated with strains from other countries (Figure 3). This revealed that there was
no direct correlation between the homology of different strains and the distance of their
genetic relationship and the region. The eight strains pertained to multiple genotypes, thus
suggesting that there were multiple ANV infections in chickens in China. The occurrence of
mixed infection verified the possibility for the genome evolution of ANV and recombination
between different strains [19].

Because microbial colonization occurs simultaneously with the development of in-
testinal tissue of young animals [34], the interaction between the microbial environment
and mucosal host cells affects the function of the intestinal system, including nutrient
absorption, maintenance of intestinal barrier integrity, and immune homeostasis. Now
studies have shown that enteric viruses disrupt the integrity of the intestinal barrier and
immune homeostasis. Therefore, our results have certain practical significance in clarifying
the distribution of enteric virus. Furthermore, ORE2 is an important component of capsid
protein. The complete sequence of ORF2 obtained in this report can be analyzed bioinfor-
matically, and further provide a theoretical basis for the preparation of vaccines and the
development of detection kits.

Chicken enteric virus, a crucial factor posing a hazard to the development of chicken
breeding, is easily ignored. In this paper, the prevalence and genetic evolution of chicken
enteric virus in Hebei Province from 2019 to 2021 were investigated. The results of this
paper lay a theoretical foundation for the prevention and control of chicken enteric virus
disease in the future.

5. Conclusions

In the investigation of seven enteric viruses in Hebei Province, China, ChPV was
shown to be the most common virus detected, followed by ANV and CAstV, yet neither
IBV nor ARe were detected in the samples. In the broilers, dual virus was found to be the
main infection type, while in the pullet/layer hens, single infection was found as the main
infection type. As revealed by the phylogenetic trees, there were six isolates corresponding
to ChPV, while one isolate may have undergone recombination events. The six CAstV
isolates were classified into the Bii serotype, and the eight ANV isolates pertained to
multiple genotypes.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/ani12202873/s1, Table S1: The information of Positive
Samples and test results; Table S2: Parvovirus (PV) reference strain information; Table S3: Avian
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nephritis virus (ANV) and Chicken astrovirus (CAstV) reference strain information. Figure S1:
Phylogenetic tree based on the full coding sequence of the VP1 (A) and NS (B) genes of parvovirus.

Author Contributions: Conceptualization, L.C. (Libao Chen), L.C. (Ligong Chen), and Y.L.; Data
curation, L.C. (Libao Chen) and S.H.; Formal analysis, S.H. and Y.L.; Funding acquisition, X.W.;
Methodology, L.C. (Ligong Chen) and X.W.; Project administration, S.H. and X.W.; Visualization, L.C.
(Ligong Chen) and Y.L.; Writing—original draft, L.C. (Libao Chen); Writing—review and editing, Y.L.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was financially supported by HeBei Modern Agricultural Industrial Technology
System, Broiler/Chicken Innovation Team (HBCT2018150205, HBCT2018150210) and Key R&D
Program of Hebei Province (22326604D).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All relevant data are within the manuscript and its Supporting Infor-
mation files. Further inquiries can be directed to the corresponding authors.

Acknowledgments: The disease materials were collected from Baoding Nongxiang livestock and
poultry clinic (Hebei, China).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.
11.

12.

13.

14.

15.

16.

17.

Kouwenhoven, B.; Vertommen, M.; Eck, J.V. Runting and leg weakness in broilers; Involvement of infectious factors. Vet. Res.
Commun. 1978, 2, 7. [CrossRef]

Day, ].M.; Zsak, L. Recent Progress in the Characterization of Avian Enteric Viruses. Avian Dis. 2013, 57, 573-580. [CrossRef]
[PubMed]

Mettifogo, E.; Nuez, L.; Chacon, J.; Parra, S.; Astolfi-Ferreira, C.S.; Jerez, J.A.; Jones, R.C.; Ferreira, A. Emergence of enteric viruses
in production chickens is a concern for avian health. Sci. World ]. 2014, 2014, 450423. [CrossRef] [PubMed]

Sharafeldin, T.A.; Singh, A.; Abdel-Glil, M.Y.; Mor, S.K.; Porter, R.E.; Goyal, S.M. Prevalence of parvovirus in Minnesota turkeys.
Poult. Sci. 2017, 96, 320-324. [CrossRef] [PubMed]

Fernandez-Correa, 1.; Truchado, D.A.; Gomez-Lucia, E.; Domenech, A.; Perez-Tris, J.; Schmidt-Chanasit, J.; Cadar, D.; Benitez, L.
A novel group of avian astroviruses from Neotropical passerine birds broaden the diversity and host range of Astroviridae. Sci.
Rep. 2019, 9, 9513. [CrossRef]

Koo, B.S.; Lee, H.R; Jeon, E.O.; Han, M.S.; Min, K.C.; Lee, S.B.; Mo, I.P. Molecular survey of enteric viruses in commercial chicken
farms in Korea with a history of enteritis. Poult. Sci. 2013, 92, 2876-2885. [CrossRef] [PubMed]

David, D.L.T.; Luis, N.E.; Claudete, A.F.; Antonio, P.F. Enteric Virus Diversity Examined by Molecular Methods in Brazilian
Poultry Flocks. Vet. Sci. 2018, 5, 38.

Huang, P.N. Microbiota and Enteric Viruses Infection. Med. Microecol. 2020, 100006. [CrossRef]

Day, ].M.; Spackman, E.; Pantin-Jackwood, M. A multiplex RT-PCR test for the differential identification of turkey astrovirus type
1, turkey astrovirus type 2, chicken astrovirus, avian nephritis virus, and avian rotavirus. Avian Dis. 2007, 51, 681-684. [CrossRef]
Liu, N.; Wang, E; Zhang, D. Complete sequence of a novel duck astrovirus. Arch. Virol. 2014, 159, 2823-2827. [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. [CrossRef] [PubMed]
Xue, J.; Han, T.; Xu, M.; Zhao, J.; Zhang, G. The first serological investigation of Chicken astrovirus infection in China. Biologicals
2017, 47, 22-24. [CrossRef] [PubMed]

Zhou, ].Y.;; Zhang, D.Y,; Ye, ].X.; Cheng, L.Q. Characterization of an avian infectious bronchitis virus isolated in China from
chickens with nephritis. J. Vet. Med. B Infect. Dis. Vet. Public Health 2004, 51, 147-152. [CrossRef] [PubMed]

Zhang, Y.; Feng, B.; Xie, Z.; Deng, X.; Zhang, M.; Xie, Z.; Xie, L.; Fan, Q.; Luo, S.; Zeng, T; et al. Epidemiological Surveillance of
Parvoviruses in Commercial Chicken and Turkey Farms in Guangxi, Southern China, during 2014-2019. Front. Vet. Sci. 2020, 7,
561371. [CrossRef] [PubMed]

Ren, T.; Liao, M.; Cao, W.; Xin, C. Cloning and sequence analyzing of M genes of 9 infectious bronchitis virus isolated in China.
Chin. J. Vet. Med. 2006, 42, 3-6. (In Chinese)

Pantin-Jackwood, M.].; Spackman, E.; Day, ] M.; Rives, D. Periodic monitoring of commercial turkeys for enteric viruses indicates
continuous presence of astrovirus and rotavirus on the farms. Avian Dis. 2007, 51, 674-680. [CrossRef]

Zsak, L.; Strother, K.O.; Day, ]. M. Development of a polymerase chain reaction procedure for detection of chicken and turkey
parvoviruses. Avian Dis. 2009, 53, 83-88. [CrossRef] [PubMed]


http://doi.org/10.1007/BF02291456
http://doi.org/10.1637/10390-092712-Review.1
http://www.ncbi.nlm.nih.gov/pubmed/24283121
http://doi.org/10.1155/2014/450423
http://www.ncbi.nlm.nih.gov/pubmed/24578633
http://doi.org/10.3382/ps/pew283
http://www.ncbi.nlm.nih.gov/pubmed/27591277
http://doi.org/10.1038/s41598-019-45889-3
http://doi.org/10.3382/ps.2013-03280
http://www.ncbi.nlm.nih.gov/pubmed/24135590
http://doi.org/10.1016/j.medmic.2020.100006
http://doi.org/10.1637/1933-5334(2007)2[e13:AMRTFT]2.0.CO;2
http://doi.org/10.1007/s00705-014-2141-0
http://doi.org/10.3382/ps/pex338
http://www.ncbi.nlm.nih.gov/pubmed/29370402
http://doi.org/10.1016/j.biologicals.2017.03.005
http://www.ncbi.nlm.nih.gov/pubmed/28347631
http://doi.org/10.1111/j.1439-0450.2004.00744.x
http://www.ncbi.nlm.nih.gov/pubmed/15228547
http://doi.org/10.3389/fvets.2020.561371
http://www.ncbi.nlm.nih.gov/pubmed/33134348
http://doi.org/10.1637/0005-2086(2007)51[674:PMOCTF]2.0.CO;2
http://doi.org/10.1637/8464-090308-Reg.1
http://www.ncbi.nlm.nih.gov/pubmed/19432008

Animals 2022, 12, 2873 150f 15

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Zhao, ].; Zhong, Q.; Zhao, Y.; Hu, Y.X.; Zhang, G.Z. Pathogenicity and Complete Genome Characterization of Fowl Adenoviruses
Isolated from Chickens Associated with Inclusion Body Hepatitis and Hydropericardium Syndrome in China. PLoS ONE 2015,
10, e0133073.

Todd, D.; Trudgett, J.; Smyth, V.J.; Donnelly, B.; McBride, N.; Welsh, M.D. Capsid protein sequence diversity of avian nephritis
virus. Avian Pathol. 2011, 40, 249-259. [CrossRef] [PubMed]

Palomino-Tapia, V.; Mitevski, D.; Inglis, T.; van der Meer, F.; Martin, E.; Brash, M.; Provost, C.; Gagnon, C.A.; Abdul-Careem, M.E.
Chicken Astrovirus (CAstV) Molecular Studies Reveal Evidence of Multiple Past Recombination Events in Sequences Originated
from Clinical Samples of White Chick Syndrome (WCS) in Western Canada. Viruses 2020, 12, 1096. [CrossRef]

Smyth; Victoria, J. A Review of the Strain Diversity and Pathogenesis of Chicken Astrovirus. Viruses 2017, 9, 29. [CrossRef]
[PubMed]

Lagan Tregaskis, P.; Devaney, R.; Smyth, V.J. The First Whole Genome Sequence and Characterisation of Avian Nephritis Virus
Genotype 3. Viruses 2021, 13, 235. [CrossRef] [PubMed]

Zsak, L.; Cha, RM,; Li, F; Day, ].M. Host Specificity and Phylogenetic Relationships of Chicken and Turkey Parvoviruses. Avian
Dis. 2015, 59, 157-161. [CrossRef]

Kaithal, B.; Jindal, N.; Kumar, P.; Mor, S.K. Detection and molecular characterization of enteric viruses in enteritis-affected
commercial broiler chickens in India. Acta Virol. 2016, 60, 361-371. [CrossRef] [PubMed]

Shackelton, L.A.; Hoelzer, K.; Parrish, C.R.; Holmes, E.C. Comparative analysis reveals frequent recombination in the parvoviruses.
J. Gen. Virol. 2007, 88, 3294-3301. [CrossRef] [PubMed]

Nuez, L.EN,; Ferreira, A J.P. Viral agents related to enteric disease in commercial chicken flocks, with special reference to Latin
America. World’s Poult. Sci. J. 2013, 69, 12.

Koo, B.S.; Lee, H.R.; Jeon, E.O.; Han, M.S.; Min, K.C.; Lee, S.B.; Bae, Y.J.; Cho, S.H.; Mo, ].S.; Kwon, H.M. Genetic characterization
of three novel chicken parvovirus strains based on analysis of their coding sequences. Avian Pathol. ]. WVPA 2015, 44, 28-34.
[CrossRef]

Cotmore, S.E; Agbandje-Mckenna, M.; Chiorini, J.A.; Mukha, D.V.; Davison, A.]. The family Parvoviridae. Arch. Virol. 2014, 159,
1239-1247. [CrossRef] [PubMed]

Pereira, C.A ; Leal, E.S.; Durigon, E.L. Selective regimen shift and demographic growth increase associated with the emergence of
high-fitness variants of canine parvovirus. Infect. Genet. Evol. 2007, 7, 399-409. [CrossRef]

Bidin, M.; Lojkic, I; Bidin, Z.; Tiljar, M.; Majnaric, D. Identification and phylogenetic diversity of parvovirus circulating in
commercial chicken and turkey flocks in Croatia. Avian Dis. 2011, 55, 693-696. [CrossRef]

Carratala, A.; Rusinol, M.; Hundesa, A.; Biarnes, M.; Rodriguez-Manzano, J.; Vantarakis, A.; Kern, A.; Sunen, E.; Girones,
R.; Bofill-Mas, S. A novel tool for specific detection and quantification of chicken/turkey parvoviruses to trace poultry fecal
contamination in the environment. Appl. Environ. Microbiol. 2012, 78, 7496-7499. [CrossRef] [PubMed]

Koci, M.D.; Schultz-Cherry, S. Avian astroviruses. Avian Pathol. 2002, 31, 213-227. [CrossRef] [PubMed]

Tang, Y.; Murgia, A.M.; Saif, Y.M. Molecular characterization of the capsid gene of two serotypes of turkey astroviruses. Avian
Dis. 2005, 49, 514-519. [CrossRef] [PubMed]

Schokker, D.; Jansman, A.].; Veninga, G.; de Bruin, N.; Vastenhouw, S.A.; de Bree, EM.; Bossers, A.; Rebel, ].M.; Smits, M.A.
Perturbation of microbiota in one-day old broiler chickens with antibiotic for 24 hours negatively affects intestinal immune
development. BMC Genom. 2017, 18, 241. [CrossRef] [PubMed]


http://doi.org/10.1080/03079457.2011.553583
http://www.ncbi.nlm.nih.gov/pubmed/21711184
http://doi.org/10.3390/v12101096
http://doi.org/10.3390/v9020029
http://www.ncbi.nlm.nih.gov/pubmed/28208602
http://doi.org/10.3390/v13020235
http://www.ncbi.nlm.nih.gov/pubmed/33546203
http://doi.org/10.1637/10939-092414-ResNote
http://doi.org/10.4149/av_2016_04_361
http://www.ncbi.nlm.nih.gov/pubmed/27928915
http://doi.org/10.1099/vir.0.83255-0
http://www.ncbi.nlm.nih.gov/pubmed/18024898
http://doi.org/10.1080/03079457.2014.991693
http://doi.org/10.1007/s00705-013-1914-1
http://www.ncbi.nlm.nih.gov/pubmed/24212889
http://doi.org/10.1016/j.meegid.2006.03.007
http://doi.org/10.1637/9746-032811-Reg.1
http://doi.org/10.1128/AEM.01283-12
http://www.ncbi.nlm.nih.gov/pubmed/22904047
http://doi.org/10.1080/03079450220136521
http://www.ncbi.nlm.nih.gov/pubmed/12396344
http://doi.org/10.1637/7353-030305R.1
http://www.ncbi.nlm.nih.gov/pubmed/16404992
http://doi.org/10.1186/s12864-017-3625-6
http://www.ncbi.nlm.nih.gov/pubmed/28320307

	Introduction 
	Materials and Methods 
	Field Samples 
	Preparation of Samples 
	Viral Genome Extraction and Reverse Transcription 
	PCR Detection of Viruses 
	PCR Amplification of Complete Genome Sequences of Parvovirus 
	PCR Amplification of Complete ORF2 for CAstV and ANV 
	Evaluation of RT-PCR and PCR Products 
	Sequencing and Phylogenetic Analysis 
	Recombination Analysis 
	Statistical Analysis 

	Results 
	Single and Multiple Viral Infections 
	Age and Type of Birds 
	Clinical Signs 
	Phylogenetic Analysis and Recombination Analysis of Parvovirus 
	Phylogenetic Analysis of CAstV and ANV 

	Discussion 
	Conclusions 
	References

