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Abstract Recombination between infectious bronchitis
viruses (IBVs), together with point mutations, insertions,
and deletions, is thought to be responsible for the emer-
gence of new IBV variants. SAIBK2 is a nephropathogenic
strain isolated from layer flocks vaccinated with live
attenuated H120 vaccine in Sichuan province, China in
2011. SAIBK2 causes severe kidney lesions and results in
50 % mortality in 30-day-old specific-pathogen-free
chickens (with a dose of 10° EID50/0.1 mL SAIBK2 per
chicken). The complete genome of SAIBK2 consists of
27669 nucleotides, excluding the poly-A tail at the 3’ end.
SAIBK2 has the highest identity to YX10 in terms of
complete genome. Phylogenetic analysis of complete
sequence showed that SAIBK?2 belongs to the most dom-
inant genotype in China. Comparison and recombination
analyses with other IBV strains revealed that SAIBK2 may
originate from recombination events among a YX10-, a
YN-, and a Mass-like strain. Furthermore, whole gene 5
and parts of nsp 3, nsp 4, nsp 16, and N genes are involved
in the recombination events, and the uptake of these
regions from YN and Mass strains by SAIBK2 may
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increase its replication efficiency and be responsible for its
increased virulence in specific-pathogen-free chickens.
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Introduction

Avian infectious bronchitis (IB) is a common, highly
contagious, and acute disease of chickens; its pathogen
infectious bronchitis virus (IBV) is a member of Gamma-
coronavirus of Coronaviridae family. IBV can cause
pathological lesions in different organs varying from res-
piratory tract to kidney and gonads, resulting in heavy
economic losses.

IBV is an enveloped, non-segmented, single-stranded,
positive-sense RNA virus, with a genome approximate
27.6 kb in length. In the genome, two-thirds of the 5
region encodes two polyproteins, polyprotein la (pp la)
and polyprotein lab (pp lab), in which pp lab is an
extension of pp la by a minus 1 frameshift translation
mechanism [1]. These two polyproteins are post-transla-
tionally processed into fifteen non-structural proteins (nsp
2-16, IBV does not have nsp 1 that is found in some other
coronaviruses). The processing of pp la/lab is performed
by two virus-encoded proteases: papain-like protease
(PLP™) contained in the nsp 3 and main protease (MP™)
contained in the nsp 5 [2]. Then these fifteen mature non-
structural proteins take part in the process of viral RNA
replication and other aspects of viral pathogenesis.
Recently, some researches in reverse genetics had found
that these nsps may play vital roles in pathogenesis [3, 4].
The remaining one-third of IBV genome encodes four
structural proteins: spike glycoprotein (S), small membrane
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protein (E), membrane glycoprotein (M), phosphorylated
nucleocapsid protein (N), and four accessory proteins: 3a,
3b, 5a, and 5b. The S glycoprotein has been demonstrated
to be the determinant of cell tropism [5], and the S1 subunit
of S glycoprotein can induce neutralizing and serotype-
specific antibodies [6, 7]. The M and E proteins are two
membrane-binding proteins. The N protein has the activity
to bind viral RNA forming ribonucleoprotein (RNP). All
these four structural proteins together with the viral RNA
constitute the enveloped virion. The four accessory pro-
teins have been demonstrated to be dispensable for virus
replication; their actual functions are still undefined [8, 9].

IBV was firstly detected in the USA as the Mas-
sachusetts (Mass)-type in early 1940s. To date, numerous
IBV strains have been defined worldwide. IBV has high
mutation frequency. Point mutations, insertions, deletions,
and recombination are of common occurrence in the IBV
genome, which are responsible for the emergence of new
IBV strains [10-14]. In this present study, a novel virulent
strain was isolated and designated as SAIBK?2 (abbrevia-
tion of Sichuan Avian Infectious Bronchitis Kidney 2). To
investigate the origin of SAIBK2 and the reason for its
increased virulence, the complete genome was sequenced
and the complete sequence analyses were performed. The
results revealed that SAIBK2 originated from multiple
recombination events among a YN-, a YX10-, and a Mass-
like strains and these recombination events may account
for its increased virulence.

Materials and methods
Virus isolation and amplification

Throughout 2011, 435 layer chickens suspected to be
infected with IBV were collected from 15 chicken farms
from 8 areas in Sichuan province, China. All these flocks
were vaccinated with live attenuated H120 vaccine. 53 of
the 435 chickens were confirmed to be infected with IBV.
Of the 53 disease chickens, 12 were infected by a novel
virulence IBV strain which was designated as SAIBK2. 12
tissue samples of swollen kidneys from diseased chickens,
infected with SAIBK?2, were prepared as 10 % w/v tissue
suspensions in 0.1 % phosphate-buffered saline (PBS).
Then the tissue suspensions were clarified by centrifugation
at 1500 g at 4 °C for 10 min, and filtered by 0.22-pm
membrane filters. The supernatant was inoculated into the
allantoic cavity of 10-day-old embryonated specific-
pathogen-free (SPF) eggs. The embryos were incubated at
37 °C and examined twice daily for their viability. The
allantoic fluid was collected at 72 h post-inoculation and
stored at —80 °C.
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Pathogenicity studies

Twenty-one-day-old SPF chicks were used for assessing
the pathogenicity of SAIBK2, ten in experiment group and
ten in control group, and kept in two isolators with negative
pressure. The experiment group was inoculated by ocu-
lonasal administration at one-day old with a dose of 10°
EID50/0.1 mL SAIBK?2 per chick, and chicks of the control
group were mock-inoculated with 0.1 mL sterile allantoic
fluid. All chicks were observed daily for signs of disease
and death for 30 days after infection. Dead chicks were
dissected for the observations of organs.

Viral RNA extraction, RACE, and RT-PCR

Primers were designed on the base of IBV complete gen-
ome sequences from GenBank (Table 1). 5 primers were
used for RACE PCR to amplify 5 and 3’ terminal
sequences, and 17 pairs of primers were used to amplify the
remaining parts of SAIBK2 genome (Table 2).

Viral RNA was extracted from virus-infected allantoic
fluid with TRIzol (Invitrogen, USA) following the manu-
facturer’s instructions. Rapid amplification of cDNA ends
(RACE) and reverse transcription were performed using 3'/
5" RACE kit (TaKaRa, Japan) and SuperScript III First-
Strand Synthesis System (Invitrogen, USA) following the
manufacturer’s instructions.

PCR was conducted with 2 pL. cDNA as template in a
total of 25 pL reaction volume containing 2.5 pL of
10 x LA buffer, 5 pL. of 2.5 mM dNTPs, 2 pL. of 25 mM
MgCl,, 10 pmol of each primer, and 0.3 pL. of LA Taq
polymerase (TaKaRa, Japan). The PCR parameters included
an initial denaturation for 5 min at 94 °C followed by 30
cycles of denaturation at 94 °C for 50 s, annealing at 53 °C
for 50 s, and extension at 72 °C for 1-3 min depending on
the sizes of the products and a final extension at 72 °C for
10 min.

Cloning and sequencing of the genome sequence

17 overlapped PCR fragments spanning the entire genome,
5" and 3’ terminal sequences (19 fragments altogether) were
purified from 0.8 % agarose gel with QIAquick PCR
Purification Kit (QIAGEN Inc., Valencia, CA). The purified
products were cloned into the pMD19-T Vector (TaKaRa,
Japan). Nucleotide sequences of each fragment were deter-
mined by consensus sequence of three, at least, positive
clones. The nucleotide sequences of the positive clones were
determined by Sangon Biological Engineering Technology
and Services Co., Ltd. Sequences were assembled into
complete genome sequence using SeqMan II program of
DNAstar software package (DNAStar, Madison, WI).
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Table 1 Sequences used in this

study Strains GenBank accession no.  Strains GenBank accession no.
California_99*° AYS514485.1 CK/CH/LSD/051* EU637854.1
Arkansas_DPI*" GQ504720.1 ck/CH/LHLIJ/140906* KP036502.1
ck/CH/LJL/111054%¢ KC506155.1 Connecticut_vaccine®®  KF696629.1
Delaware_072*° GU393332.1 IBVUkr27-11% KJ135013.1
Georgia_1998*" GQ504722.1 4/91_vaccine™® KF377577.1
H120%"¢ FI888351.1 YN#be JF893452.1
ck/CH/LHB/121040? KJ425495.1 ck/CH/LDL/97T* JX195177.1
H52%° EU817497.1 ck/CH/LHB/100801% JF330898.1
Peafowl/GD/KQ6/2003*  AY641576.1 JMK?* GU393338.1
M41? DQ834384.1 Holte™” GU393336.1
ck/CH/LHLJ/100902* JF828980.1 Gray™® GU393334.1
CK/CH/XDC-_2/2013* KM213963.1 BJ? AY319651.1
SDZB0808* KF853202.1 CQo4-1* HM245924.1
Beaudette” AJ311317.1 DYO07? HM245923.1
SDIB821/2012* KF574761.1 ITA/90254/2005* FN430414.1
GX-NN09032* JX897900.1 A2% EU526388.1
YX10P€ IJX840411.1 SAIBK*P DQ288927.1
GX-YL9* HQ850618.1 Mass41_1985° FJ904723.1
Sczy3* JF732903.1 ck/ZA/3665/11* KP662631.1
CK/SWE/0658946/10% JQ088078.1 Mass41_2006>° FJ904713.1
TW2575/98* DQ646405.2 HKU11-934¢ FJ376619.2
SC021202% EU714029.1 HKU13-3514° NC_011550.1

# IBV sequences involved in phylogenetic analysis

" IBV sequences involved in sequence identity analysis

¢ IBV sequences involved in recombination analysis

4 Bulbul coronavirus sequence

¢ Munia coronavirus sequence

Genome sequence comparison, phylogenetic,
and recombination analysis

42 IBV sequences and 2 bird coronavirus strains (as out-
group) downloaded from GenBank were used in this study.
Sequence comparisons and nucleotide identities of com-
plete or partial genome were computed using MegAlign
clustal V method. Phylogenetic analysis was conducted
using MEGA version 6 with the neighbor-joining method.
The bootstrap values were determined from 1000 replicates
of the original data. The IBV sequences were used in this
study and their accession numbers are listed in Table 1.
To identify recombination events, complete genomic
sequence of SAIBK2 were compared with those of YX10,
YN, and three Mass-type strains (H120, Mass41 2006, and
ck/CHLIJL/111054), and the results were used for Simi-
larity Plotting analysis using the SimPlot program version
3.5.1 with a window size of 200 bp and a step size of
20 bp. Pairwise comparisons between SAIBK2 and those
above-mentioned five viruses were performed to confirm
the precise recombination breakpoints. Phylogenetic trees

based on every recombinant fragments were constructed to
avoid phylogenetic biases derived from ignoring recombi-
nation events.

Results
Pathogenicity studies

Obvious clinical signs were observed in all SAIBK2-in-
fected chicks from 3—19 days postinfection (dpi), including
ruffled feathers and huddled together. Five of the ten chicks
died: one on 4 dpi, two on 6 dpi, and two on 7 dpi, in the
SAIBK2-infected group. Gross lesions in the dead chicks
were confined mainly to the kidneys. No overt disease was
observed and none of the chicks died in control group.

Genome organization of isolate SAIBK2
To obtain the genome sequence of SAIBK2 strain, 17

overlapping large fragments, ranging from 1309 to
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Table 2 Primers used in this study

Primers Location Forward primer (5'-3") Reverse primer (5'-3)

1 218-1526 CATCCGTTGCTTGGGCTACCTAG GCAGACCAACCTTCTGGTTCC

2 1439-3082 CACAAGTTGTTGTTCGTGGC GAGCGTCCTTATGAACTATAC

3 2545-3801 GCGGGTGGCAAGACTGTCAC AATGCCTTTGACATAAGAAGG
4 3738-5606 GGACTATGTTAAGAAACATGG CCATCTCCTACTTTATCGGC

5 5434-7340 GTTGATGGTGTAACTATGGGC GTACCACTAACGATACCACC

6 7219-9220 TCAGCGACTGTCAAGTCAGG TACCACCATAAGAGCAAGC

7 9171-10949 GAAAGCAAATTGTGGTGATAG GAGGGAATGTGTGAAAACTC

8 10815-12586 GGACAATTTGTTGGGTATGC GTTCATAATTACTAGGAGTGG

9 12412-14028 CCTGATGTTGTAGAGCGAGCC AAGAATGGACACACCTGCCAC
10 13780-15652 TTTGAATGTTATGAAGGTGG TAGTCTTACCAGGTTCCCACG
11 15520-16868 TCATTAAGACGCTTTGCTG ATGACTACAAGTATACCACGC
12 16738-19004 GTAGACTCTTCACAAGGTTC TAAACATACAGATTCGCTCC

13 18402-20306 GGCTTCTTATAATGCAGCTG AAATTCACAACTGGTGTTGC

14 20070-22284 CAAGATTGTGCATGGTGGAC TATGTTATCACAAACAGGACC
15 21262-22963 ACACAAACAGCTCAGAGTGG CTTGAATTGCATCAAGTTGC

16 22788-24887 CATTGGTCATATGCAGGAAGG GGAGTATTGAACCTACGGCATTA
17 24627-27112 TGGATACGCAACTAGGAGTCG CATCATCAAATTCCAGCTGTGC
5 region® 1-449 CATGGCTACATGCTGACAGCCTA TACAAACGTCGTATAGCCGACC
3 re gionb 26942-27669 GTAAGACCAAAATCACGCCCAAG AAGCAGTGGTATCAACGCAGAGT
3 RT® poly-A AAGCAGTGGTATCAACGCAGAGTAC(T)s

# PCR Primers used in 5 RACE
® PCR Primers used in 3’ RACE
¢ RT Primer used in 5 RACE

2486 bp, were sequenced and assembled using DNAstar
software.

The complete genome sequence of SAIBK?2 obtained in
this study was submitted to Genbank database under the
accession number of KU317090. The complete genome of
SAIBK?2 strain consists of 27669 nt, excluding the poly-A
tail at the 3’ end, which encodes 6 genes. Gene 1 has a
length of 19892 nt, consisting of 2 overlapping ORFs,
ORFla, and ORFIb which are separately 11859 and
8105 nt in length. There are 50 nt overlap between Gene 1
and Gene 2. Gene 2 with a length of 3501 nt has a single
OREF, encoding S glycoprotein which is cleavaged into 2
subunits S1 and S2 with 1620 and 1881 nt in length,
respectively (encoding 540 and 626 aa). Between Gene 2
and Gene 3, there are 4 nt overlap. Gene 3 has 675 nt
consisting of 3 overlapping ORFs, encoding 2 accessory
proteins (3a and 3b), and structural protein E with 174, 192,
and 330 nt in length, respectively (encoding 57, 62, and
109 aa). Between 3a and 3b, 3b and E, there are 1 and 20 nt
overlap, respectively. There are 29 nt overlap between
Gene 3 and Gene 4. Gene 4 contains 678 nt, encoding M
protein of 225 aa. A 361 nt non-encoding region is detected
between Gene 4 and Gene 5. Gene 5 containing 443 nt
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consists of 2 overlapping ORFs, ORF5a and ORF5b, which
are 198 and 249 nt in length, respectively (encoding 65 and
82 aa). There are 58 nt overlap between Gene 5 and Gene
6. Gene 6, encoding N protein, contains 1230 nt (encoding
409 aa). Untranslated regions (UTRs) at 5’-end and 3’ end
of the genome are 528 and 505 nt in length, respectively
(Fig. 1).

Genome sequence analyses
Genome sequence comparison

BLAST searches with the complete genome sequence of
SAIBK?2 showed that it is most similar to that of YX10,
sharing 96.1 % nucleotide identity. Compared with YX10,
there are a 3-nt insertion at 341-343 nt, a 3-nt deletion at
3269-3298 nt, and a 4-nt deletion at 25554-25557 nt in
SAIBK2 genome. To further evaluate the nucleotide
sequence identities between isolate SAIBK2 and other IBV
strains, sequence alignments between the complete or
partial genomic sequences of SAIBK?2 and 16 IBV strains
from GenBank (Table 1) were performed. As shown in
Table 3, SAIBK2 shows the highest similarity with YX10
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Fig. 1 Expression of ten ORFs of the SAIBK2 genome. The gray boxes represent ORFs, and the numbers above or under them show the
positions in SAIBK2 genome

Table 3 Percentage of sequence identities of different regions of SAIBK2 compared with other IBV strains

Strain Complete genome Gene 1
Gene 1 Nsp2 Nsp3 Nsp4 Nsp5 Nsp6 Nsp7

Beaudette 86.7 87.3 85.2 85.8 85.6 86.8 85.8 924
Gray 87.0 87.5 84.3 86.1 87.5 87.2 85.9 92.0
Holte 85.7 87.6 86.0 85.9 86.4 86.6 85.4 924
YN 90.8 91.9 92.8 93.9 92.5 85.3 86.7 94.4
Mass41_1985 86.5 87.3 84.9 86.0 85.2 87.8 84.8 92.0
4/91_vaccine 86.3 86.7 85.3 84.3 86.0 85.6 84.0 924
Connecticut_vaccine 87.1 87.3 84.5 85.6 86.2 86.9 85.3 92.4
Mass41_2006 87.2 87.3 84.3 85.6 86.7 86.9 85.3 924
California_99 86.9 87.2 854 85.2 87.0 86.2 85.1 92.0
Arkansas_DPI 87.1 87.4 85.3 85.1 86.8 86.9 86.1 92.0
Delaware 84.6 86.8 85.5 84.1 86.8 85.6 84.2 924
Georgia_1998_Vaccine 85.0 87.2 85.0 85.4 86.7 83.4 85.9 92.0
H52 86.4 87.0 85.5 84.6 86.9 85.6 84.5 92.0
H120 86.5 87.1 85.3 84.7 86.6 85.6 84.2 92.0
YX10 96.1 96.1 97.2 93.6 91.8 99.7 98.2 96.8
SAIBK 89.1 90.2 93.0 92.7 86.5 86.6 86.4 92.0
Strain Gene 1

Nsp8 Nsp9 Nspl0 Nspll Nspl2 Nspl3 Nspl4 Nspl5 Nspl6
Beaudette 86.5 89.5 90.8 90.9 88.7 89.6 91.6 86.7 85.8
Gray 87.8 88.9 90.1 92.4 88.8 89.4 91.2 87.8 86.6
Holte 88.3 87.4 89.4 92.4 89.6 89.6 90.3 87.3 88.6
YN 87.6 91.3 91.5 97.0 95.3 89.9 89.1 88.8 94.7
Mass41_1985 87.0 88.9 90.1 95.5 89.7 89.3 90.4 86.5 86.2
4/91_vaccine 87.1 88.6 90.1 89.4 89.2 89.3 88.8 86.2 86.7
Connecticut_vaccine 88.1 89.8 88.7 93.9 89.3 89.9 90.4 87.6 85.8
Mass41_2006 87.0 89.2 91.3 92.4 89.1 89.8 90.0 88.1 86.6
California_99 87.6 88.3 88.3 93.9 89.3 89.6 90.2 87.4 85.3
Arkansas_DPI 88.1 89.8 89.9 92.4 88.8 89.9 90.3 87.5 88.2
Delaware 87.1 88.3 91.3 89.4 89.1 88.8 89.3 87.2 86.8
Georgia_1998_Vaccine 87.8 89.8 91.3 93.9 88.9 89.5 90.5 87.6 85.9
H52 86.7 88.6 90.1 95.5 89.7 89.2 90.2 86.6 86.4
H120 87.3 89.5 91.5 89.4 89.1 89.6 90.2 88.0 86.6
YX10 94.9 97.3 98.6 95.5 97.7 98.0 99.0 97.1 93.7
SAIBK 86.7 88.9 90.8 89.4 89.4 89.9 88.8 88.7 93.1

@ Springer



514

Virus Genes (2016) 52:509-520

Table 3 continued

Strain Gene 2 Gene 3 Gene 4 Gene 5 Gene 6
S1 S2 3a 3b E M Sa 5b N
Beaudette 774 854 83.3 76.9 87.9 90.1 92.9 97.6 89.1
Gray 753 86.6 85.6 74.9 86.1 89.2 100.0 98.0 89.5
Holte 76.1 86.0 79.9 74.4 87.9 88.2 934 95.2 89.0
YN 79.8 93.2 93.1 75.9 87.6 91.3 83.8 96.0 87.6
Mass41_1985 774 85.8 83.3 77.4 88.2 90.1 89.9 97.2 90.4
4/91_vaccine 78.1 85.1 84.5 72.3 81.2 90.6 89.9 97.2 88.5
Connecticut vaccine 76.6 86.4 82.2 73.3 86.1 90.9 100.0 100.0 90.9
Mass41_2006 774 86.1 82.2 73.3 85.8 91.0 100.0 99.2 90.9
California_99 75.5 85.4 82.2 73.3 88.8 91.6 100.0 98.8 89.9
Arkansas_DPI 75.6 86.4 86.2 73.8 85.8 90.7 100.0 99.6 90.7
Delaware 57.9 75.0 82.2 73.3 87.0 89.4 98.0 99.2 89.5
Georgia_1998_Vaccine 58.6 74.8 82.8 744 88.8 90.4 99.5 100.0 90.8
H52 77.7 85.4 82.8 77.4 87.6 90.3 93.9 96.8 88.7
H120 77.4 85.6 83.3 774 86.7 90.0 94.4 97.2 88.3
YX10 98.7 98.0 99.4 93.8 97.3 97.5 83.8 92.8 90.1
SAIBK 80.3 93.1 914 76.9 86.7 90.1 84.3 96.4 88.2

The highest nucleotide identities of different regions are indicated in bold values

in most regions (nsp 2, nsp 5-10, nsp 12—15, Gene 2, Gene
3, and Gene 4). Nsp 3, nsp 4, nsp 11, and nsp 16 of
SAIBK2 were most similar to those of YN. ORF5a of
SAIBK?2 is completely the same as that of Gray, Con-
necticut vaccine, Mass41_2006, California_99, and
Arkansas_DPI. ORF5b of SAIBK?2 is completely the same
as that of Connecticut vaccine and Georgia_1998_Vaccine.
Gene 6 of SAIBK2 is most similar to that of Connecticut
vaccine and Mass41_2006.

Phylogenetic analysis

In order to study the genetic relatedness between SAIBK?2
and other IBV strains, the sequence of SAIBK2 was com-
pared with complete genomic sequences of 39 IBV and 2
bird coronavirus from GenBank (Table 1) to construct
phylogenetic tree. Based on the Phylogenetic tree, we
grouped IBV strains into 5 clades (Fig. 1). Group I was
constituted by Mass-genotype strains. Group II was 4/91
genotype. The third group is constituted of two Africa
strains and one Europe strain. The fourth group was formed
by two China strains and one Taiwan strain. Isolate SAIBK?2
was clustered into group V, which was exclusively formed
by China strains. This result revealed that SAIBK2 belongs
to the most predominant genotype in China (Fig. 2).

Recombination analysis
To detect possible recombination events within SAIBK2

genomic sequence, SimPlot analysis was used to show the
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consecutive nucleotide identity between SAIBK2 and
other IBV complete sequences from GenBank. The results
indicated that SAIBK2 may be a mosaic formed by a
YX10-, a YN-, and a Mass-like strain (Fig. 3). To find out
the regions where the template switches (breakpoint) have
taken place, pairwise comparison between the complete
genomic sequences of SAIBK2, YXI10, YN, and
Mass41_2006 was performed, and six breakpoints were
found as shown in Fig. 4. The first recombination
breakpoint is located in the nsp 3 (5874-5887 nt), the
second is located in the nsp 4 (8103-8116), the third and
fourth breakpoints are located in nsp 16 (19843-19868
and 20326-20345 nt, respectively), the fifth breakpoint is
located in the non-coding region between ORF4 and
ORF5 (25321-25328 nt), the last is located in N gene
(26225-26247 nt). These results revealed that the YX10-
like strain is the major parent of SAIBK2 and the first two
recombinant regions (5888-8102 and 19869-20325 nt) are
from the YN-like strain, the third region (25329-26224 nt)
is from the Mass-like strain. To further verify these three
above-mentioned recombinant events, the sequence iden-
tity (Table 4) and phylogenetic analyses (Fig. 3b) among
corresponding regions of SAIBK2, YN, YX10, and three
Mass-like strains were performed. The results showed that
SAIBK2 has higher similarity with YX10 than YN and
Mass-like viruses in the regions of 1-5873, 8111-19842,
20346-25320, and 26248-27713 nt. In contrast, SAIBK2
is more similar to YN than YX10 and Mass-type strains
in the regions of 5888-8102 and 19869-20325 nt, and is
more similar to Mass-like strains in the region of
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Fig. 2 Phylogenetic tree by
neighbor-joining method
(bootstrapping for 1000
replicates with its value >70 %)
based on complete genome.
Sequence of SAIBK2 was
labeled by filled triangle

— —
0.1

25329-26224 nt (Table 4). In line with the results
obtained from the Simplot analysis and identity analysis
(Table 4), phylogenetic trees constructed using the cor-
responding gene fragments also showed the same results
(Fig. 3).

These results suggested that SAIBK?2 arose from a series
of homologous RNA recombination events from multiple
template switches involving a YX10-, a YN-, and a Mass-
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—

like strain, and that nsp3, nsp4, nspl2, ORF5, and N gene
are involved in the three recombinant events.

Discussion

According to the result of sequence identity analysis based
on complete genome, SAIBK2 was most similar to YX10.
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Fig. 3 Recombination analysis of isolate SAIBK2. SimPlot analysis
was performed using SAIBK2 as the query sequence (a). Bars at the
top represent relative positions of Genes of IBV. The dummy lines
show the deduced breakpoints. The arrows show different regions and
their colors are the same as those of the parent viruses. The numbers
above those arrows show corresponding nucleotide positions in the
alignment. The y axis shows the percentage similarity within a sliding
window of 200 bp centered on the position plotted, with a step size
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between plots of 20 bp. Phylogenetic trees of genome positions
1-5873, 5888-8102, 8111-19842, 19869-20325, 20346-25320,
25329-26224, and 26248-27713 among SAIBK2, YX10, YN, and
three  Mass-type  viruses (H120, ck/CH/LJL/111054, and
Mass41_2006) (b). Phylogenetic trees were constructed by neigh-
bor-joining method (bootstrapping for 1000 replicates). Sequence of
SAIBK2 was labeled by filled triangle
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5601 ..C........ Co..n Aooeereceonccnscnsane Teeeceoes G.GTGTT..... AC....AC.T.G..ovvrvrnnnnnn A.A....A..... A. YN
5601 GATAAAGTAGGAGATGGTGTAGTCCGCAATGTTACTGACAGAATTAAAGAGTGCTTTGGGTTTACTAGGGAGCATTTTGAAAGAAGAGTGTCTCCACAGT SAIBK2
S601 ...ttt f T TR RPN Teeeveneees L k) A...... YX10
$701 ....A..... A..TA.G.....T..C....A.T.AA.T.A......CA....A...G.GG.CG....... Teeeeocnes Coecvenne G..... G..... YN
5701 TCCTTAAAACCCTCTTTTTCTTCTTTTTCTGTCTCTTGAGGGCTAGTGTTAAGAGTTTAATGTCTAGCTACAAGAGTGTGTTATGTAAAGTGGTATTTAC SAIBK2
L1 N e Peeerecesvesncesvecnccsccconcoscsnssess YX10
5801 ....... C..... Teverecenne Teeeeenen b O A P T PPN GCG..... Covevevennencenane Acceeennne YN
5801 TGCTTTATTTATACTATGGTTTGTCTACACAAGCAACCCAGTTATATTTACTGGAATACGTGTGTTAGACTTTTTATTTGAAGGTTCTTTCTGCGGTCCT SAIBK2
LT Coverenennnccrnscnnnns A..... TA..... YX10
S901 L.ttt Y YN
5901 TATAATGACTATGGTAAAGATTCTTTTGATATACTACGCTATTGTGGAGATGATTTTACGTGTCGTGTTTGTTTATATGACAAGGATTCGCTCCACTTGT SAIBK2
5901 GTA..... Covvvenns Gevevovennnn p y AG...... CoTuvveenen C...... [T/ T.... YX10
L0 Teeennnn S YN
6001 ACAAACATGCTTATAGTGTAGAACAGTTTTATAAAGATGCAGTTTCTGGCATTAGCTTTAATTGGAATTGGCTCTATATAGTCTTCCTAATATTATTTGT SAIBK2
6001 .T........ C..... Covrrecncncnecnssccncssncans AA......... f FIPR + VN Teeees GC.G...... C....G..... YX10
(b)

EL C...C...... [ S . YN
7901 TGATGCTCCTGGAGCTTTATCATTTACTAGTATAACTCCACATAGGGTATACTTTCAACCTAATGGTGTTAGGCTTATAATACCTCAACAGATAATGCAC SAIBK2
1901 ............ Teeoes G...... G.A...... o A.Civierecncnnesnenns Accvceveanes T6.G...cvnt A..T...... YX10
BOO1 .......ceinnnn A...... S 1 YN
B0O01 ACACCCTACATAGTTAAGTTTGTATCTGACAGCTATTGTAGGGGTAGTATATGTGAGGATACTAAACCAGGTTATTGTGTAGCACTARACTCCCAATGGG SAIBK2
Bo01 ..... P A..T..A...ocivnennnns A...... G.Tevvvnns S CT..A.G..... Teeennns YX10
B101 ..............ln Geeevnnn G.C....... TA.Teeeeeennnn. Covevcnnnnnnnnns Acceveennens ) P T..... Teeeeo YN
B101 TGTTGTTTAATGATGAATACACAATTAAGCCAGGCGTGTTCTGTGGTTCTACTGTTAGAGAACTTTTGTTTAATATGGTTAGTACATTCTTTACGGGTGT SAIBK2
<3 41 S S . S PN YX10
B201 ...... T..T..Cvvvvvnnnns A....Ccvvvinnnncnnns A....T...... T..GA.T...covvnnnn L G...... YN
B201 TAATCCAAACATTTATATGCAATTGGCAATTATGTTTTTAATACTTGTTGCTGTTGTGTTAGTCTTTGCAATGGTTATAAAGTTTCAAGGTGTTTTTAAA SAIBK2
L PN YX10
B301 ...l T..... A...... S . T, GC....C..A........C..C..C...T.....G.C...T... YN
B301 GCTTATGCAACCACTGTATTTACTATAATGCTTGTTTGGGTTATTAATGCATTTGTATTATGTGTGCATAGTTATAATAGTGTTCTAGCTATTATACTAC SAIBK2
L P YX10
()

19601 ....cvvccesccnccncsccsvscossonnssascsssscnscsssncassssones . Covecrcnnnnn Coverennnnae YX10
19601 CAAACTACGGTGTTGGAATTACATTGCCTAGTGGTATTATGATGAATGTGGCARAGTACACTCAACTTTGCCAGTATCTTTCTARAACTACAATGTGTGT SAIBK2
19601 ....... Peceesecanen T e Teheooeeens T..A..C..... A..... b VA C.. YN
19701 ..cccvccicevarcancncascccancnnannnns Acceciccncecncnans C..... Coveennecnnsanccssscscscscssnsasccsnansne YX10
19701 GCCGCATAATATGCGAGTAATGCATTTTGGAGCTGGTAGTGACAAAGGAGTTGCACCTGGTAGCACTGTTTTAAAGCAATGGCTACCTGAGGGAACACTT SAIBK2
19701 ....eviiinnnn.. [ Covvnnnnnnnn A..... P C..... Covrvvnnns C.T..A..G..... G..A..A........ C YN
19801 C.Tevvniiennnnnnnennnnnns Peeeeeeeetececccscocccssscsccsssscencscnes T..... Aicierecrotccccncnscccnces YX10
19801 TTAGTTGATAACGATATTGTAGATTACGTATCTGATGCACATGTGTCTGTGCTGTCAGATTGCAATAAATATAAGACAGAGCACAAGTTTGATCTTGTGA SAIBK2
19801 C.T..C........ Coceevennnnn Teceescncannnes Ceverenessacocecosecsoscscscscsssscscssscsssssscssscsssssne YN
19901 ..iiiiiiiiiiiiiiii ittt A.GA..G..... Accicrecesneoncensans b T S S C.. YX10
19901 TATCTGATATGTATACAGATAATGATTCAAAGAAGAAACATGAGGGCATAGTAGCCAATAATGGCAACGACGATGTCTTCATTTATCTAGCTAATTTTTT SAIBK2
19901 ..ttt it ittt ittt Aeiiiieeeererecccrcrcccctcscsccssscsccssscscccsscsccccnes YN
20001 ..oviiiiiiiiiieee T..T..T..... CA.C.c.Teevccrnccrccnacanns Tevenes C.T..... Tevesenes Giceeernnannanne YX10
20001 AAAGAACAACTTAGCTCTGGGAGGCAGCTTTGCTGTAAAAGTAACAGAGACAAGTTGGCACGAGAGTTTATATGACATTGCACAAGATTGTGCATGGTGG SAIBK2
L e Peceieioieeecesnenecnnnns YN

Fig. 4 Analysis of breakpoint. a—d are breakpoint analysis between
SAIBK2, YX10, and YN. e, f are breakpoint analysis between
SAIBK2, YX10, and Mass41 2006. Numbers in the left show the

Subsequently, sequence identity analyses based on partial
genomic regions showed that SAIBK?2 shared higher sim-
ilarities with other reference strains than YX10 in some
partial genomic regions, as shown in Table 3. These results

nucleotide position in the alignment. Only the nucleotides which
differ from those of SAIBK2 are listed. The breakpoints are
underlined. The deleted nucleotides are indicated by prime

implicated that recombination events might happen during
the evolution of SAIBK?2.

In coronaviruses, including IBV, recombinant events
efficiently happen and it has been well documented to be
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(d)

20101 ...oviiiiiiiiiiiiiiaee T..T..... T..A..... T..A..... [ f I Covvrnnn YX10
20101 ACAATGTTTTGTACAGCAGTAAATGCGTCATCTTCAGAGGCATTCTTGCTGGGTATTAATTATTTGGGTGCAAGTGAARAGGTGAAAGTTAGTGGAAAAR SAIBK2
1 L S L YN
20201 .A..... Covnnrnnniennnennns Covevrnnnns Tevenennnnns Coverrnnnnnns A....... L A...C....... YX10
20201 CGCTGCATGCMATTATATM‘TTTGGAGGMTTGTMCTATTTACMACTTCTGCTTATAGTGCATTTGATGTTGCTMGTTTGGATTGAMTTAAMGC SAIBK2
20201 ....... o S YN
20301 ...G........ [ VR T o Giereresneasnntsnatsnatsnassnnsanns G..... YX10
20301 AACACCAGTTGTGAATTTGAAGAAAGAACAAMGACCGACTTAG‘TTGTTAATCTACTAAAGAACGGCAAGTTATTGATTAGAGATGTTGGGGAATTCACT SAIBK2
20301 ....eiiieeiiintiiettintcanscststsestsestannns A.C....T...... Gicrereenncsnncsnetsnassnassnsanns G..... YN
11 Cirtiinnettetenenettcsnnnncnacnns Toveennnnns A.. YX10
20401 GTTTTTAGTGACCATTTTGTGTGCACTATGTAGTGCARATTTGTTTGATTCTGGCAATAATTATGTGTACTACTACCARAGTGCCTATAGGCCTCCAGAT SAIBK2
20401 ...AA....... T6...... Toeeennn ...C.C.C."""""" .A.ACTC.CG.......Teueuuurnnn ceeesecseso..ALLALLALL YN
20501 L.ttt [ L P 't oYX10
20501 GGATGGCATCTGCAAGGGGGTGCTTATGCAGTAGTGAATTCTACTAATTATAATAATAATGCCGGTTCTGCAAATGAGTGCACTGTTGGTGTTATT' ' ' ' SAIBK2
20501 ......... S A.A.C...C..... A..CG.C..T.GC..... TT....A...... C..TTTA YN
(e)

3 L ¥X10

25101 GGTGCAGAAATATACTGGTGACCAAAGCGGAAATAAGAARAGGTTTGCTACATTTGTCTATGCAAAGCAGTCAGTAGACACTGGCGAGCTAGARAGTGTA SAIBK2

25101 ......ennnnn Gttt ettt ettt ittt ettt ettt ittt ettt tsetasasatatttetatasstsasasaas Mass4l_2006
Y L Tevieersncnncnnanss f YX10

25201 GCAACAGGAGGAAGTAGTCTTTACACATAAATGTGTGTGTGTAGAGAGTATTTAAAATTACTCTTTGATAGTGCCTCTATTCTARGAGCGCATAAGAGTA SAIBK2

7 1 G.C..T..... Accvinnnnnnnsn Teeereonnnnns C..... Mass4l_2006
25301 ...iiiiiiiiiininiiieienanes ) VRN Covrrvnnnnnnncnnns S YX10

25301 TTCATTTTGAGGATTTCAACATAAATCCTCTTTGTTTTATACTCTCTTTTCAAGAGCTATTATTTAAAAAACAGTTTTTCCACTCTTTTGTGCCAAARAC SAIBK2

25301 ..T....ovnennn T Mass4l_2006
25401 .G.......... Teewns AG....C..... L Tevennnn AC..CA....T..Gevrvrrnnnnn C..GT.A......C.G YX10

25401 TATTGTTGTTAACGGTGTTACCTTTCAAGTGGATARTGGAAAAGTCTACTACGAAGGAACACCAGTTTTCCAARARGGTTGT maGAATGTGGTCCAAT SAIBK2

1T 1 Mass4l_2006
25501 ....... GG..... A....G.C..A........ A...A..TC..G...T.A........ GGAT...... Goovrvnn G.G.A..AA.TACGGA....... YX10

25501 TATAAGAAAGATTAGAATAATTAAGCCACCAACTACACTTATTTCTATAAGAGGCGTTTTATCTTACAAACGCTTAACAAATACGGACG' ' ' 'ATGARAT SAIBK2

25501 1.ttt e it Tt e eeeeneueneetetaenesesusnsnsacacacacananss ... Mass4l_2006

V)
26001 ....A......ciiiiiiinnnnn R S R A..... Covinnnnnnnnnns A..G........ Acooonen G...T.G..... YX10
26001 GAAAGACAGACGCCCCAGCGCCAGTCATCAAACTAGGAGGACCARAGCCACCTARAGTTGGTTCTTCTGGARATGCATCTTGGTTTCAAGCARTAARAGC SAIBK2
7 Mass4l_2006
26101 ......... G...G..... [ T R R T R Gouvnn Govvvrnnnnnnnnnns YX10
26101 CAAGAAGCTARATTCACCTCCACCTAAGTTTGAAGGTAGCGGTGTTCCTGATAATGAARATCTTARAACAAGCCAGCAACATGGATACTGGAGACGCCAA SAIBK2
7 Mass4l_2006
26201 ....... A..... Teeeennnns S [ ¥X10
26201 GCTAGGTTTAAGCCAGGTAARGGCGGAAGAARACCAGTCCCAGATGCGTGGTATTTCTATTACACTGGARCAGGACCAGCCGCTGACCTGAATTGGGGTG SAIBK2
77 1 Teesns Covenrnns S Mass4l_2006
7 1 S Teveennes Toenen C.. YX10
26301 ATCCTCAGGATGGTATAGTGTGGGTTGCTGCTARGGGTGCTGATGTAARATCCAGATCCARTCAGGGTACARGAGATCCTGACAAGTTTGACCARTATCC SAIBK2
26301 ..AGC..A....ciiuiiinnrnnnnannnn L P R R Toeuns Teernn TeCovnnnnnnnn L Mass4l_2006
26401 G.............. C..Ac..unnns kY P (S T T T T TN G..T..A..... T..G..... A YX10
26401 ACTACGATTTTCAGATGGGGGACCTGACGGTAATTTCCGTTGGGATTTCATTCCTCTGAATCGTGGTAGGAGTGGAAGATCAACCGCAGCGTCATCAGCG SAIBK2
26401 ......... C..G..C..A........ f S L A..... Teveennns A Mass4l_2006

Fig. 4 continued

responsible for the emergence of new variants [11, 14-16].
To investigate whether recombination events took place
during the evolution of SAIBK2. SimPlot analyses were
conducted and three recombination events were illustrated
in the results (Fig. 3a). The study of sequence identities
(Table 4) and phylogenetic analyses (Fig. 3b) based on
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corresponding regions both further confirmed the results of
SimPlot analyses. As the results of sequence identity and
SimPlot analyses exhibited, YX10 is the major parent of
SAIBK2. YX10 was isolated in Zhejiang province, China
in 2010, and caused 25 % mortality in SPF chicken [17,
31]. Compared with YX10, mortality in SPF chicken
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Table 4 Percentage of sequence identity of corresponding regions as indicated among SAIBK?2, YX10, YN, and three Mass-type viruses (H120,

ck/CH/LJL/111054, and Mass41_2006)

Virus Position in alignment

1-5873 5888-8102 8111-19842 19869-20325 20346-25320 25329-26224 26248-27713
YX10 97.5 84.2 98.0 89.9 98.1 86.8 93.2
YN 92.0 98.6 90.3 98.9 87.2 86.3 90.1
H120 84.6 88.7 88.4 88.0 83.1 90.4 83.8
ck/CH/LIL/111054 85.5 88.6 88.5 86.7 83.0 99.9 86.6
Mass41_2006 85.0 88.8 88.6 88.0 83.3 99.7 87.7

caused by SAIBK2 was higher (50 %). Considering the
recombination events that happened in the procedure of
formation of SAIBK2 genome, it is with reason to specu-
late that the acquisition of the regions from the YN- and
Mass-like strains should account for the increased viru-
lence of SAIBK2 compared with YX10. YN was isolated
in Yunnan province, China in 2005. It can result in 65 %
mortality in SPF chickens [18]. According to the result of
SimPlot analyses, SAIBK2 genomic regions of 5888-8102
and 19869-20325 nt were from YN-like strain, and these
two regions encode several highly hydrophobic stretches
and S-adenosyl-L-methionine (SAM)-dependent methyl-
transferases (MTase), respectively [19-23]. Meanwhile,
Mass-based live attenuated IBV vaccines, including H120,
are used extensively in China, and SAIBK2 genomic
region of 25329-26224 nt was from Mass-like strain; this
region contains Gene 5 and N-terminal domain of N pro-
tein. All the three regions above-mentioned involved in
recombination events have been documented to act
important roles in virus replication [24-30]. Nevertheless,
IBV pathogenicity is regulated by multiple genes; these
above-mentioned recombination events, together with
mutations in the SAIBK2 genome, altered the replication
efficiency and resulted in the increased virulence, as
observed. However, further investigations by reverse
genetic system should provide more profound insight into
this issue and increase the understanding of IBV
pathogenesis.

China has a large number of chickens and most of them
are kept at a rather high density; this situation increased the
odds of chicken multiple-infection by several IBV strains.
In this case of SAIBK2, YX10- and YN-like strains are
very likely to spread in chicken flocks simultaneously;
meanwhile, Mass-type live attenuated vaccine was used in
the flocks from which we got the disease chickens. Overall,
current results provide convincing evidence that SAIBK2
originated from recombination events, in which a YX10-
like strain is the major parent and another two strains, a
YN- and a Mass-like strains, are the minor parents.

In conclusion, this work implicates that recombination
between IBV strains may account for the increasing of IBV

virulence. In addition, multiple IBV infection may be a
requirement for IBV recombination. Consequently, it
continues to be important to put emphasis on surveillance
for better control of IBV.
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