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ABSTRACT A virulent infectious bronchitis virus
(IBV), designated as CK/CH/GD/QY16 (referred as
QY16), was isolated from a diseased chicken farm in
Guangdong province, China, in 2016. The complete
genome of the strain was sequenced and analyzed.
The results show that the genome of QY16 consists of
27,670 nucleotides, excluding poly (A) tail, and that its
genome organization is 5 UTR-1a-1b-S-3a-3b-E-M-4b-
4c-5a-5b-N-6b-3" UTR-poly (A) tail. Sequence compar-
ison among QY16 and other IBV strains was conducted
and its results demonstrate that the S1 gene of QY16
has the highest nucleotide sequence identity with that of
4/91, and the other part of its genome is highly similar
to that of YX10. The results of the phylogenic analysis
show that the entire genome of QY16 and most of the
QY16 genes are located in the same cluster as those of

YX10, except for the S1 gene which is located in the
same cluster with that of 4/91. It has been further con-
firmed by the RDP and SimPlot analysis that QY16 is
a recombinant strain deriving from YX10 (as the major
parental sequence) and 4/91 (as the minor parental se-
quence), and that the recombination occurs in a region
which includes the 3’-terminal 1b sequence (85 nt) and
the 5’-terminal S1 protein gene sequence (1,466 nt). The
results of the vaccination-challenge test suggest that
QY16 is a nephropathogenic strain of IBV and that
the vaccine strains—H120 and 4/91—cannot provide ef-
fective protection against it. These results indicate that
the continuing evolution of IBV strains by genetic drift
and genetic recombination may lead to IBV outbreaks
even among the vaccinated chickens in China.
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INTRODUCTION

Avian infectious bronchitis (IB) is an acute and
highly contagious disease caused by the avian infectious
bronchitis virus (IBV). It has a major impact on the
poultry industry worldwide and causes severe economic
losses. IBV affects chickens of all ages and varieties, and
causes upper respiratory diseases, nephritic syndromes,
egg production decrease, and secondary bacterial infec-
tions (Yu et al., 2001).

IBV belongs to the genus Coronavirus of the family
Coronaviridae in the order Nidovirales. Its viral genome
consists of a linear, non-segmented, positive-sense, and
single-stranded RNA of approximately 27.6 kilobases
(kb), The genome of IBV contains 6 genes (gene 1 to
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6) and can be transcribed into a nested set of mRNAs
(mRNA 1 to 6) by a unique discontinuous transcrip-
tion mechanism of coronavirus (Sawicki and Sawicki,
1998). The gene 1 encodes 2 polyproteins—polyprotein
la (pp 1la) and polyprotein lab (pp lab), which is an
extension of pp la by a minus 1 frameshift translation
mechanism (Brierley et al., 1987). The 2 polyproteins
can be cleaved by viral proteases into 15 non-structural
proteins (nsp) that participate in the genome replica-
tion, transcription, and viral infection (Hodgson et al.,
2004; Armesto et al., 2009). The gene 2 encodes a struc-
tural protein spike (S) glycoprotein that can be trans-
lated into a precursor spike glycoprotein (S0) and later
be cleaved into 2 subunits S1 and S2 by cellular pro-
teases (Cavanagh et al., 1992). The S1 subunit forms
the tip of a spike, whereas the S2 subunit anchors the
S1 to the viral membrane. The S1 subunit, with virus
neutralizing epitopes and serotype-specific sequences
(Cavanagh, 1983; Cavanagh et al., 1986), plays an im-
portant role in viral attachment to host cells and the
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induction of neutralizing antibodies (Koch et al., 1990).
The gene 3 encodes nsp 3a and 3b, and a structural pro-
tein envelope protein (E), whereas the gene 4 encodes
a structural protein membrane glycoprotein (M) and
nsp 4b and 4c. The gene 5 encodes nsp ba and 5b. The
M and E are 2 membrane-binding proteins, whereas
the 4 nsps (3a, 3b, 5a, and 5b) have been proved to
be dispensable for virus replication but affect the ef-
ficiency of the replication and immunogenicity of the
virus (Hodgson et al., 2006). The gene 6 encodes a
structural protein nucleocapsid protein (N) and a nsp
6b. The N protein has the ability to bind the ribonucle-
oprotein generated by the viral RNA of IBV and plays
a key role in viral replication and assembly as well as
in cellular immunity (Ignjatovic and Galli, 1994; Ign-
jatovic and Galli, 1995). The nsp 4b, 4c, and 6b have
rarely reported in literature although they were present
in most IBVs and Turkey coronavirus (TCoV) (Cao
et al., 2008; Gomaa et al., 2008; Thor et al., 2011; Xue
et al., 2012; Reddy et al., 2015).

Although IBV vaccines have been used worldwide in
most of the commercial chickens, IB still breaks out fre-
quently and causes severe production problems. There
are several reasons for the difficulties in preventing and
controlling IBV. Firstly, the viral RNA-dependent RNA
polymerase (RdARp) of IBV is not able to proofread
its RNA, leading to RNA insertion, deletion, and sub-
stitution in the process of RNA replication. Secondly,
due to the unique template switch during discontinuous
RNA synthesis in IBV transcription, the nature recom-
bination of the viral RNA frequently occurs among dif-
ferent strains (Zuniga et al., 2010). In addition, there
were at least 30 serotypes of IBV identified worldwide,
yet most of the available IBV vaccines can hardly pro-
vide effective cross-protection against strains of differ-
ent serotype (Cook et al., 2012). As such, variants of
the virus that varies in pathogenicity or serotype in-
cessantly emerge, leading to different outbreaks of the
disease.

In China, IBVs have been identified since 1982 and
have struck all provinces of the country (Han et al.,
2011). In previous studies, the phylogenetic analysis of
the S1 gene of IBV indicates that the strains of IBV
isolated in China could be divided into at least 7 geno-
types including QX-type, 4/91-type, TW-type, Mass-
type, HNO8-type, LDT3-type, and TCO7-2-type (Feng
et al., 2014). Furthermore, there are IBV variants iso-
lated as a result of gene recombination whose serotypes
or pathogenicity may be different from any one of the
parental strains (Feng et al., 2017). Despite the ex-
tensive use of attenuated or inactivated IBV vaccines
(Cook et al., 2012; Jackwood, 2012), IB still breaks out
frequently even among the vaccinated flocks. It can be
attributed to the low efficacy of the current vaccines
against the emergence of new serotypes or antigenic
variants of IBV in China.

In this study, we sequenced the complete genome of a
novel virulent IBV strain CK/CH/GD/QY16 (hereafter
referred to as QY16). Sequence comparison, phyloge-
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netic analysis, and recombination analysis were carried
out to compare QY16 with other reference strains in-
cluding. An animal experiment was conducted to ex-
plore the efficacy of 2 vaccines in protecting the chick-
ens against the new strain. The results of this study
present a valuable insight into the evolution of IBV in
China, give a better understanding of the virus at the
molecular level, and demonstrate the needs to improve
the efficacy of the vaccines against the IBV infection in
the poultry industry.

MATERIAL AND METHODS

Virus Isolation and Amplification

The IBV CK/CH/GD/QY16 strain (referred as
QY16) was isolated from the kidneys of IBV-infected
yellow feather broilers in a farm in Qingyuan city
Guangdong province, China, in November 2016. The
infected chickens were mainly less than 30-day-old, and
typical clinical sign was nephritis that caused 30% mor-
tality rate were identified. The specimens were frozen
and thawed 3 times before treated with phosphate-
buffered saline containing 200 U/mL penicillin and
200 pg/mL streptomycin and then centrifuged at 10,000
x g for 5 min. After keeping in 4°C for 3 h, the
viruses were propagated through blind passage 5 times.
During each blind passage process, 9-day-old embryos
of specific pathogen-free (SPF) chickens were inoc-
ulated with 0.2 mL of the supernatant (first blind
passage) or allantoic fluid (second to fifth blind pas-
sage) via the allantoic cavity. After incubation at
37°C for 48 h post-inoculation, the allantoic fluids
were harvested and stored at —70°C. The virus in the
eggs after the fifth passage was selected for genome
sequencing, pathogenicity, and vaccination-challenge
test. The virus isolation and follow-up experiments
were carried out in biosafety level 2 biocontainment
laboratory.

Viral RNA Extraction, RACE, and RT-PCR

The genomic RNA of the strain was extracted
through using the AxyPrep Body Fluid Viral
DNA/RNA Miniprep Kit (Axygen, China) according
to the manufacturer’s instructions. Reverse transcrip-
tion (RT) was performed using PrimeScript IT 1st
Strand ¢cDNA Synthesis Kit (Takara, Japan) following
the manufacturer’s protocol. Polymerase chain reaction
(PCR) was conducted using a set of primers. The S1
gene of the stain was amplified using a sense primer
5-AAG ACT GAA CAA AAG ACC GAC T-3' and
an antisense primer 5-CAA AAC CTG CCA TAA
CTA ACAT A-3 (Supplementary Table S1). The
size of the amplified segment was about 1,760 bp,
including the entire S1 gene and the protease cleavage
motif. The complete genome sequence of the strain,
excluding the 5 and the 3’ terminal, was amplified
as 22 overlapping genome fragments using IBV
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consensus primer sets (Supplementary Table S1) de-
signed based on the alignment of the genome nucleotide
sequences of IBV strains. PCR was conducted in a 50
L reaction volume containing 2 ul. of cDNA, 2 uL. of
the specific primer (10 pmol of each), 21 uL of dH5O,
and 25 pL of PrimeSTAR Max Premix (2x) (Takara,
Japan). The thermocycler was set at 35 cycles. During
the process, the cDNA was desaturated at 98°C for
10 s, annealed at 55°C for 5 s, and extended at 72°C
for 20 s. After the 35 cycles, a final 10 min DNA
extension step was conducted at 72°C. The 5 and 3’
rapid amplification of cDNA ends (RACE) was per-
formed using designed RACE primer (Supplementary
Table S1) and the SMARTer RACE 5/3 Kit
(Clontech) following the manufacturer’s instructions.

Cloning and Nucleotide Sequencing

The PCR products were tested by electrophoresis in
1% agarose gels and purified by using the AxyPrep
DNA Gel Extraction Kit (Axygen, China). The gel-
purified PCR products were ligated to pCloneEZ Topoi-
somerase cloning vector (Clonesmarter) and trans-
formed into DHb5a FEscherichia coli competent cells
(Takara, Japan). Cells carrying the recombinant plas-
mid were selected on Luria-Bertani agar plates con-
taining ampicillin (100 pg/mL). Positive clones were
screened by PCR following the same steps as the above-
mentioned PCR, amplification. Three positive clones
were sequenced by Sang-gong Technology & Services
Co., Ltd (Shanghai, China).

Genome Sequence Comparison and
Phylogenetic Analysis

The obtained 24 overlapped nucleotide sequences
of the strain (including 5 and 3’ untranslated region
[UTR]) were assembled into a complete genome se-
quence using Seqman program in the Lasergene package
(DNAStar, Madison, WI). Comparison and analysis of
the genome sequences, open reading frames (ORFs),
and the deduced proteins of the strain and the refer-
ence IBV strains were conducted using EditSeq and
MegAlign programs also in this package. After aligning
the genome sequence of the strain with the reference
IBV sequences using the ClustalW multiple alignment
algorithm, phylogenetic analysis of the nucleotide se-
quences of the strain’s complete genome and specific
genes was run with the neighbor-joining method us-
ing MEGA version 7.0 (www. megasoftware.net). The
bootstrap values were determined from 1,000 replicates
of the original data.

Recombination Analysis

The putative recombinant sequence of the strain
and its parental strains were detected by using
recombination detection program (RDP) software
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version 4.80 with the recombination detection methods
(RDP, GENECONYV, BootScan, MaxChi, Chimaera,
and SiScan). The detection of recombination break-
points through at least 5 of these methods was taken as
confirmatory for any putative recombination event. The
potential recombination events and breakpoints were
further verified by SimPlot version 3.5.1. The nucleotide
identity comparison was carried out using the Kimura
(2-parameter) method with a transition-transversion
ratio of 2, and the window width and step size were
200 and 20 bp, respectively.

Pathogenicity and Vaccination-Challenge
Test

Forty 3-day-old SPF chickens were divided into 4
groups of 10 and kept in 4 isolators with negative pres-
sure. Food and water were provided ad libitum. Chick-
ens in group 2 and 3 were vaccinated oculonasally with
commercially available H120 and 4/91 vaccines, respec-
tively, with a dose of 10*° EIDs, per chick. Chick-
ens in group 1 and the control group were mock in-
oculated with sterile allantoic fluid. At 14 d post-
inoculation (dpi), chickens in groups 1, 2, and 3 were
challenged with strain of QY16 by the oculonasal ad-
ministration with a dose of 10> EIDs, per chicken,
whereas those in the control group were mock in-
oculated again with sterile allantoic fluid. All chick-
ens were observed daily to track the morbidity and
mortality among them for 20 d after challenge. Dead
chickens were dissected for the observation of their
organs. Blood samples from all the chickens in each
group were collected at 7 and 14 d post-vaccination
and at 7, 14, and 20 d post-challenge, and the serum
was stored at —80°C before the test. The serum sam-
ples were assayed at a single dilution using a com-
mercial enzyme-linked immunosorbent assay designed
for the detection of total antibodies (IDEXX Corpo-
ration) according to the manufacturer’s instructions
and the seropositivity rates were calculated. Cloacal
swabs collected from all the chickens in each group at
7, 14, and 20 d post-challenge were used for virus re-
covery. Each swab sample was prepared as 10% w/v
tissue suspension in phosphate-buffered saline, clari-
fied by centrifugation at 12,000 g at 4°C for 10 min,
and filtered through 0.22 mm membrane filters (Mil-
lipore). Three 9-day-old SPF chicken embryos were
inoculated with 0.2 mL filtered supernatant of each
sample. The inoculated eggs were incubated at 37°C
and were candled daily. The allantoic fluid was col-
lected from 2 of the inoculated embryos 72 h post-
inoculation. Detection of the virus was performed by
extracting RNA from the allantoic fluid and ampli-
fying S1 gene by RT-PCR. The RT-PCR procedure
uses the PrimeScript One Step RT-PCR Kit (Takara,
Japan) according to the manufacturer’s instructions.
The RT-PCR products were analyzed on 1.0% agarose
gels.
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Forty-four representative IBV strains published in
Genbank were selected for the sequence and phyloge-
netic analysis of the S1 gene of IBVs, and 16 IBV
strains were used for the complete genome and spe-
cific genes (besides S1 gene) alignment, sequence com-
parison, phylogenetic, and recombination analysis. The
accession numbers of these reference strains are listed
in Supplementary Table S2.

RESULTS

Sequence and Phylogenetic Analysis of S1
Gene

The S1 gene of QY16 is composed of 1,617 nt with
cleavage motifs His-Arg-Arg-Arg-Arg (HRRRR). Basic
local alignment search tool was used to compare the
nucleotide and protein sequences of QY16 with the se-
quence databases. The S1 gene of QY16 has the highest
nucleotide identity and amino acid (aa) identity with
that of 4/91 (97.5% and 96%, respectively).

The S1 gene of QY16 was compared to that of 44
available representative IBV strains and the nucleotide
identity range from 60 to 97.5%. The QY16 showed
high-sequence identity of S1 gene with 4/91-type
strains (4/91, TA03, 7/93, CK/CH/LHLJ /140,906, and
CK/CH/LHB/130,630), and the nucleotide identity
ranges from 95 to 97.5%, whereas the amino acid (aa)
identity ranges from 94 to 96%. The nucleotide iden-
tities between the S1 gene of QY16 and those of the
vaccine strains used in China including H120, H52,
and LDT3-A are respectively 78.7%, 77.6%, and 85%,
whereas the aa identities between them are respectively
76%, 76%, and 84.3%. The QY16 showed lowest se-
quence identity of S1 gene with strain DE072 and the
nucleotide identity is only 60%.

Phylogenetic analysis was conducted using the nu-
cleotide sequences of the full S1 gene of QY16 and
those of 44 reference strains (Figure 1). It is shown
that the Chinese strains can be divided into 6 geno-
types according to the previous studies (Feng et al.,
2017). The strain QY16 clusters to the 4/91-type that
includes reference strains such as 4/91, TA03, and 7/93,
and distinct from other genotypes.

Complete Genome and Organization of
Strain QY16

The complete genome sequence (including the 5'-and
3’-terminal segments) of QY16 was obtained through
assembling 24 overlapping sequences via the DNAstar
software. The complete genome sequence has been sub-
mitted to GenBank under the accession no.MG197727.

The complete genomic sequences of QY16 are com-
prised of 27,670 nt, excluding poly (A) tail, and there
are also 6 different genes and 13 ORFs flanked by 5
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and 3' UTRs. The genome organization and location
is as follows. 5 UTR (1 to 525 nt), gene 1[1la (526 to
12,387 nt), 1b (12,462 to 20,420 nt)], gene 2[S (20,371
to 23,865 nt)], gene 3 [3a, (23,865 to 24,038 nt), 3b
(24,038 to 24,229 nt), E (24,213 to 24,539 nt)], gene 4 [M
(24,511 to 25,188 nt), 4b(25,189 to 25,473 nt),4c (25,394
to 25,555)], gene 5 [5a (25,552 to 25,749 nt), 5b (25,746
to 25,994 nt)], and gene 6 [N (25,937 to 27,166 nt), 6b
(27,175 to 27,396)], 3 UTR (27,397 to 27,670 nt) poly
(A) tail.

Gene 1 has 19,892 nt, consisting of 2 overlapping
ORFs, ORF1la (11,859 nt) and ORF1b (7,959 nt), and
it encodes 2 polymerase proteins includingla and lab,
which can be incised into 15 nsps and are related
to RNA replication and transcription. The predicted
papain-like proteinase (PLpro) and 3C-like proteinase
(3CLpro) cleavage sites that define the nsp2 to 16
boarders are shown in Table 1. There are 50 nt overlaps
between gene 1 and gene 2. With a length of 3,498 nt,
gene 2 has a single ORF, and it encodes a spike (S)
glycoprotein that is cleaved into 2 subunits S1 and S2,
which are with 1,617 and 1,878 nt, respectively (encod-
ing 539 and 625aa). Between gene 2 and gene 3, there
is only 1 nt overlap. There are 675 nt in gene 3 that en-
codes 2 nsps including 3a and 3b as well as a structural
protein E. 3a, 3b, and protein E are with 174, 192, and
327 nt, respectively (encoding 57, 63, and 108aa). The
number of nt overlaps between 3a and 3b, and 3b and E
are respectively 1 and 20. There are 29 nt overlaps be-
tween gene 3 and gene 4. With a length of 1,045 nt, gene
4 contains 3 ORF's, and it encodes a structural protein
M protein, and 2 nsps 4b and 4c which are with 678,
285, and 162, nt respectively (encoding 225aa, 94aa,
and 53aa). Overlaps (80 nt) are identified between 4b
and 4c. As for gene 4 and gene 5, it has been found that
there are 4 nt overlaps. Containing 443 nt, gene 5 con-
sists of 2 overlapping ORFs, ORF5a and ORF5b, which
are 198 and 249 nt in length, respectively (encoding 65
and 82aa). There are 58 nt overlaps between gene 5 and
gene 6. Gene 6 encodes N protein and nsp6b which are
respectively with 1,230 and 222 nt (encoding 409 and
73aa). The 5" and 3" UTR of the genome are 525 and
274 nt in length, respectively.

Genome Sequence Comparison

The complete genome sequence of QY16 was com-
pared to the complete genomic sequences of 16 IBV
reference strains available in GenBank. As shown in Ta-
ble 2, the sequence comparison analysis reveals that the
nucleotide identity of complete genome between QY16
and these strains ranges from 85.9 to 96.4%. QY16 has
the highest resemblance to YX10 with 96.4% identity
and is least similar to M41 with 85.9% identity. The se-
quence identity between QY16 and reference strains in
terms of their different genes or regions was also calcu-
lated in Table 2; the nucleotide identity of the 5'-UTR,
la, 1b, S1, S2, 3ab, E, M, 4bc, 5ab, N, 6b, and the
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Figure 1. Consensus phylogenetic tree resulting from the analysis of the nucleotide sequences of the S1 gene of QY16 (red dots) and 44
reference strains. The trees were computed using the neighbor-joining method with 1,000 bootstrap replicates by the MEGAT program. The 16
strains labeled with blue triangles were used for the complete genome sequence comparison, the phylogenetic analysis, and the recombination

analysis.

3-UTR between QY16 and other IBV strains were 90
to 100%, 84.5 to 97.1%, 86.3 to 97.2%, 75.5 to 96.7%, 85
to 97.6%, 79.2 to 99.7%, 77.5 to 98.9%, 90.2 to 99.6%,
70.8 to 100%, 80.6 to 99.8%, 86.4 to 99.4%, 97.2 to
99.4%, and 97.1 to 99.6%, respectively. QY16 has the
highest nucleotide identity with strain YX10 in most
of their genes or regions (5-UTR, la, 1b, S2, 3ab, E,
M, 4bc, 5ab, and the 3-UTR). In terms of the 6b gene,
QY16 is most similar to the strain DY07. In terms of
the N protein, it has the highest identity with SAIBK.
In terms of full S gene, QY16 has the highest identity
(90.5%) with that of the 4/91. With regard to the S1

gene, QY16 has the highest identity (97.5%) with the
4/91 and 80.7% identity with the YX10, whereas re-
garding the S2 gene, it has the highest identity (97.6%)
with YX10 and 85% identity with the 4/91. The pu-
tative cleavage site of the QY16 S protein is His-Arg-
Arg-Arg-Arg (HRRRR) which is similar to that of the
QX-type strains of IBV (DY07, GX-LY5, LX4, Sczy3,
and YX10).

In addition, the analysis of the nucleotide identity
between nsps encoded by the gene 1 of QY16 and
other IBV strains was conducted (Table 3). The nsp3,
nspb, and nspl2 were predicted as PLpro, 3CLpro,
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Table 1. The nsp2-15 produced by protease processing polyprotein la/lab.

Cleavage Position on C-end Cleavage Possible
products Position on genome polyprotein cleavage Size (amino acid) by motif?
nsp2 526-2,547 nt M1-G674 AG/GK! 674 PLpro

nsp3 2,548-7,323 nt G675-G2266 AG/GV 592 PLpro PLpro
nspd 7,324-8,865 nt G2267-Q2780 LQ/AG 514 3CLpro T™
nspH 8,866—9,786 nt A2781-Q3087 LQ/SS 307 3CLpro 3CLpro
nsp6 9,787-10,668 nt S3088-Q3381 VQ/SK 296 3CLpro ™
nsp7 10,669-10,917 nt S3382-(33464 LQ/LV 83 3CLpro

nsp8 10,918-11,547 nt L3465-Q3674 LQ/NN 210 3CLpro

nsp9 11,548-11,880 nt N3675-Q3785 LQ/SK 111 3CLpro

nspl0 11,881-12,315 nt S3786—Q3930 VQ/SD 145 3CLpro GFL
nspll 12,316-12,384 nt S3931-G3953 - 23 3CLpro

nspl2 12,316-15,134 nt S3931-Q4870 LQ/SC 940 3CLpro RdRp
nspl3 15,135-16,934 nt S4871-Q5470 LQ/GT 600 3CLpro HEL
nspl4d 16,935-18,497 nt G5471-Q5991 LQ/ST 521 3CLpro ExoN
nsplh 18,498-19,511 nt 55992-Q6329 LQ/SA 338 3CLpro NendoU
nspl6 19,512-20,420 nt S6330-M6631 - 302 3CLpro 2-O-MT

'A alanine, C cysteine, D aspartic acid, G glycine, K Lysine, L leucine, N asparagine, Q glutamine, S serine, T threonine, V valine.
2PLpro, papain-like protease; TM, transmembrane domain; 3CLpro, 3C-like proteinase; GFL: growth factor-like domain; RARp: RNA-dependant
RNA polymerase; HEL, helicase domain; ExonN, exoribonuclease; NendoU, nidoviral uridylate-specific endoribonuclease; 2’ O-MT, 2’ -O-ribose

methyltransferase.

Table 2. Percentage of sequence identities of the complete genome and different regions of QY16 compared with those of other IBV

strains.
Gene 1 Gene 2 Gene 3 Gene 4 Gene 5 Gene 6

Strain Genome 5-UTR la 1b S S1 S2 3ab E M 4be 5ab N 6b 3-UTR
LX4 89.7 95.7 88.4 90.5 86.1 79.9 91.5 95 90.3  92.7 90.4 91.6 86.4 - 98.9
YX10 96.4! 100 97.1 97.2 89.6 80.7 97.6 99.7 98.9 99.6 100 99.8 96.8 97.9 99.6
Sczy3 94.5 99.4 95.1 954 89.5 80.7 97.2 99.5 98.6 99.2 92.9 96.1 88.1 98.7 99.3
A2 89.4 96.4 87.5 89.9 85 76.4 925 831 914 918 87.9 89.9 87.6  91.9 98.9
DY07 94.4 98.5 95.5 953 89.6 80.6 97.4 99.5 98.8 99.4 88.8 94.1 88.7 98.7 98.5
CQ04-1 92.5 97 92.1 939 86 76.6 944 877 775 86.8 81.1 84.0 95.7  95.7 97.5
GX-YL5 93.7 99.4 95.5 95.7 85.3 755 939 80.3 85.6 90.2 80.1 85.2 96 95.3 99.3
SAIBK 88.9 90 89.4 89.4 8.7 769 93,5 864 87.2 914 80.4 85.9 99.4 - 97.8
BJ 89 96.2 87.4 89.8 819 77.1 86 89.1 88.3 924 91.9 92.2 87.6  95.3 99.3
YN 89.8 92.7 89.2 90.1 85.6 76.8 934 86.6 87.8 93.1 80.7 86.9 96 95.3 98.2
4/91 86.9 92.1 84.5 86.3 90.5 97.5 85 80.5 81.4 90.9 85.4 88.2 86.9 74 99.3
CK/CH/LHB/130,630 86.8 92.1 84.5 86.3 904 96.5 85 80.5 81.4 90.9 85.4 88.2 86.8 74 98.9
CK/CH/GD/GZ14 94.6 99.4 96.4 96.9 86.5 76.2 955 79.2 92,5 949 80.1 87.5 88.4  96.2 98.9
TW2575/98 86.2 93.8 83.9 86.3 831 76.7 8.7 81.7 89.2 918 81.4 86.6 88.9 83.8 97.1
M41 85.9 93.6 85.4 87.1 822 781 858 82.1 883 90.2 85.4 87.8 87.1 - 98.9
Beaudette 86.1 93.2 85.2 86.9 82 78 85.6 81.7 88.3 90.4 70.8 80.6 86.7  69.4 99.5

IThe highest nucleotide identities of different regions are indicated in bold values.

“” indicates the absence of ORF 6b.

and RdRp, respectively. As shown in the Table 3, the
nsp2, nsp3, nsp4, nspb, and nspld of QY16 have the
highest identity with the those proteins encoded by
YX10, whereas its nsp6, nsp7, nsp9, and nspll have
the highest identity with the those proteins encoded
by GX-YL5. The nspl2, nsplb, and nspl6 encoded by
QY16 have the highest identity with those of strain
CK/CH/GD/GZ14, whereas its nspl0 and nsp13 have
the highest identity with those of Sczy3. The nsp8 and
nspll of QY16 have the highest identity with those of
BJ and YN, respectively.

The transcription-regulating sequence (TRS)
comparison shows that the core sequence (CS)
CTT/GAACAA is conserved for most IBVs. The
CS of the gene 1, gene 4, and gene 6 of QY16 is
CTTAACAA, whereas the CS of its gene 2 and gene
3 is CTGAACAA. However, it has been detected that
the CSs of the gene 5 of QY16, LX4, A2, BJ, and

Sczy3 have an additional 6 nucleotide (G/AAGAAA)
insertion and 2 nucleotide (CG) deletion (Figure 2),
whereas the CSs of the gene 5 of CK/CH/GD/GZ14,
SAIBK, DY07, CQ04-1, GX-YL5, and YN have an
additional 3 nucleotide (AAA) insertion compared
to the homologous sequences of other IBV strains
(Figure 2). In addition, the overseas strains 4/91,
Beaudette, and M41 were found to have no insertion.
The CS is located in the initiation codons of the genes
1 to 6 of QY16 upstream 461, 52, 23, 77, 7, and 93 nt,
respectively.

In order to study whether the insertions of CS in
TRS of gene 5 exist extensively in Chinese strains, the
comparison of TRS of gene 5 among QY16, 42 Chi-
nese isolates, and 36 oversea isolates was conducted
(Supplementary Figure S1). The result shows that 44%
(19/43) of Chinese strain have 5 to 6 nt insertion
(G/AA/CGAAA or CTTAA) and 2 nt (CG) deletion,
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Table 3. Percentage of sequence identity of the QY16 Gene 1 fragments compared with other IBV strains.

3525

Strain nsp2 nsp3  nspd  nspb5 nsp6 nsp7 nsp8 nsp9 nspl0  nspll  nspl2  nspl3  nspld  nspld  nspl6
LX4 90.3 84.8 918 87 88.5  95.6 925 93.1 94.7 98.6 93.9 95.7 92.4 92.5 90.3
YX10 98.5' 97.3 99.6 98.9 964 972 94 93.4 95.6 98.6 96.9 97.6 98.7 98.1 90.9
Sczy3 95.8 952 929 945 98 96.8 93.5 93.1 95.9 97.1 96.5 98.4 95.7 93.2 90
A2 83.8 84.5 912 91.1 923 94 944  91.3 89.9 97.1 94.3 94.7 93.3 91.8 88.2
DYO07 96.4 95.7 942 937 978 97.6 93.7 931 96.3 98.6 96.5 96.6 93.6 93.7 90.4
CQO4-1 95.9 91.1 854 893 981 97.6 933 93.7 97.2 100 97.1 97.1 94.3 97.8 95
GX-YL5 95.9 96.5 92 93.8 98.1 97.6 93 94 95.9 100 96.6 97.3 95.1 93.7 92.8
SAIBK 93.6 90.1 839 8.4 879 924 86.3 90.1 91.7 92.8 89.9 89.5 88.7 89.5 89.7
BJ 83.7 84.7 90.8 90.8 92 95.6  95.1 91 87.8 91.3 93.3 94.1 92.7 92 90.8
YN 93.6 89.3 845 855 88.1 94.8 873 91.6 92.2 100 94.3 89.5 89.1 89.2 91.7
4/91 85.8 81.9 84.1 85.3 8.5 928 86.3 91 90.6 92.8 89.3 89 88.4 87.1 89.3
CK/CH/LHB/130,630  85.8 81.9 84.1 85.2 855 928 86.3 91 90.6 92.8 89.1 89 88.4 87.2 89.4
CK/CH/GD/GZ14 97 96.9 91.8 953 963 96.8 959 988 99.1 98.6 98 97.5 98.3 98.7 93.8
TW2575/98 86.4 80 854 849 871 91.2 87 90.4 87.4 94.2 89.4 90.2 89.4 89 89.5
M41 84.6 839 846 882 8.3 924 8.5 88 90.3 95.7 89.7 88.9 90.6 87.3 88.6
Beaudette 84.3 84 83.7 8.4 865 928 8.9 89.5 91.7 95.7 88.8 89.4 91.2 87.7 88.2
!'The highest nucleotide identities of different regions are indicated in bold values.
TRS
5TRS 3°TRS 5a
257400t 257500t 25760nt 25770nt

CK/CH/GD/QY16 GATTTACAAGCG[CTTAAGAGAAACAAATACGGA-—[ATGAAATGGTT

LX4 GGTTTACAAACGICTTAAGAGAAACAAIATACGGA--|ATGJAAATGGTT

YX10 GATTTACAAGCGICTTAAGAGAAACAAATACGGA--[ATGAAATGGTT

A2 GGTCTACAAACTICTTAAAAGAAACAAATACGGA-—-[ATGAAATGGTT

BJ GGTTTACAAACGICTTAAAAGAAACAAATACGGA--JATGJAAATGGTT

Sczy3 GTTTTACAAGCGICTTAAAAGAAACAAATACGGA--|ATGIAAATGGTT

SAIBK GACTTACAAGCGICTTAA---AAACAAATACAGACGATGAAATGGCT

CK/CH/GD/GZ14 GACTTACAAGCGICTTAA---AAACAAATACAGACGATGJAAATGGCT

DYO7 GACTTACAAGCGICTTAA---AAACAAATACAGACGATGAAATGGCT

CQ04-1 GACTTACAAGCGICTTAA---AAACAAATACAGACGATGAAATGGCT

GX-YL5 GACTTACAAGCGICTTAA---AAACAAATACAGACGATGJAAATGGCT

YN GACTTACAAGCGICTTAA---AAACAAATACAGACGATGJAAATGGCT

4/91 ATETTATAACCEHETIT A A= === CAAACACGGACGATGAAATGGCT

ck/CH/LHB/130630 ATGTTATAAGCGICTTAA- -~~~ CAAACACGGACGATGAAATGGCT

TW2575/98 ATGT TACAAACGICTTAA--———— CAAATACAGACGATGIAAATGGCT

Beaudette ATTTANCARARARANCTT AN ===== CAAATACGGACGATGIAAATGGCT

M41 ATCTTACAACCERIT AN === TAAATACGGACGATGIAAATGGCT

Figure 2. Results of the sequence comparison of QY16 with 16 reference strains in terms of the TRS of their gene 5. In the TRS of gene 5, the
CSs of QY16, LX4, YX10, A2, BJ, and Sczy3 have a 6 nt insertion (G/AAGAAA) and 2 nt deletion (CG). Strains SAIBK, CK/CH/GD/GZ14,
DY07, CQ04-1, GX-YL5, and YN have a 3 nt (AAA) insertion (AAA) compared to 4/91, CK/CH/LHB/130,630, Beaudette, and M41 without

insertion.

37% (16/43) of Chinese strain have 3 to 4 nt inser-
tion (AAAA or AAA) without deletion, and only 8
strains without insertion. By contrast, only a British
and a Korean strains have 6 nt insertion (ACTAAA or
GAGAAA) and 2 nt (CG) deletion, 3 strains isolated
from Thailand have 3 nt insertion (AAA), most overseas
strains are without insertion. In addition, the overseas
strains with insertion in TRS of gene 5 mainly isolated
from the countries surrounding China (Korea and Thai-
land), and the strains may have close relationship with
Chinese IBV strains. It suggests that an insertion in the
TRS of the gene 5 is common among the Chinese IBV
but uncommon among oversea IBV strains.

Phylogenetic Analysis

In order to assess the genetic relatedness between
QY16 and the reference IBV strains, phylogenetic
trees were constructed for the nucleotide sequences of
the complete genome and specific genes of QY16 and
the 16 reference strains. As shown in Figure 3 and

Supplementary Figure S2, the complete genome, la,
1b, S2, E, M, N, 3ab, 4bc, 5ab, and 6¢, of QY16 is in
the same cluster as those of YX10, whereas the full
S gene, similar to the S1 gene, is located in the same
cluster as those of 4/91 and evolutionarily distant from
those of YX10. With the combination of the results
of the sequence comparison and phylogenetic analysis,
it is reasonable to assume that QY16 has a close
evolutionary relationship with IBV YX10 and 4/91.

Recombination Analysis

In order to detect possible recombination events
within the QY16 genomic sequence, RDP analysis was
conducted and the complete genomes of 16 reference
strains were used as putative parent strains. The results
indicate that QY16 is possibly a recombinant strain
formed by a major parent strain YX10 and a minor
parent strain 4/91. It has been proved that the recom-
bination breakpoints of QY16 are located at the 20, 311
to 20, 343, and 21,810 to 21, 844 nt. The region 1 to
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Figure 3. Phylogenetic trees constructed by using the neighbor-joining method based on the complete genome and different regions of the
genome of the strains (bootstrapping for 1,000 replicates with its value >60%). (A) complete genomes, (B) la gene, (C) 1b gene, (D) S gene,
(E) S2 gene, (F) E gene, (G) M gene, (H) N gene. The QY16 sequence is labeled with red dots.
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20,310 and 21,845 to 27,678 nt of QY16 is 97.5% similar
to that of YX10, and the region 20,334 and 21,811 nt of
QY16 showed 98.9% similarity with that of 4/91. The
P-value of RDP method is 3.97 x 1072'7.

To confirm the results of the RDP analysis, genomic
sequences analysis of QY16, YX10, and 4/91 was car-
ried out using the Simplot software. The result indi-
cates that the recombination signal and the breakpoint
of QY16 are located at 20,336 and 21,836 nt. Further-
more, the recombination region consists of a 3'-terminal
ORF 1b with 85 nt and a 5-terminal S1 protein gene
with 1466 nt (there are 50 nt overlaps between the2
genes), and the region between these 2 breakpoints is
a putative recombinant region, which is also consistent
with the RDP results (Figure 4A).

The phylogenetic tree of the complete genomic se-
quences of the strains and that of their detected re-
combinant regions were also constructed and analyzed,
demonstrating that there is a topological alternation in
the recombinant region of QY16, which further confirms
the recombination event (Figure 4B).

Pathogenicity Study and
Vaccination-Challenge Tests

All the chickens were observed clinical signs after the
vaccination or the challenge, and none of the chickens
showed any clinical signs before the challenge. As shown
in Table 4, at 3 to 14 d post-challenge, chickens in group
1 showed severe clinical signs such as depression, ruf-
fled feathers, sagging head and wings, diarrhea, lassi-
tude, and huddling. However, no obvious respiratory
sign or muscle lesions appeared in them. Four chickens
died during 5 to 12 d post-challenge with gross lesions
present as typical nephritis symptoms such as swollen
specked kidney, distended ureter filled with uric acid,
severe dehydration, and weight loss. It suggests that
QY16 is a nephropathogenic IBV strain. At 15 d post-
challenge, there was neither clinical symptom nor death
in the remaining chickens. However, half (3/6) of cloa-
cal swabs collected from the survival chickens in group
1 were positive at 20 d post-challenge, and the virus
recovery result indicates that the survival chickens had
been releasing the virus incessantly through the cloaca.

As shown in Table 4, groups 2 and 3 are with differ-
ent levels of morbidity rate, mortality rate, and virus
recovery rate. The morbidity rate, mortality rate, and
virus-positive rate (at 20 d post-challenge) are respec-
tively 90, 40, and 33% in group 2 where chickens were
inoculated with the H120 vaccine and are respectively
40, 20, and 13% in group 3 where chickens were inoc-
ulated with the 4/91 vaccine. The results suggest that
both the H120 vaccine and the 4/91 vaccine do not pro-
vide effective and full protection against QY16. As ex-
pected, none of the chickens was either ailed or present
as virus positive in the control group.

The results of the serological responses induced by
QY16 and the other 2 IBV vaccines are presented in
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Table 4. Only 30% of chickens in group 2 and 40% in
group 3 had seroconverted at 7 d post-vaccination, but
at 14 d post-vaccination more than 90% of the vacci-
nated chickens in group 2 and group 3 had serocon-
verted. After 14 d post-challenge, all the survival chick-
ens in group 1 had seroconverted.

DISCUSSION

The frequent outbreaks of IBV cause severe problems
to the poultry industry in China, despite the intensive
use of anti-IBV vaccines. Due to its vast territory, China
is caught in complicated situations where multiple IBV
genotypes and serotypes coexist (Liu et al., 2006). The
analysis of sequence of IBV is main focus on S1 gene in
previous studies. Although it plays an important role in
the viral attachment to host cells, and the induction of
neutralizing antibodies (Koch et al., 1990), the S1 gene
is only a small part of the IBV genome and thus cannot
represent all the biological characteristics of the virus.
It is, therefore, necessary to sequence and analyze the
complete genome of some isolated strains, especially the
recombinant ones.

In this study, the IBV strain QY16 was isolated from
yellow feather broilers vaccinated with H120 and 4/91
vaccines. It has been found that the S1 gene of QY16
is highest identical to 4/91 and is located in the same
cluster with it in the phylogenic tree. Whether QY16
is re-isolated from the 4/91 vaccine strain or is the re-
combinant result originating from 4/91, it needs to be
further confirmed by sequencing and analyzing its com-
plete genome.

The genome organization of QY16 is 5UTR-1a-1b-S-
3a-3b-E-M-4b-4c¢-5a-5b-N-6b-3'UTR,, which is different
from that of most IBV genomes (5'UTR -la-1b-S-
3a-3b-E-M-5a-5b-N-3'UTR) as previously reported.
Although 4b, 4c, and 6b are present in the most of the
IBV genomes, they have rarely been studied, and their
functions were thus unknown (Reddy et al., 2015). The
gene 1 accounts for two-thirds of the genome, and en-
codes 2 overlapping proteins ppla and pplab. Pplab is
an extension of ppla by a minus 1 frameshifting trans-
lation mechanism (Brierley et al., 1987). The ppla/lab
is cleaved into 15 nsps (nsp2 to nspl6) by PLpro and
3CLpro encoded by the virus. These nsps, forming
a transcription/replication complex that involves in
the viral genome’s transcription, replication, and the
viral infection, are important functional proteins for
the virus. The cleavage products and cleavage sites of
the ppla/lab of QY16 are highly identical to those
of reported reference IBV strain A2 (Liu et al., 2009),
Sczy3 (Zhao et al., 2013), and TCoV (Gomaa et al.,
2008). It suggests that ppla/lab is highly conserved in
IBV. The CS (CTT/GAACAA) of the TRS is another
conserved sequence of IBV. The CS can be the binding
center of the leader sequence and the subgenomic
mRNA, and can promote the transcription of mRNA2
to 6(Sola et al., 2005). In this study, the CS sequence
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Figure 4. Results of the recombination analysis of QY16. SimPlot analysis was performed with QY16 as the query sequence and YX10 (blue)
and 4/91(red) as putative parental strains. (A). The dummy lines show the deduced breakpoints at the genome position 20,336 and 21,886 nt.
Bars at the top demonstrate the relative positions of the genome of IBV. The recombination region corresponding to the genome includes the
3'-terminal ORF 1b and most of the 5'-terminal S1 protein gene. The y-axis shows the percentage of similarity within a sliding window of 200 bp
centered on the position plotted, with a step size between plots of 20 bp. (B). Phylogenetic trees of the genome regions 1 to 20,335, 21,837
to 27,670, and 20, 336 to 21,836 nt among QY16, YX10, 4/91, and other 14 reference strains. Phylogenetic trees were constructed using the
neighbor-joining method (bootstrapping for 1,000 replicates). The recombinant strain QY16 was labeled with green squares, the major parental
strain YX10 with blue squares, and the minor parental strain 4/91 with red squares.

of QY16 is found to be conserved as CTT/GAACAA
except for the gene 5 which is with a 6 nt insertion
(GAGAAA) and 2 nt deletion (CG). It has been found
in QY16, LX4, and YX10, whereas another 6 nt (AA-
GAAA) insertion was reported in the IBV strain (Liu
et al.,, 2009)-A2 and BJ, and Sczy3. Furthermore, a
3 nt (AAA) insertion was found in the strains including
SAIBK, CK/CH/GD/GZ14, DY07, CQ04-1, GX-YLS5,
and YN which are all Chinese isolates. In addition,
the overseas strains 4/91, Beaudette, and M41 were

found to have no insertion. The further comparison
among QY16, 42 Chinese isolates, and 36 overseas
isolates suggests that an insertion in the CS of TRS
of the gene 5 is common among the Chinese IBV but
uncommon among oversea IBV strains. Whether these
insertions could be a genetic marker between Chinese
and overseas strains needs to be further verified.

The results of the sequence comparison and phyloge-
netic analysis show that QY16 has the highest identity
with 4/91 in terms of the S1 gene and is located in the
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Table 4. Results of pathogenicity and vaccination-challenge test using QY16.

Antibody?

Days post-vaccination

Days post-challenge Virus recovery?

Group' Morbidity Mortality 7 14 14 20 7 14 20
1 10/10 4/10 0/10 0/10 4/7 6/6 6/6 77 5/6 3/6
2 9/10 4/10 3/10 9/10 6/6 6/6 8/8 4/6 2/6
3 4/10 2/10 4/10 10/10 8/8 8/8 5/9 2/8 1/8
Control 0/10 0/10 0/10 0/10 0/10 0/10 0/10 0/10 0/10 0/10

!Chickens in groups 2 and 3 were vaccinated with H120 and 4/91 vaccines, respectively, and challenged with QY16. Chickens in group 1 were only
challenged with QY16. Chickens in the control group were not exposed to any viruses.

5 :
“Number seroconverted/number survive.

3Number of virus-positive chickens in virus recovery tests after challenge/the number of chickens used for attempted virus recovery after challenge.

“Days after challenge.

same cluster with it as well. Nevertheless, its complete
genome and most specific genes (except for S1) are of
high similarity to YX10 rather than 4/91. These results
suggest that QY16 may be a recombinant strain of 4/91
and YX10. The recombinant analysis including RDP,
SimPlot, and phylogenetic analysis further confirms
that QY16 originates from the recombination of a
major parent strain YX10 and a minor parent strain
4/91. The QX-type strain YX10 was isolated in Zhe-
jiang province, China, in 2010, and it is reported to be
involved in recombinant variant in recent years (Wu et
al., 2016; Feng et al., 2017). The 4/91 pathogenic strain
was isolated in the UK and causes tremendous economic
losses to the poultry industry in European (Gough et
al., 1992; Cook et al., 1996). The 4/91 vaccine obtained
through attenuating the pathogenic strain has been
widely used in the global poultry industry. Despite the
fact that the 4/91 strain has become an important gene
donor in genetic evolution of IBV in China (Han et
al., 2011; Zhang et al., 2015), it is difficult to identify
the 4/91 pathogenic or vaccine strain involve in the
formation the recombinant IBV strains. In this study,
the 4/91 vaccine is proved to be a minor parent strain
of QY16 and the recombination region is predicted to
include the 3’ 1b terminal (85 nt) and most part of the
S1 gene (1,466 nt). It is believed that the recombination
“hot spots,” including C(T/G)TAACAA (Jia et al,
1995; Lee and Jackwood, 2000), CTTTTG (Wang
et al., 1993), CTTTT(C/T) (Mondal and Cardona,
2007), and other A-T-rich regions (Zhao et al., 2013),
are located adjacent to the putative crossover sites.
In our study, these putative crossover sites are found
to be nowhere near the breakpoint, and it is difficult
to determine whether these motifs are associated with
the recombination.

As the recombination region of QY16 includes
most of the S1 gene, the pathogenicity study and
vaccination-challenge tests were conducted to examine
the efficacy of the H120 and 4/19 vaccines against
QY16. The result shows QY16 causes 40% death among
17-day-old SPF chickens compared with the reported
mortality rate of 25% among 15-day-old SPF chickens
caused by its major parent strain YX10 (Xue et al.,
2012; Feng et al., 2015). The pathogenicity of QY16

has apparently enhanced in this regard as this result
shows. The clinical symptoms of the chickens infected
with QY16 are typical nephritis symptoms which are
similar to the situations caused by YX10 but different
from the muscle lesions caused by the 4/91 pathogenic
strain. Meanwhile, it has been proved by our study that
the H120 vaccine cannot provide effective protection
against the QY16 challenge, and it is probably because
of the difference between their serotypes. The diversity
of serotypes among the Mass-type vaccines (H120, H52,
W93, etc.) and Chinese isolates has been confirmed
by previous studies (Li et al., 2012; Feng et al., 2017),
which can provide a possible explanation for H120’s
failure in serving as an effective vaccine against QY 16.
Our results also prove that the 4/91 vaccine cannot
provide complete protection against QY16 challenge
either. On one hand, recombinant QY16 and 4/91 may
have difference in serotypes. Although the S1 gene of
QY16 is highly similar to that of 4/91, the difference in
the S1 gene and other genes may still lead to the great
change in the serotype and pathogenicity. On the other
hand, a broader degree of cross-protection provided by
a vaccine against different viral strains is related to the
cell-mediated immune responses to the shared T-cell
epitopes among some heterologous strains (Collisson et
al., 2000; Seo et al., 2000). As most of the T-cell epi-
topes of IBV remain in the M and N protein (Ignjatovic
and Galli, 1994), the diversity in M and N genes may
contribute to low cross-protection efficacy, in this case
4/91 vaccine’s low protection efficacy against QY16.
In summary, the complete genome and specific gene
sequences of QY16 have different levels of sequence
identity with other IBV strains. The recombinant strain
QY16 is proved by our study to derive from YX10 (as
the major parental sequence) and 4/91 (as the minor
parental sequence). It can be inferred from the results of
the pathogenicity study and vaccination-challenge test
that CK/CH/GD/QY16 is a type of nephropathogenic
strain and that the vaccine strains H120 and 4/91
cannot provide complete protection against it. These
results indicate that the continuing evolution of IBV
strains by genetic drift and genetic recombination
may lead to IBV outbreaks even among the vacci-
nated chickens in China, which calls for the further
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development of new vaccines to help prevent and
control the disease.

SUPPLEMENTARY DATA

Supplementary data are available at Poultry Science
online.

Supplementary Table S1. Primers used for QY16
genome amplification.

Supplementary Table S2. The accession numbers
of IBVs used for S1 gene, complete genome and spe-
cific genes alignment, sequence comparison, phyloge-
netic and recombination analysis,

Supplementary Figure S1. Results of the sequence
comparison of QY 16, 42 Chinese isolates, and 36 over-
seas isolates in terms of the TRS of their gene 5.
Supplementary Figure S2. Phylogenetic trees con-
structed by using the neighbor-joining method based
on the complete genome and different regions of the
genome of the strains (bootstrapping for 1,000 repli-
cates with its value >60%). (a) 3ab, (b) 4bc, (c) bab,
and (d) 6b. The QY16 sequence is labeled with red dots.
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