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Universal Influenza B Virus Genomic Amplification Facilitates
Sequencing, Diagnostics, and Reverse Genetics
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Although human influenza B virus (IBV) is a significant human pathogen, its great genetic diversity has limited our ability to
universally amplify the entire genome for subsequent sequencing or vaccine production. The generation of sequence data via
next-generation approaches and the rapid cloning of viral genes are critical for basic research, diagnostics, antiviral drugs, and
vaccines to combat IBV. To overcome the difficulty of amplifying the diverse and ever-changing IBV genome, we developed and
optimized techniques that amplify the complete segmented negative-sense RNA genome from any IBV strain in a single tube/
well (IBV genomic amplification [IBV-GA]). Amplicons for >1,000 diverse IBV genomes from different sample types (e.g., clini-
cal specimens) were generated and sequenced using this robust technology. These approaches are sensitive, robust, and sequence
independent (i.e., universally amplify past, present, and future IBVs), which facilitates next-generation sequencing and advanced
genomic diagnostics. Importantly, special terminal sequences engineered into the optimized IBV-GA2 products also enable liga-
tion-free cloning to rapidly generate reverse-genetics plasmids, which can be used for the rescue of recombinant viruses and/or

the creation of vaccine seed stock.

Inﬂuenza viruses belong to the Orthomyxoviridae family and
contain a negative-sense, single-stranded, and segmented RNA
genome. They are divided into three types (influenza A, B, and C
viruses) originally based on the antigenic specificity of the nucleo-
protein (NP) and matrix protein (M) (1, 2). The nature of their
segmented genome provides the basis for frequent genetic reas-
sortment between different viruses of the same type, which plays
an important role in the evolution of new strains.

Influenza B virus (IBV) is a significant human pathogen asso-
ciated with excess hospitalizations and mortality (3). IBV and in-
fluenza A virus are responsible for epidemics that annually infect
250 to 500 million people, which results in 250,000 to 500,000
deaths and significant socioeconomic losses (4-7). On average,
IBVs account for >20% of annual influenza infections, and this
has risen to ~60% in some seasons (8). During the 2012-2013
influenza season in the United States, IBVs caused 60% of influ-
enza-associated pediatric deaths, despite accounting for only 29%
of laboratory-confirmed infections (9).

Two antigenically and genetically distinct lineages of IBV's (B/
Victoria/2/87-like and B/Yamagata/16/88-like) cocirculated since
the 1980s (10, 11), and their genomes are continually changing to
evade the human immune response (a phenomenon known as
antigenic drift). The current seasonal influenza virus vaccine com-
ponents typically contain the hemagglutinin (HA) and neuramin-
idase (NA) antigens of an HIN1 virus, an H3N2 virus, and a
B/Victoria or B/Yamagata lineage virus. A key factor that contrib-
utes to IBV disease severity in developed countries is the emer-
gence of new IBV strains/lineages, which leads to a substantial
mismatch between the emergent strain(s) and the strain chosen as
a vaccine seed stock (e.g., mismatched in five out of 10 flu seasons
from 2001 to 2011), thus reducing vaccine effectiveness (8). This
predicament has led to the recent development of quadrivalent
vaccines by some manufacturers in which two IBV strains repre-
senting both Yamagata and Victoria lineages are included. How-
ever, even within a particular lineage, antigenic drift of the HA/NA
genes continues to generate novel variants that escape neutraliza-
tion by the human immune response, and it is difficult to select/
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predict the best strain(s) to include in the influenza virus vac-
cine(s) in order to provide antigenic cross-reactivity against all
concurrently circulating Yamagata and/or Victoria strains.

It is critical to conduct genomic studies to improve vaccines,
diagnostics, and therapeutics, and to better understand the repli-
cation and pathogenesis of IBVs. Complete genome sequencing
and analyses of thousands of IBVs are needed to understand the
evolution of IBVs and to better predict the lineage and represen-
tative strains of IBVs that will predominate in the upcoming in-
fluenza seasons. This information is used by various computa-
tional approaches that aid in vaccine selection. For example,
genomic sequence analysis identifies sequence changes responsi-
ble for immune escape by antigenic drift variants, which show
increased fitness in the human population and determine the
geospatial/temporal gene flow of evolutionarily successful gene
segments. Rapid sequencing of a large number of circulating vi-
ruses before the biannual WHO Consultation on the Composi-
tion of Influenza Virus Vaccines meetings will provide public
health officials and scientists with better data sets needed to make
the best strain selections for biannual vaccines. Large-scale
genomic sequencing of IBVs is central to the development of fu-
ture genomic diagnostics that simultaneously identify genotypic
markers of antigenic escape, antiviral resistance, and/or virulence,
and it aids basic research in many critical areas under study. Un-
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fortunately, compared to the >10,000 complete genomes (com-
plete coding regions for all eight segments) of the influenza A
viruses (IAVs) available in GenBank, only a few hundred IBV
genomes had been deposited as of February 2013. The scarcity of
IBV genome sequences has hampered research and novel vaccine
development for IBVs, and it prompted us to establish a large-
scale project to sequence IBVs as part of the NIH/National Insti-
tute of Allergy and Infectious Diseases (NIAID)-sponsored influ-
enza virus genome sequencing project (http://gsc.jcvi.org/projects
/msc/influenza/). The major difficulty in high-throughput
sequencing for genetically diverse IBVs that continually evolve
(i.e., for which oligonucleotide primers need to be continually
modified) is the absence of a universal, efficient, robust, and eco-
nomical method to convert the eight genomic RNA segments to
double-stranded DNA (dsDNA) in a single reaction vessel. To
address this problem, we developed new IBV genomic amplifica-
tion (IBV-GA) strategies (IBV-GA/GA1/GA2), which enable se-
quencing via all next-generation sequencing (NGS) platforms.
The IBV-GA approaches developed are also ideally suited for ad-
vanced genome-based diagnostics (e.g., pyrosequencing to iden-
tify Tamiflu resistance) that are being developed for use in person-
alized medicine and for the nimble generation of recombinant
viruses for vaccines or research.

This study demonstrates universal approaches for amplifying
complete segmented genomes of past, present, and future IBVs in
a single reaction vessel, irrespective of the virus strain. The opti-
mized technique (IBV-GA2) is robust enough for use on clinical
swab material, and it is scalable for use in high-throughput pro-
cessing. Finally, the IBV-GA/GA2 primers were also designed to
facilitate cloning of the IBV genomic segments into our custom-
ized reverse-genetics plasmids for virus rescue, which will acceler-
ate vaccine seed stock creation and basic research.

MATERIALS AND METHODS

Cells. Human embryonic kidney 293T (HEK-293T) cells were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS). Madin-Darby canine kidney
(MDCK) cells were maintained in minimum essential medium (MEM)
supplemented with 5% FBS.

Viruses and clinical specimens. IBV samples were received from dif-
ferentlaboratories in the United States and other countries for sequencing
at the J. Craig Venter Institute (JCVI) as part of the NIH/NIAID-spon-
sored Influenza Genome Sequencing Project (http://www.niaid.nih.gov
/labsandresources/resources/dmid/gsc/influenza/). The samples were
confirmed for the presence of IBVs with real-time reverse transcription-
PCR (RT-PCR) or other methods in collaborating labs before being sub-
mitted to the JCVI. The samples were received in various formats, includ-
ing (i) nasopharyngeal or oropharyngeal swab specimens collected from
patients, (ii) viruses propagated in MDCK or other cells, (iii) viruses
propagated in embryonated chicken eggs, and (iv) RNA isolated from
virus-containing samples.

Analysis of IBV termini and primer design. All of the IBV sequences
available in the major influenza virus databases (Influenza Research Da-
tabase [12], Influenza Virus Resource [13], and the EpiFlu database [14])
were downloaded and aligned using the MUSCLE program (15). Eight
sequence alignments were generated for each of the genomic RNA seg-
ments. Sequence logos based on the nucleotide frequencies at each posi-
tion were graphed for the 20 nucleotide positions at the 5" terminus and
the 20 nucleotide positions at the 3" terminus of each alignment using the
WebLogo application (Fig. 1) (16).

Primers were designed based on the consensus sequences of ter-
mini, with consideration of natural variations. Many different versions
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TABLE 1 Universal IBV-GA2 primer cocktail

Amt (pl) from

each 10pM

Primer Sequences” oligo
B-PBs-UniF 5'-GGGGGGAGCAGAAGCGGAGC-3' 100
B-PBs-UniR 5'-CCGGGTTATTAGTAGAAACACGAGC-3’ 100
B-PA-UniF 5'-GGGGGGAGCAGAAGCGGTGC-3' 50
B-PA-UniR 5'-CCGGGTTATTAGTAGAAACACGTGC-3’ 50
B-HANA-UniF  5'-GGGGGGAGCAGAAGCAGAGC-3' 100
B-HANA-UniR  5'-CCGGGTTATTAGTAGTAACAAGAGC-3' 100
B-NP-UniF 5'-GGGGGGAGCAGAAGCACAGC-3’ 60
B-NP-UniR 5'-CCGGGTTATTAGTAGAAACAACAGC-3' 60
B-M-Uni3F 5'-GGGGGGAGCAGAAGCACGCACTT-3' 30
B-Mg-Uni3F 5'-GGGGGGAGCAGAAGCAGGCACTT-3' 30
B-M-Uni3R 5'-CCGGGTTATTAGTAGAAACAACGCACTT-3" 60
B-NS-Uni3F 5'-GGGGGGAGCAGAAGCAGAGGATT-3' 50
B-NS-Uni3R 5'-CCGGGTTATTAGTAGTAACAAGAGGATT-3" 50
FluB universal Working stock (mix the primers above)” 840

primer cocktail

“ Underlined nucleotides correspond to IBV genome.
b Repeated freezing and thawing of the working stock decreases RT-PCR efficiency.

of primers were tested, including various 5’ tails, various lengths of
complementarity, and various ratios of each primer pair. The current
optimized versions of the IBV-GA primers and their concentrations
are shown in Table 1.

IBV genomic amplification and optimization. The majority of the
samples required RNA extraction at JCVI. RNA was isolated from 100 to
200 pl of culture supernatant, allantoic fluid, or clinical swab specimens
using the RNeasy minikit (Qiagen, Valencia, CA) or ZR-96 viral RNA kit
(Zymo Research, Irvine, CA). The RNA was eluted in 30 .l of RNase-free
water and served as a template for a one-step RT-PCR amplification of the
entire IBV genome in a single reaction.

In the optimization process, multiple primer sets were tested for their
ability to amplify the entire genome based on the conserved termini of
IBV viral RNA (VRNA), which form the promoter for the viral RNA poly-
merase. The initial IBV-GA primer set comprised three tailed primers that
were complementary or identical to the universally conserved 9 and 10
nucleotides (Uni9 and Unil0) at the termini of all IBV genomic RNA
segments. The primers (Uni9/FluBl [5'-TTGGGGGGGAGCAGAA
GC-3'], Unil0/FluBIT [5'-CGCCGGGTTATTAGTAGTAACA-3'], and
Unil0/FluB1A [5-CGCCGGGTTATTAGTAGAAACA-3']) were mixed
at a molar ratio of 2:1:1. The modified IBV-GA1 primer set utilizes four
tailed primers (Uni9/FluB1G [5'-GTCAGACTCAGTCAGCAGAAGCG-
3'], Uni9/FluBIA [5'-GTCAGACTCAGTCAGCAGAAGCA-3'], Unil0/
FluB1T, and Unil0/FluB1A) that were mixed at a molar ratio of 4:6:5:5.
The 5’ tails were all designed to increase the annealing temperature in the
PCR, and the 5’ tails used for the IBV-GA and IBV-GA2 (Table 1) reac-
tions are identical to the RNA polymerase I promoter or terminator se-
quences in the reverse-genetics plasmid to enable recombination-based
cloning.

The optimized final IBV-GA2 primer set and protocol were as follows:
3 pl of RNA and 2 pl of the IBV-GA2 universal primer cocktail (Table 1)
were used in a 25-pl reaction volume of the SuperScript III one-step
RT-PCR system with Platinum Tagq high fidelity DNA polymerase (Life
Technologies, Grand Island, NY) (Table 2). The temperature cycle pa-
rameters were 45°C for 60 min, 55°C for 30 min, 94°C for 2 min, and then
5 cycles of 94°C for 20 s, 40°C for 30 s, and 68°C for 3 min 30 s, followed by
40 cycles of 94°C for 20s, 58°C for 305, and 68°C for 3 min 30 s, with a final
extension at 68°C for 10 min.

Reverse-genetics plasmids for recombination-based cloning. The
pDZ bidirectional reverse-genetics plasmid (17) was linearized by the en-
donuclease Sapl, and oligonucleotides pDZ-A6-Adapt-F (5'-GGGAGCA
GAAGCTGCAGTTTCTACT-3') and pDZ-A6-Adapt-R (5'-ATTAGTA
GAAACTGCAGCTTCTGCT-3") were annealed and ligated into the
linearized pDZ plasmid to generate the plasmid pBZ66A12, resulting in a
22-bp stuffer between the RNA polymerase I promoter and terminator
(see Fig. 4A). To accommodate the A/U sequence variation at the sixth
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TABLE 2 Universal IBV-GA2 RT-PCR setup

Amt (pl)
Reagents” Per reaction Per 100 reactions
DEPC-treated ddH,O 7.0 700
2X RT-PCR buffer 12.5 1,250
IBV-GA primer cocktail 2.0 200
RT/HiFi enzyme mix 0.5 50
Viral RNA 3.0 Add individually

“ DEPC, diethyl pyrocarbonate; ddH,O, double-distilled water. Each aliquot contained
the four listed reagents at a total of 22 pl per reaction.

position in the 5 terminus of the vRNAs, the oligonucleotides pDZ-T6-
Adapt-F (5'-GGGAGCAGAAGCTGCAGTTACTACT-3") and pDZ-Té-
Adapt-R (5'-ATTAGTAGTAACTGCAGCTTCTGCT-3") were annealed
and ligated into the pDZ to generate pBZ66A13. These modifications
create a cloning strategy that can be accomplished using commercially
available enzymes (e.g., In-Fusion) and short regions (15 to 19 nucleo-
tides) of identity between the new reverse-genetics plasmids and IBV
genomic amplicons (see Fig. 4A).

Nucleotide sequencing, assembly, and deposition. The products of
the various IBV-GA amplicons were successfully sequenced using the Ton
Torrent PGM (Life technologies), HiSeq 2000 and MiSeq (Illumina), and
454 (Roche) platforms. The majority of the genomes were sequenced
using the Ion Torrent PGM and/or MiSeq platforms. For the Ion Torrent
PGM, IBV-GA amplicons were sheared for 15 min, and Ion Torrent-
compatible bar-coded adapters were ligated to the sheared DNA using the
Ton Xpress Plus fragment library kit (Life Technologies). The bar-coded
libraries were pooled and purified with AMPure XP reagent (Agencourt).
Quantitative PCR was performed on the pooled bar-coded libraries to
assess the quality and to determine the template dilution factor for emul-
sion PCR. The pool was diluted appropriately and amplified on Ion
Sphere particles (ISPs) using the Ion OneTouch instrument (Life Tech-
nologies). The pool of viral libraries was enriched for template-positive
ISPs on the Ion OneTouch ES instrument (Life Technologies). Sequenc-
ing was performed on the Ion Torrent PGM using Ion 316/318 chips.

For MiSeq, the IBV-GA products served as a template for Nextera
(IMlumina) library construction. Briefly, 25 ng of DNA amplicons was
tagmented at 55°C for 5 min. The tagmented DNA was cleaned with the
ZR-96 DNA Clean & Concentrator kit (Zymo Research) and eluted in 25
pl resuspension buffer. Illumina sequencing adapters and barcodes were
added to the tagmented DNA via PCR amplification. Two-and-a-half
microliters of each index primer from the Nextera Index kit (Illumina)
was used in each PCR (total volume, 35 wl). Thermal cycling was per-
formed per the Nextera protocol to create a dual indexed library for each
sample. After PCR amplification, 10 pl of each library was pooled into a
1.5-ml tube, and the pool was cleaned two times with AMPure XP reagent
(Agencourt), 1.2 times the final volume, to remove all leftover primers
and small DNA fragments. The purified pool was sequenced on the Illu-
mina MiSeq version 2 instrument, with 250-bp paired-end reads.

The sequence reads from the NGS platforms were sorted by barcode,
trimmed, and de novo assembled using the CLC bio clc_novo_assemble
program, and the resulting contigs were searched against custom full-
length IBV nucleotide databases to find the closest reference sequence for
each segment. All sequence reads were then mapped to the selected refer-
ence segments using the CLC bio clc_ref assemble_long program. At loci
where both Ion Torrent and Illumina sequence data agreed on a variation
(compared against the reference sequence), the reference sequence was
updated to reflect the difference. A final mapping of all NGS reads to the
updated reference sequences was performed with the CLC bio clc_ref_as-
semble_long program.

The genomic sequences of >1,000 IBVs have been deposited in the
GenBank database (see Table S1 in the supplemental material), following
the NIAID/Division of Microbiology and Infectious Diseases (DMID)
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Data Sharing and Release Guidelines (http://www.niaid.nih.gov/LabsAnd
Resources/resources/dmid/gsc/pages/data.aspx). Phylogenetic analysis is
being conducted to gain insight into the evolution of IBV (D. Vi-
jaykrishna, E. Holmes, U. Joseph, M. Fourment, Y. Su, R. Halpin, R. Lee,
Y. Deng, V. Gunalan, X. Lin, T. Stockwell, N. Fedorova, B. Zhou, N.
Spirason, D. Kuhnert, V. Boskova, T. Stadler, A. Costa, E. Dwyer, Q.
Huang, L. Jennings, W. Rawlinson, S. Sullivan, A. Hurt, S. Maurer-Stroh,
D. Wentworth, G. Smith, and I. Barr, unpublished data).

Cloning of genomic amplicons into reverse-genetics plasmids. The
recombination-based In-Fusion cloning strategy (18, 19) was used for
rapid cloning of the IBV-GA products. The IBV-GA2 amplicons were
purified with QIAquick PCR purification kit (Qiagen) and analyzed by
agarose gel electrophoresis. Purified amplicons (200 to 400 ng) were
mixed with 100 ng of Pstl-linearized pBZ66A12 or pBZ66A13 plasmids
and incubated in 10 pl In-Fusion mix (In-Fusion HD cloning system;
Clontech, Mountain View, CA) at 50°C for 15 min. The mixtures were
incubated on ice for 5 min, and 3 pl was used to transform Stellar com-
petent cells (Clontech). The colonies were screened by PCR, and clones
representing each VRNA segment were purified and sequenced.

Rescue of IBVs. Recombinant IBVs were generated by cotransfection
of eight reverse-genetics plasmids carrying the cDNA of each gene seg-
ment into a 293T/MDCK coculture monolayer, as previously described
(20-22). Briefly, 0.6 p.g of each plasmid was mixed and incubated with 15
plof TransIT-LT1 transfection reagent (Mirus Bio, Madison, WI) at 20°C
for 20 min and then added to 80% confluent 293T/MDCK cell cocultures
in 6-well plates. The transfection plates were incubated at 33°C with 5%
CO, for 12 to ~24 h, at which time the culture supernatant was replaced
with 3 ml of Opti-MEM I medium (Life Technologies) supplemented
with 0.3% bovine serum albumin (BSA) fraction V (Life Technologies), 3
pg/ml N-tosyl-L-phenylalanine chloromethyl ketone (TPCK)-trypsin
(Worthington, Lakewood, NJ), and 1% antibiotic-antimycotic (Life
Technologies). Three days posttransfection, the supernatant was collected
and virus was propagated in MDCK cells at 33°C.

RESULTS

Terminal sequences of IBVs are conserved for each segment.
The 5" and 3’ termini of IBV RNA segments are short conserved
complementary regions that form the promoter for the IBV RNA-
dependent RNA polymerase. The sequences for each segment
were aligned separately using MUSCLE, and conservation of the
terminal nucleotides was visualized by creating sequence logos
based on the relative frequency of each nucleotide at a specific

PB1 5-fGM G- ----- M-
PB2. 5 [{UMEAETTT- - ---- WA
PA 5| CRMCGTGTT- - - - - - WA TTIONT -3
HA 5" KU TRAWTT(- - - - - - MATCUTTTAT-3
NP 5" EUAURAUTT- - - - - MATTTTTIONT-3
NA - - EEONTT- - - - - - MATCTTATL-=
M s KU - - - - - MTGTITNT-3°
Ns 5 JUMHAATTT - --- - MATICTTTACT-3

FIG 1 Conserved terminal sequences in the genome of IBVs. All the publicly
available sequences (in cDNA sense) of IBVs were aligned for each gene seg-
ment. Nucleotides at the 20 terminal positions at each end of each segment
were illustrated based on their relative frequencies at a specific position using
the WebLogo application (16).
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FIG 2 Efficiency of different primer sets in the amplification of IBV genome. The results of the three most efficient primer sets representing the three main stages
of the development of the IBV genomic amplification technology are shown after agarose gel electrophoresis. RNA was extracted from 100 pul of 10° TCID,o/ml
of the B/Brisbane/60-10/2010 virus, eluted in 30 pl of nuclease-free water, and diluted in 1:10 series; 3 .l was used as a template for each RT-PCR. The equivalent
amount of virus (TCIDs,) used in each RT-PCR is shown at the top of each lane. L, 1-kb Plus ladder (Life Technologies); N, negative control (no template). (A)
IBV-GA. Three primers (Uni9/FluB1, Unil0/FluB1T, and Uni10/FluB1A) amplified the genome in the range of 10° to 10" TCID;/reaction. (B) IBV-GA2. Four
primers (Uni9/FluB1G, Uni9/FluB1A, Unil0/FluB1T, and Unil0/FluB1A) amplified the genome in the range of 10° to 10° TCIDs/reaction. (C) Segment-
specific. Selected primer sets amplified different groups of genomic segments efficiently using 10 TCID;,/reaction. Lanes, left to right: PB1/2-, PA-, HA/NA-, NP-,
M-, and NS-specific primers (Table 1) were used. (D) IBV-GA2. Universal primer cocktail comprising the segment-specific primers used to amplify the genome

in the range of 10° to 10° TCIDs,/reaction.

position (15, 16) (Fig. 1). All the sequences are shown as cDNA
(database default format), which is complementary to the nega-
tive-sense VRNA. The 9 nucleotides at the 5’ end (5'-AGCAGAA
GC-3’) and the 10 nucleotides at the 3 end (5'-TGTTTCTAC
T-3" or 5'-TGTTACTACT-3") of the cDNA sense genome are
conserved, with the exception of position 6 (A/T) from the 3’
terminus. Additional noncoding regions that juxtapose the uni-
versal termini are conserved in a segment-specific pattern (Fig. 1).
There are some variations in the conserved termini of some seg-
ments in the database (Fig. 1). However, many of these appear to
be sequencing artifacts, including the primers used for the RT-
PCR steps prior to sequencing in the data deposited in the se-
quence databases.

Universal primer sets amplify IBV genome with high flexi-
bility (IBV-GA/GA1l). We designed tailed primers that were
complementary or identical to the universally conserved 9 and
10 nucleotides (Uni9 and Unil0) at the termini of all IBV
genomic RNA segments. Primers with various tails at the 5’
ends (to increase the primer annealing temperature in PCR)
were tested, and the set with the best sensitivity and specificity
was the IBV-GA set comprising the three primers Uni9/FluBI,
UnilO/FluB1T, and Unil0/FluB1A. The IBV-GA primer set
amplified the full genome of various IBVs, albeit with moderate
sensitivity (limit of detection, 10° to 10* 50% tissue culture
infective dose [TCID,,]/RT-PCR) (Fig. 2A). Thus, although
this primer set can efficiently amplify the genomes of isolates
from cell cultures or embryonated chicken eggs, it was not
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robust enough to routinely amplify the viral genomes from
clinical swab specimens that often contain a lower virus load
and many nonviral nucleic acids (data not shown).

The IBV-GAL1 strategy was developed to increase the sensitivity
and specificity, and to provide superior control of the ratio of each
segment in the multisegment RT-PCR. For this system, an extra
nucleotide (G or A) was extended from the 3’ end of the Uni9/
FluB1 primer, resulting in two primers (Uni9/FluB1G and Uni9/
FluB1A) complementary to the 10 nucleotides at the VRNA 3’
terminus (5" of cDNA). Based on the sequence alignment (Fig. 1),
the Uni9/FluB1G primer is complementary to the polymerase
vRNAs (polymerase basic protein 1 [PB1], polymerase basic pro-
tein 2 [PB2], and polymerase acidic protein [PA]), and the Uni9/
FluB1A primer is complementary to the other five vVRNAs (hem-
agglutinin [HA], nucleoprotein [NP], neuraminidase [NA],
matrix protein [M], and nonstructural protein [NS]). By adjust-
ing the ratios of the two Uni9/FluB1G and Uni9/FluB1A primers
and the two Unil0/FluB1T and Unil0/FluB1A primers, the rela-
tive abundances of the various segments can be controlled. More-
over, the sensitivity for the genomic amplification increased by
10-fold for most of the viruses tested (limit of detection, 10 to 10°
TCID;,/RT-PCR) (Fig. 2B and data not shown). Although the
IBV-GAL set reduced the amplification of NS and M, the ampli-
cons showed a better representation of the larger gene segments.
This IBV-GAL1 technology functioned to an acceptable level for
many samples; however, it had high failure rate for samples con-
taining <10° infectious units (data not shown).

jcm.asm.org 1333


http://jcm.asm.org

Zhou et al.

Optimized universal IBV genomic amplification (IBV-GA2)
technology efficiently amplifies genomes of any strain of IBVs
from various sources. To further increase the sensitivity and max-
imize the flexibility of the genomic amplification technique, the
universal primer set was redesigned to add conserved segment-
specific nucleotides to their 3" ends. This generated a primer cock-
tail (Table 1), which is a combination of 6 segment-specific primer
pairs that amplify 8 IBV gene segments in a single reaction, re-
ferred to as IBV-GA2. The 6 primer pairs were designed to amplify
(i) PB1 or PB2, (ii) PA, (iii) HA or NA, (iv) NP, (v) M, and (vi) NS
(Table 1). Using the universal optimized RT-PCR cycling param-
eters, each segment-specific primer pair robustly amplified the
corresponding segment(s) with very high sensitivity (10 TCID5,/
RT-PCR) (Fig. 2C). The IBV-GA2 technique amplified the com-
plete genome of IBVs in a wide range of virus concentrations (10
to 10° TCID5,/RT-PCR) (Fig. 2D). To test the universality of the
IBV-GA2 strategy, we applied it to many historic strains and con-
temporary field isolates and demonstrated that the technology was
robust enough to amplify the genome of extremely diverse IBVs
(Fig. 3A). The strains analyzed a span of >70 years from the first
isolate in 1940 to a recent isolate in 2011, and they constituted
various lineages and clades from various continents that were
propagated using different substrates (cells or eggs) (Fig. 3A).

In collaboration with multiple laboratories throughout the
world, the IBV-GA2 technology was applied to amplify the ge-
nomes of >1,000 contemporary IBVs. Those samples are different
not only in their lineages and originating locations but also in the
methods used for specimen collection and virus isolation. Conse-
quently, successful genomic amplification of those samples indi-
cates that this strategy is robust enough to amplify any contem-
porary IBV. The IBV-GA1/GA2 products were successfully
sequenced with various sequencing technologies, including
Sanger sequencing and NGS, such as Illumina HiSeq 2000 and
MiSeq platforms, Life Technologies Ion Torrent PGM, and Roche
454 pyrosequencing. Furthermore, the termini of the primers
need only slight modifications to support direct sequencing via
the Pacific Biosciences SMRT sequencing system. The universal
and robust nature of the IBV-GA2 technique was also demon-
strated by our recent deposition of >1,000 IBV genomes in
GenBank (see Table S1 in the supplemental material).

Generation of recombinant IBVs from genomic amplicons
using recombination-based cloning strategy. The generation of
recombinant IBVs is critical for basic research and is increasingly
important in vaccine seed stock generation. Reverse-genetics sys-
tems for IBVs were developed by several groups (23-27) a few
years after the development of reverse-genetics systems for [AVs.
However, all of these systems rely on type IIS endonuclease (e.g.,
BsmBI and Sapl) digestion of the reverse-genetics plasmid and the
generation of specific RT-PCR amplicons containing correspond-
ing restriction sites, which are ligated to the linearized plasmid
after restriction digestion. This is a cumbersome approach for
generating a genomic set of 8 reverse-genetic clones. Additionally,
difficulties arise when the viral genes contain restriction sites (e.g.,
BsmBI) that the reverse-genetics plasmid employs. In contrast, the
DNA generated by the IBV-GA strategies described can be effi-
ciently cloned into our new recombination-based IBV reverse-
genetics plasmids (pBZ66A12, pBZ66A13), regardless of the se-
quence of the virus. To create these plasmids, a bidirectional
reverse-genetics plasmid, pDZ (17), was modified by inserting a
22-bp linker to introduce an In-Fusion cloning site between the
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FIG 3 Universal IBV genomic amplification technology (IBV-GA2) amplifies
genome of any IBV strain. L, 1-kb Plus ladder (Life Technologies). (A) Illus-
trates IBV genomes amplified from viruses isolated on different continents
from 1940 to 2011. Lane 1, B/Lee/1940; lane 2, B/Russia/1969; lane 3, B/Hong
Kong/5/1972; lane 4, B/Panama/45/1990; lane 5, B/Malaysia/11185/1996; lane
6, B/Victoria/143/2002; lane 7, B/England/145/2008; lane 8, B/Wisconsin/01/
2010; lane 9, B/Hong Kong/259/2010; lane 10, B/Victoria/804/2011. IBVs in
lanes 4 to 8 belong to the Yamagata lineage and viruses in lanes 9 and 10 belong
to the Victoria lineage. (B) Representative example of the amplification of
genomes from contemporary viruses isolated/cultured in Australia in 2011.
(C) Representative example of the IBV-GA2 amplification of viral genomes
directly from human swab specimens collected in the United States during the
years of 2001 to 2006.

existing RNA polymerase I promoter and terminator, creating
pBZ66A12 (Fig. 4A). To account for the A/U sequence variation at
the sixth position of the vVRNA 5’ terminal promoter element (T/A
sixth from 3’ terminus of the cDNA) of the HA, NA, and NS
segments (Fig. 1), pPBZ66A13 was also generated.

Amplicons of each of the eight vVRNA segments are flanked by
the tails in IBV-GA/IBV-GA2 primers (see Materials and Meth-
ods; Table 1) that are identical to the RNA polymerase I promoter
or terminator used in the reverse-genetics plasmid; thus, they can
be cloned separately or simultaneously into our Pstl-linearized
plasmids (e.g., pPBZ66A12) in a single reaction using In-Fusion
cloning and other ligase-independent methods. In addition, the
segment-specific primers used in the IBV-GA2 universal primer
cocktail (Table 1) allow specific genes (such as HA and NA) to be
amplified (Fig. 2C) and cloned separately, eliminating the need to
screen against all eight segments when only HA and NA are re-
quired (e.g., vaccine reassortants).
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FIG 4 Recombination-based cloning of IBV genomic amplicons into reverse-genetics plasmids and the plaque phenotypes of rescued viruses. (A) Schematic
diagram of the procedure used to clone genomic amplicons into the IBV recombination-based reverse-genetics plasmid pBZ66A12. To generate the reverse-
genetics plasmid, a 22-bp fragment containing 9 bp that correspond to the 5’'-termini of all vRNAs, followed by 4 bp (shown in italics) to create a Pstl site,
followed by 9 bp that correspond to the 3’-termini of all IBV vVRNAs, was inserted between an RNA polymerase I promoter (pPoll) and terminator (Pol I-T). The
genomic amplicons (1 segment shown) contain dsDNA copies of VRNA segments flanked by 10 (5") or six (3") bp that are derived from the 5’ tails incorporated
into the primers (see examples in Table 1). The conserved Unil0 and Uni9 regions are shown in bold type. The genomic amplicons and PstI-linearized plasmid
are mixed and treated with In-Fusion enzyme(s), and exonuclease activity exposes the complementary nucleotides at the termini leading to annealing and
recombination (underlined nucleotides are part of the primer sequences used in the genomic amplification). (B) Plaque phenotypes of wtB/Russia/69 (left) and
rB/Russia/69 (right). (C) Plaque phenotypes of wtB/Brisbane/60-10/2010 (left) and rB/Brisbane/60-10/2010 (right).

The genomic amplicons of a lab-adapted B/Russia/69-like vi-
rus and the recent isolate B/Brisbane/60-10/2010 virus were
cloned into our recombination-based plasmids using the In-Fu-
sion HD cloning system. Clones containing PB1, PB2, PA, NP,
and M segments were selected from the pBZ66A12 plasmid, and
clones containing HA, NA, and NS segments were selected from
the pBZ66A13 plasmid. Sequence-verified plasmids were cotrans-
fected into cocultured 293T/MDCK cells, and the IBVs were res-
cued successfully. The rescued recombinant viruses (rB/Russia/69
and rB/Brisbane/60-10/2010) were compared to the wild-type iso-
lates (wtB/Russia/69 and wtB/Brisbane/60-10/2010). For both
strains, the recombinant viruses replicated to similar titers (data
not shown) and formed similar sized plaques as those of their
wild-type counterparts (Fig. 4B and C).

DISCUSSION

Using IBV-GA1/GA2, we successfully amplified and sequenced
the genomes of >1,000 IBVs collected over 70 years and from
many geographic locations. Amplifying/enriching the viral ge-
nome(s) present in samples is needed in order to sequence hun-
dreds of viral genomes simultaneously and efficiently using high-
throughput NGS. Prior to the IBV-GA approaches described here,
IBV samples were subjected to many RT-PCRs with sequence-
specific primers to convert the IBV genomic RNA into overlap-
ping DNA amplicons, and some of the reactions failed due to
mismatches between the predesigned primers and the highly vari-
able viral genome. Combining universal IBV-GA2 with NGS cre-
ates a sequencing pipeline that is truly IBV sequence independent
(i.e., no genomic information is needed a priori). This system
has allowed us to double the number of genomes available in
GenBank in a short period of time (Fig. 5). We previously devel-
oped a similar system for influenza A virus, which we called multi-
segment RT-PCR (M-RTPCR) (19), and this dramatically re-
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duced costs and increased our throughput (Fig. 5). The IBV-GA2
primer cocktail (composed of multiple segment-specific primers)
has very high sensitivity (1 to 10 TCIDs/reaction) and efficiently
amplifies IBV from clinical swab specimens without the need for
virus isolation or culture. This is important because influenza vi-
rus RNA polymerase is error prone, and the viruses in an individ-
ual exist as a population of genomes (i.e., quasispecies). Labora-
tory culture conditions used to isolate a virus from a swab
specimen often rapidly select for mutants, which are not represen-
tative of the original swab material. Therefore, amplification di-
rectly from the swab material is critical for an analysis of single
nucleotide polymorphisms via deep NGS, accurate antigenic pre-
diction, and the determination of antiviral resistance.

The primer pairs in the IBV-GA2 cocktail (Table 1) are flexible
and can also be used separately to amplify genes of specific inter-
est, such as the HA and NA segments (Fig. 2C). This type of ap-
proach facilitates NGS that focuses on antigenic variation and/or
drug resistance. For example, the density of viruses analyzed per
NGS run might be increased considerably (e.g., 1 lane of MiSeq is
needed to sequence ~93 IBV genomes or ~420 HA/NA pairs with
an average of 200X sequencing coverage). Furthermore, the
IBV-GA2 primer pairs (Table 1) in various combinations are
ideal for advanced sequence-based diagnostics that are moving
into the clinical diagnostic setting. For example, IBV genomic
amplicons or specific segments can be rapidly interrogated to
simultaneously identify lineage, strain, specific antigenic
epitopes, antiviral susceptibility/resistance signatures, and/or
pathogenic determinants.

The IBV-GA and IBV-GAL strategies, which can be used to
amplify the IBV genomes from samples with higher titers, facili-
tate the sequencing of additional nucleotides in the untranslated
regions (UTRs). The advantage of IBV-GA/GAL strategies is that
they generate sequence information corresponding to the nearly
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FIG 5 Complete influenza A and B virus genomes deposited in GenBank through the Influenza Genome Sequencing Project. Graph illustrates the number of
full-length influenza A virus (IAV) (blue line) or influenza B virus (IBV) (red line) deposited in GenBank by the NIH/NIAID-sponsored Influenza Genome
Sequencing Project since its initiation in 2005. Arrows indicate the initiation of universal genomic amplification procedures for influenza A virus (M-RTPCR)

(19) or the influenza B virus (IBV-GA, IBV-GA2).

complete VRNA segment (i.e., very few nucleotides [9 or 10] are
incorporated by the primers in a highly conserved region), which
is important because the UTRs of influenza virus vRNAs play
critical roles in mRNA transcription, vRNA replication, and vi-
rion morphogenesis. Thus, it is desirable to determine noncon-
served UTR sequences without the need to perform additional
techniques, such as rapid amplification of cDNA ends or RNA
ligation RT-PCR (28, 29).

The amplicons generated from the IVB-GA reactions are effi-
ciently cloned into our modified reverse-genetics plasmids using
recombination-based strategies, without the use of restriction en-
zymes and ligases that are employed by current strategies. By com-
bining the IBV-GA technique and recombination-based cloning
technique, any IBVs can be cloned into reverse-genetics plasmids
and rapidly rescued. We previously developed a similar strategy to
rescue recombinant IAVs directly from a swab in 10 to 12 days
(19), and it dramatically improved our ability to rescue recombi-
nant viruses and engineer vaccines (19-22).

In conclusion, we developed and employed single-reaction
universal IBV genomic amplification techniques for NGS and re-
combinant virus production. The strategy reduces costs, saves
time, and conserves original samples while retaining high sensi-
tivity and versatility. Seamless integration of this technology with
NGS and recombination-based reverse-genetics plasmids proved
its wide application and potential to have a significant impact on
IBV research and vaccine production.
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