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The emergence and rapid spread of the 2009 HIN1 pandemic influenza virus showed that many diagnostic

tests were unsuitable for detecting the novel virus isolates. In most countries the probe-based TagMan assay
developed by the U.S. Centers for Disease Control and Prevention was used for diagnostic purposes. The
substantial sequence data that became available during the course of the pandemic created the opportunity to
utilize bioinformatics tools to evaluate the unique sequence properties of this virus for the development of
diagnostic tests. We used a comprehensive computational approach to examine conserved 2009 HIN1 sequence
signatures that are at least 20 nucleotides long and contain at least two mismatches compared to any other
known HIN1 genome. We found that the hemagglutinin (HA) and neuraminidase (NA) genes contained
sequence signatures that are highly conserved among 2009 HIN1 isolates. Based on the NA gene signatures,
we used Visual-OMP to design primers with optimal hybridization affinity and we used ThermoBLAST to
minimize amplification artifacts. This procedure resulted in a highly sensitive and discriminatory 2009 H1N1
detection assay. Importantly, we found that the primer set can be used reliably in both a conventional TagMan
and a SYBR green reverse transcriptase (RT)-PCR assay with no loss of specificity or sensitivity. We validated
the diagnostic accuracy of the NA SYBR green assay with 125 clinical specimens obtained between May and
August 2009 in Chile, and we showed diagnostic efficacy comparable to the CDC assay. Our approach
highlights the use of systematic computational approaches to develop robust diagnostic tests during a viral

pandemic.

The emergence of a novel strain of influenza virus circulat-
ing in humans was announced in April 2009 by the U.S. Cen-
ters for Disease Control and Prevention (CDC) (4). This novel
virus demonstrated an exceptionally rapid geographical spread
with sustained human-human transmission. This led the World
Health Organization (WHO) to declare this event the first
influenza virus pandemic of the 21st century on 11 June 2009.
Since the outbreak of the 2009 HIN1 pandemic, to date more
than 214 countries have reported laboratory-confirmed human
cases, including at least 18,449 deaths worldwide (http://www
.who.int/csr/don/2010_08_06/en/index.html). Currently, the
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2009 HINI1 pandemic strain continues to be the dominant
influenza A virus in circulation around the world, with sporadic
detection of the previous seasonal HIN1 and H3N2 influenza
A viruses. Most healthy individuals infected with the pandemic
HINT virus develop an uncomplicated influenza-like illness,
with full recovery within a week, even in the absence of medical
treatment. However, high infection rates have been seen in the
younger population (<35 years of age) (3, 5, 7), and recently
the CDC estimated that in the United States alone, the 2009
HIN1 influenza virus has infected between 43 and 89 million
people, resulting in an estimated 195,000 to 403,000 hospital-
izations and 8,870 to ~18,300 deaths (http://www.cdc.gov
/hinlflu/pdf/graph_April%202010N.pdf). Thus, early detec-
tion of the virus in humans during disease onset has proven
crucial in many cases, due to the increased pathogenesis ob-
served in the young and in a portion of the population infected
with the pandemic strain (6, 20).

Although several assays for the detection and diagnosis of
influenza virus exist, many of the established diagnostic tests at
the time of the emergence of the 2009 HIN1 virus were un-
suitable for properly characterizing the pandemic strain (2, 10,
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TABLE 1. Influenza virus A, B, and C genomic sequences detected per segment used in sequence analysis

No. of sequences detected for the indicated segment®

Virus type
1 2 3 4 5 6 7 8 Total
A 6,724 6,732 6,705 10,744 6,967 10,449 8,610 7,908 64,839
B 371 369 372 2,739 389 1,071 395 499 6,205
C 90 88 88 138 87 108 123 0 722
Total 7,185 7,189 7,165 13,621 7,443 11,628 9,128 8,407 71,766

“ Sequence and segment information was downloaded from GenBank on 20 July 2009.

21). The novel sequence identity of the 2009 HIN1 virus ren-
dered the established quantitative reverse transcriptase PCR
(qRT-PCR) assays for the seasonal strain inadequate for sub-
typing the novel strain (21). In addition, the more generic but
less sensitive assays based on antigen detection performed
poorly overall (9, 12, 13). The rapid spread of the virus, and the
lack of a specific assay for detecting it, vastly challenged the
ability of clinical laboratories around the world to diagnose it.
This led to the rapid development of a fluorescent probe-based
assay by the CDC that was made available to public health
laboratories and distributed to other national laboratories
worldwide within weeks of the outbreak (7). Similarly, a num-
ber of researchers and companies in diverse parts of the world
also developed real-time assays (16, 22). Nevertheless, as se-
quences of the novel strain began to arise, a number of mis-
matches began to appear that rendered some of these assays
less sensitive for human diagnosis (8, 14).

The unprecedented mass sequence analysis of the pandemic
virus genomes from laboratories around the world provided
early and precise information of the genotypic characteristics
of this new virus and permitted a rapid evaluation of the
pathogenic potential of this novel strain (23). Nevertheless,
although several full genome sequences were available within a
month of the outbreak, a systematic and extensive analysis of
the sequence variability for development of a robust diagnostic
assay has not been done. The immense amount of sequence
data available to date offers the unique opportunity to exploit
computational tools to evaluate the unique sequence proper-
ties of this virus and their potential use for the development of
diagnostic tests for the pandemic 2009 HIN1 virus, as well as
establishing specific bioinformatics tools for improving current
assays and the rapid development of future diagnostic tests.

Using a comprehensive bioinformatics approach, we sought
to identify unique signature sequence islands conserved across
2009 HINT1 sequences obtained early during the pandemic (as
of July 2009) and to evaluate whether such signature sequences
could be used to design highly specific gene-specific primers to
diagnose the pandemic 2009 HIN1 virus. To validate our ap-
proach, we assessed the specificity and accuracy of a TagMan
and a SYBR green-based qRT-PCR assay to distinguish the
pandemic 2009 HINT1 influenza virus from any other influenza
virus strain and compared it to other available assays. Finally,
we evaluated the accuracy and robustness the SYBR green
assay for use as a diagnostic tool by utilizing 2009 HIN1 human
clinical samples obtained during the pandemic outbreak in
Chile.

MATERIALS AND METHODS

Viral sequence collection. All influenza virus genomic sequences, including
types A, B, and C, that were available as of 20 July 2009 were downloaded from
GenBank (Table 1). For clarity and ease in subsequent analyses, the type A
influenza virus sequences were grouped into subgroups based on known sero-
types (Table 2). To confirm that the signature sequences identified using the 20
July 2009 data collection were still conserved, we extended the collection to all
influenza virus genomic sequences available from GenBank as of 30 April 2010.
In addition, to avoid misidentifying non-flu virus sequences during the data
analysis, an additional 23 sequences of viruses that produce symptoms similar to
those of influenza virus infections and that were available on 20 July 2009 were
also added to our sequence database (Table 3).

Design approach and bioinformatics analysis. Target sequences were defined
as the set of sequences of interest (i.e., the 2009 pandemic HINTI isolates). In
contrast, background sequences were defined as all other sequences in the
collection that are not part of the target set (including seasonal HIN1 variants
from previous years and other influenza virus strains). Table 4 shows the original
list of sequences (downloaded on 20 July 2009) used as a target or background
in each case. The analysis was revalidated with an updated list of sequences used
as a target or background downloaded on 30 April 2010. All computational

TABLE 2. Influenza type A sequences used in the sequence analysis

No. of sequences used for the indicated segment”

Virus
1 2 3 4 5 6 7 8 Total
HINT1 (old) 1,066 1,065 1,053 1,881 1,132 1,930 1,294 1,123 10,544
HIN1 (2009) 268 268 258 234 341 314 425 311 2,419
H3N2 1,989 2,000 1,971 3,019 2,136 3,373 2,675 2,169 19,332
H2N2 101 96 101 89 104 118 105 110 824
H5N1 1,211 1,183 1,223 2,192 1,259 1,766 1,437 1,493 11,764
Ho6N1 80 85 85 168 82 170 158 159 987
HIN2 262 257 263 775 321 687 679 672 3,916
Others 1,747 1,778 1,751 2,386 1,592 2,091 1,837 1,871 15,053
Total 6,724 6,732 6,705 10,744 6,967 10,449 8,610 7,908 64,839

¢ Influenza virus sequences were downloaded from GenBank on 20 July 2009 and are grouped by serotype for each segment.
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TABLE 3. Viruses presenting symptoms similar to influenza virus
symptoms that were used for background validation of
sequence signatures

GenBank accession no. Virus®
NC_001405 ..o Human adenovirus C
NC_001428 Human enterovirus C
NC_001430 Human enterovirus D
NC_001454 Human adenovirus F
NC_001460 Human adenovirus A
NC_001472 Human enterovirus B
NC_001490 ... ..Human rhinovirus B

NC_001612 ...
NC_001617 ...
NC_001781

..Human enterovirus A
..Human rhinovirus 89
Human respiratory syncytial virus

NC_001796 Human parainfluenza virus 3
NC_002645 Human coronavirus 229E
NC_003266 Human adenovirus E
NC_003443 Human parainfluenza virus 2
NC_003461 Human parainfluenza virus 1
NC_004148 ... ..Human metapneumovirus

NC_005147 ... ..Human coronavirus OC43
NC_005831 ... ..Human coronavirus NL63
NC_006577 Human coronavirus HKU1
NC_006879 Simian adenovirus 1
NC_009887 Human enterovirus 100
NC_010646 Coronavirus SW1
NC_011202 Human adenovirus B2

“ The viruses produce clinical symptoms that include influenza-like illness.

analyses were completed using a collection of in-house software developed at the
University of Houston Center for BioMedical and Environmental Genomics
(CBMEG) with the assistance of the publicly available BioEdit alignment soft-
ware (11) in both Windows and Linux environments. The identification of sig-
nature islands was completed using an SGI Altix 3700 cluster running SUSE
Linux Enterprise 10 with approximately 60 1.3-GHz Itanium2 processors and 512
GB RAM running as a single-system image. The first step used for finding
sequence signatures specific to the target, the 2009 HIN1 virus, was to identify all
regions of a given length (i.e., subsequences) that are conserved in the target set.
The second step was to check the conserved sequences to confirm that they are
not found in the background set, with the required number of mismatches (all
possible combinations of insertions, deletions, and substitutions for all possible
positions). We performed rigorous analysis of all signature sequences of lengths
ranging from 16 to 22 nucleotides. Generally, shorter lengths produce more
target signatures with fewer background mismatches, while longer lengths pro-
duce fewer target signatures with more mismatches in the background. The
results (not shown) indicated that a length of 20 nucleotides produced the
desired balance between the quantity and quality of signatures obtained with at
least two or more mismatches. Further analysis confirmed that only segment 4
and segment 6 were sufficient in this approach to design a signature specific to
the 2009 HIN1 pandemic influenza virus subtype (Table 5). Once the signature
sequences were identified, those that were next to each other were grouped into
signature islands extending beyond 20 nucleotides. A total of 42 islands were
identified in segments 4 and 6. These 42 islands were later revalidated using
additional influenza virus sequences (collected on 30 April 2010) to confirm that
they were still conserved across the set of target sequences and still composed of
sequences with two or more mismatches away from the background.
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TABLE 5. Sequence signatures identified for the HIN1 (2009)
primer design

No. of
unique
No. of No. of Sequencej Signature
Signature No. of  subsequences unique co;l:forvsse nucleotide
target sequences blind to blind =200 length
background  sequences - (min/max)
sequences
(potential
signatures)
2009 HIN1 234 234 73 14 20/38
segment 4
2009 HIN1 314 225 86 28 20/57
segment 6

Primer and probe design. The primers and fluorescent probe for the SYBR
green and TaqMan assays for the NA gene of 2009 HIN1 were designed using
Visual OMP and ThermoBLAST software (DNA Software Inc., Ann Arbor,
MI). We decided to focus our primer design on the longest signature sequence
islands (57 and 55 nucleotides long) found in the NA gene of segment 6, which
were identified using the bioinformatics approach outlined above. We selected
these long signature islands since they allow flexibility in choosing the length and
position of primer sequences. By chance, the two islands happen to be 49
nucleotides apart and thus are amenable to producing an appropriately sized
amplicon to allow for efficient amplification for real-time PCR using either
SYBR green or TagMan probe. Candidate primers and probes of various lengths
within the signature islands of the NA gene of 2009 HIN1 were automatically
generated by utilizing Visual OMP. Next, primer pairs were assembled from the
candidate lists for reverse and forward primers so that they matched in hybrid-
ization affinity to ensure efficient amplification of sense and antisense target
strands (18).

To ensure specificity, the best candidate primer and probe sets were then
scanned against a series of sequence databases using the ThermoBLAST algo-
rithm (18). ThermoBLAST also automatically identifies all potential false am-
plicons, which are a source of background and false-positive PCR assay results.
The first databases used by ThermoBLAST are listed in Tables 1 and 2. The
results were used to select the primer and probe set that was most specific and
only amplified 2009 HIN1. The ThermoBLAST experiments provided an addi-
tional check, ensuring compatibility with all the 314 original HIN1 2009 NA
genomes (Table 2) that were intended to be amplified by these primers. Lastly,
ThermoBLAST was also used to verify that the designed primers would not
produce false amplicons due to the genomes of 23 common respiratory tract flora
and pathogens (15) and 22 gut flora (Tables 6 and 7, respectively) and the human
genome, which would result in potential false-positive assay results or decreased
assay sensitivity due to the presence of background amplification.

Primer sequences for amplification of segment 7 corresponding to the M gene
were obtained from CDC through the WHO website (http:/www.who.int/csr
/resources/publications/swineflu/sequencing_primers/en/index.html). The primer
sequences were checked for consensus by alignment of all available HIN1 se-
quences in the GenBank database. The final set of primers and probes for all
assays are shown in Table 8.

Cell culture and virus strains. Virus stocks used for experiments were all
grown in Madin-Darby canine kidney (MDCK) cells that were maintained in
minimum essential medium supplemented with 10% fetal bovine serum (Hy-
Clone, Logan, UT) and penicillin-streptomycin (Cellgro, Manassas, VA). All
other reagents for cell culture were purchased from Gibco Life Technologies

TABLE 4. Sequences used as target or background for signature analysis

Signature target

Signature background

No. of sequences

No. of sequences

Virus (all segments) Virus sequences (all segments)
Previous HIN1¢ 10,544 Types A, B, and C and viral sequences (excluding previous HIN1) 61,245
2009 HIN1 2,419 Types A, B, and C and viral sequences (excluding 2009 HINT1) 69,370
H3N2 19,332 Types A, B, and C and viral sequences (excluding H3N2) 52,457

“ All other HIN1 sequences that are not 2009 HIN1, as obtained from GenBank on 20 July 2009.
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pathogens used in ThermoBLAST analysis to check primer
and probe sequence designs for hybridization that could
cause false-positive tests
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TABLE 7. Genome sequences for gut flora and pathogens used in
ThermoBLAST analysis to check primer and probe sequence
designs for hybridization that could cause
false-positive tests

GenBank accession no. Organism
NC_002929 ....Bordetella pertussis Tohama I
NC_011728 ....Borrelia burgdorferi ZS7

NZ_AACQ00000000....
NC_005043
NC_002935
NC_003454

....Candida albicans SC5314
....Chlamydia pneumoniae TW-183
....Corynebacterium diphtheriae NCTC 13129
...Fusobacterium nucleatum subsp.
nucleatum ATCC 25586
....Haemophilus influenzae PittGG
....Klebsiella pneumoniae 342
....Klebsiella pneumoniae MGH 78578
....Klebsiella pneumoniae NTUH-K2044
....Mycoplasma pneumoniae M129
....Mycobacterium tuberculosis H37Rv
....Neisseria meningitidis alphal4
...Streptococcus pyogenes MGAS10750
chromosome
....Pseudomonas aeruginosa PA7
...Staphylococcus aureus subsp. aureus JH1
...Staphylococcus aureus subsp. aureus Mu3
....Staphylococcus epidermidis ATCC 12228
...Streptococcus mitis B6
...Streptococcus mutans NN2025
...Streptococcus pneumoniae TIGR4
Streptococcus salivarius SK126
...Treponema vincentii ATCC 35580

NC_009567
NC_011283
NC_009648
NC 012731
NC_000912
NC_000962
NC_013016
NC_008024

NC_009656
NC_009632
NC_009782
NC_004461
NC_013853
NC_013928
NC_003028
NZ_ACLO00000000 .
NZ_ACYH00000000....

(Invitrogen, Carlsbad, CA). Viruses used in this study for testing assay specificity
and sensitivity consisted of the following old human seasonal and swine HIN1
influenza viruses, A/Swine/Iowa/30 (Sw/30), A/Puerto Rico/8/1934-MSSM
(PR8), A/Weiss/1943 (Wei/43), A/FLW/1952 (FLW/52), A/Denver/1957 (Den/
57), A/New Jersey/8/1976 (NJ/76), A/USSR/92/1977 (USSR/77), A/Findland/13/
1980 (Fin/80), A/Houston/20593/1984 (Hou/84), A/Colorado/1/1989 (Col/89),
A/Texas/36/1991 (Tx/91), A/New Caledonia/20/1999 (NewCal/99), A/Brisbane/59/
2007 (Bris/59/07), and three pandemic 2009 HIN1 influenza viruses, A/Mexico/4108/
2009 (Mex/09), A/California/04/2009 (Cal/09), distributed by the U.S. CDC as ref-
erence isolate, and the A/Netherlands/602/2009 (Neth/09) virus, which was used as a
European reference isolate. A/Northern Territory/60/1968 (NT/68) and A/
Brisbane/10/2007 (Bris/10/07) were used as H3N2 controls. All experiments
involving in vitro work with live 2009 HINI viruses were conducted under
biosafety level 2 (BSL-2) with BSL-3 practices, in accordance with the guidelines
of the Centers for Disease Control and Prevention.

Human clinical specimens. Primary human samples were obtained from 125
subjects that presented with influenza-like illness to the Pontificia Universidad
Catolica de Chile Hospital between 26 May and 3 August 2009 and from whom
specimens were collected through nasopharyngeal swabs or tracheal aspirates.
Both types of samples were resuspended in 1 to 2 ml of viral transport media
(VIM; 7.5% sucrose, 0.05% potassium acid phosphate, 0.12% sodium acid
phosphate, 0.07% glutamic acid, 0.05% bovine serum albumin, and 50 pg/ml
gentamicin) and stored 24 h at 4°C before being further processed. This retro-
spective study included 117 samples that tested positive for influenza virus A,
based on the LightMix Kit influenza A virus M2 assay, and were randomly
selected from an anonymous repository at Laboratorio de Infectologia y
Virologia Molecular at Pontificia Universidad Catélica de Chile, without any bias
regarding age or gender of the donor. Of these 117 samples, 21 samples tested
negative for the 2009 HINT virus using the LightMix kit Inf A Swine HI kit
(Roche, Santiago, Chile). Additionally, eight samples, from the same repository,
that tested negative by both of these assays were also included as negative
controls. The limit of detection for these assays was set to cycle 35 (~10° copies
of influenza A virus M2 ¢cDNA, provided in the LightMix kit), based on the
manufacturer’s protocol and on empirical tests conducted at the Laboratorio de
Infectologia y Virologia Molecular at Pontificia Universidad Catdlica de Chile.

RNA extraction from human samples, laboratory influenza virus isolates, and
standard curve samples. Viral RNA present in 200 pl of the respiratory human
samples above was extracted with the High Pure viral nucleic acid kit (Roche,
Santiago, Chile) according to the manufacturer’s instructions. We prepared

GenBank

; Organism
accession no.
NC 003228 .............Bacteroides fragilis NCTC 9343
NC_004663 ... Bacteroides thetaiotaomicron VPI-5482
NC_009614 ... Bacteroides vulgatus
NC_008618 ... Bifidobacterium adolescentis ATCC 15703
NC 011835 ... Bifidobacterium animalis subsp. lactis AD011
NC_012814 .............Bifidobacterium animalis subsp. lactis Bl-04
NC_012815 .............Bifidobacterium animalis subsp. lactis DSM 10140
NC_004307 .............Bifidobacterium longum NCC2705
NC 010816 ............. Bifidobacterium longum DJO10A complete

genome

NC_008226 ... Clostridium difficile 630 plasmid pCD630
NC_013316 ... Clostridium difficile R20291
NC_009778 ... Cronobacter sakazakii ATCC BAA-894

chromosome
NC_009436 ............. Enterobacter sp. 638

NC_004668 .............Enterococcus faecalis V583

NC 012759 .............Escherichia coli BW2952

NC_006814 .............Lactobacillus acidophilus NCFM

NC 010999 ... Lactobacillus casei BL23

NC_010609 ... Lactobacillus reuteri JCM 1112

NC 010729 ... Porphyromonas gingivalis ATCC 33277

NC_010554 .............Proteus mirabilis H14320

NC_004631 ............. Salmonella enterica subsp. enterica serovar Typhi
strain Ty2

NC_002305 ........c..... Salmonella typhi (antibiotic resistance plasmid)

standard curve samples utilizing a negative swab suspended in 1 ml of phosphate-
buffered saline spiked with 1 X 107 PFU/ml of the Neth09 strain, which was then
serially diluted from 1 X 107 to 1 X 10' PFU/ml. Next, 280-pl aliquots of culture
supernatant containing viruses grown on MDCK cells or of diluted standard
curve samples were used to extract viral RNA by using the QIAamp viral RNA
extraction kit (Qiagen, Valencia, CA) following the instruction manual.

Conventional RT-PCR of the NA and M genes. One to 5 pl of viral RNA
extracted from culture supernatants with the QIAamp viral RNA extraction kit
was used in conventional RT-PCR assays to amplify the NA gene. We used the
Access Quick RT-PCR kit (Promega, Madison, WI) and 400 nM concentration
(each) of 2009 HIN1 NA signature primers (Table 8) to reverse transcribe and
amplify 2 pl of viral RNA, in a final volume of 25 pl, in a Mastercycler Pro S
thermocycler (Eppendorf, Hauppauge, NY) under the following cycling condi-
tions: an RT step at 48°C for 30 min and 94°C for 2 min; 30 cycles of 94°C for 30's,
60°C for 30 s, and 72°C for 30 s; and a final extension step of 5 min at 72°C and
a soak step at 4°C. Products were run on a 1.2% agarose gel and visualized using
ethidium bromide staining and UV light. For the M gene, we used the same
cycling conditions described above for the NA gene amplification, except that the
extension step was done for 1 min. The 5’ ends of the forward and reverse
primers contain the M13 forward and reverse sequences, respectively. Thus, all
M segment PCR products were excised from the gel, extracted with a QIAquick
gel extraction kit (Qiagen, Valencia, CA), and sequenced directly with these two
primers to confirm virus strain identity.

Real-time qRT-PCR. A 1.5-pl aliquot of viral RNA extracted from human
samples was reverse transcribed using the Moloney murine leukemia virus re-
verse transcriptase (Invitrogen, Carlsbad, CA) and random hexamers according
to the manufacturer’s instructions. We utilized 2.5 .l of cDNA in a final volume
of 20 pl to perform PCR amplification of the M2 and HI1 genes, using the
LightMix Kit influenza A virus M2 and LightMix kit Inf A Swine H1 (Roche,
Santiago, Chile), respectively, in a LightCycler 2.0 real-time PCR system using
reagents and cycling conditions recommended by the manufacturer: 95°C for 10
min, 40 cycles of 90°C for 5 s, 60°C for 5 s, and 72°C for 15s, followed by a step
at 72°C for 5 min and a final melting curve analysis.

The SYBR green assays using the 2009 HIN1 NA signature primers were
performed in two formats: a 96-well plate assay was done using a CFX96 real-
time PCR detection system (Bio-Rad, Hercules, CA) in a final volume of 25 pl,
and a 384-well plate assay was performed in a LightCycler 480 real-time PCR
system (Roche, Indianapolis, IN) in a 10-pl final reaction volume. Both assays
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TABLE 8. Conventional and quantitative RT-PCR primers and probes used for detection assays

Gene

Prime or probe (segment 10.) Sequence (5'-3") Position” Reference

2009 HIN1 NA signatures”

2009 HIN1_NA-F NA (6) CAATTCAACTTGGGAATCAAAATCAGA 110-136 This study

2009 HIN1_NA-R NA (6) CTGACTGTCCAGCAGCAAAGTT 217-238 This study

2009 HIN1_NA-P NA (6) FAM-AGCGTCATTACTTATGAAAACAACACTTGGGT-BHQ1 154-185 This study
HIN1 M consensus®

InfA_M-F M (7) TGTAAAACGACGGCCAGTAGCAAAAGCAGGTAG 1-15 WHO*

InfA_M-R M (7) CAGGAAACAGCTATGACCAGTAGMAACAAGGTAGT? 1011-1027  WHO¢
CDC 2009 H1

SW H1 forward HA (4) GTGCTATAAACACCAGCCTYCCA 902-924 7

SW HI reverse HA (4) CGGGATATTCCTTAATCCTGTRGC 994-1017 7

SW H1 probe HA (4) CAGAATATACAT-FAM CCRGTCACAATTGGARAA-BHQ1 928-957 7
2009 HIN1 N1

panN1-sense NA (6) ACATGTGTGTGCAGGGATAACTG 865-887 22

panN1-antisense NA (6) TCCGAAAATCCCACTGCATAT 949-969 22

panN1-probe NA (6) FAM-ATCGACCGTGGGTGTCTTTCAACCA-BHQ1 899-923 22

“The nucleotide position, based on the sequence of A/California/04/2009 (HIN1), GenBank accession numbers FJ966082.1, FJ966084.1, and FJ966085.1 for

segments 4, 6, and 7, respectively.

® NA-specific primers designed based on signature sequences of the pandemic 2009 HIN1 influenza virus. Primers designed based on signature sequences of the 2009
HIN1 virus were found when analyzed against background (see Materials and Methods for details).
¢ Genomic sequencing primers for the M gene were obtained from the CDC through WHO (http:/www.who.int/cst/resources/publications/swineflu/sequencing_primers/

en/index.html).

4 Nucleotides shown in bold correspond to the M13 forward and reverse sequences incorporated to the 5 ends of forward and reverse primers, respectively.

were conducted using the SuperScript IIT Platinum SYBR green one-step qRT-
PCR kit (Invitrogen, Carlsbad, CA), 1 to 2 ul of viral RNA, 200 nM each primer,
and the following cycle conditions: an RT step at 55°C for 3 min, 95°C for 5 min,
40 cycles of 95°C for 15 s, 60°C for 30 s, and 40°C for 1 min, followed by a melting
curve to confirm product specificity. The fluorescent probe-based 2009 HIN1 NA
signature-specific assay was conducted with the same cycling conditions and
volumes described above for either the CFX96 real-time PCR detection system
(Bio-Rad, Hercules, CA) or the LightCycler 480 real-time PCR system, using the
SuperScript IIT Platinum one-step quantitative RT-PCR kit (Invitrogen, Carls-
bad, CA), with 200 nM each primer and 100 nM fluorescently labeled probe. The
limit of detection for these assays was evaluated empirically and set to cycle 35
(e.g., samples are deemed positive when the cycle threshold [C] was =35). The
CDC 2009 H1 assay (7) and the 2009 HIN1 N1 assay (22) were performed as
described previously, except that a final reaction volume of 10 wl was used for
direct comparison across all assays performed. Briefly, the CDC 2009 H1 assay
was run using 800 nM each primer, 200 nM fluorescent probe, and the following
cycle conditions: 50°C for 30-min hold, 95°C for 2-min hold; 45 cycles of 95°C for
15 s and 55°C for 30 s. The limit of detection for this assay was set to cycle 37 (C,
=37) as recommended in the CDC assay protocol (7). The 2009 HIN1 N1 assay
was carried out with 600 nM each primer, 200 nM fluorescent probe, and cycle
conditions as follows: 60°C for 30-min hold, 95°C for 5-min hold; 45 cycles of
95°C for 20 s and 60°C for 1 min. Primers used for the qRT-PCR assays are listed
in Table 8. In all instances individual samples were run in triplicate for each
qRT-PCR assay described, and assays were performed by a single highly trained
researcher. Except for standard samples, experiments assessing the clinical ac-
curacy of the assays with human clinical samples were performed blinded. All
assays were evaluated for reproducibility by assessing the slopes obtained with a
standard curve that was included on each run.

Statistical analysis. For validation and assessing the performance of the 2009
HIN1 NA signatures SYBR green assay compared to the CDC 2009 H1 assay,
we performed a two-tailed unpaired Student ¢ test (a = 0.05) to evaluate whether
the Cvalues obtained for the clinical samples were statistically different with the
results were obtained by either assay.

RESULTS

Overall strategy for primer and assay design. To develop a
sensitive and specific assay for 2009 pandemic HIN1, we em-
ployed a combination of comprehensive sequence databases,
algorithms for locating signature sequences, designing primers,

and scanning for false-positive amplicons, and empirical opti-
mization. In our approach, we combined sequence-based and
thermodynamics-based bioinformatics methods in both our
positive and negative design of specificity determinations. In
this study, a signature sequence was defined as a stretch of 20
nucleotides (i.e., a subsequence) that was conserved among
2,419 sequence segments of 2009 pandemic HINI1 but that
were distinct by at least two mismatches from the closest sub-
sequence(s) present in 69,370 nonpandemic 2009 HIN1 influ-
enza virus segments available in GenBank (as of 20 July 2009)
(Table 4). These signature sequences were later further vali-
dated with sequences obtained on 30 April 2010 that corre-
sponded to 15,777 target sequence segments of 2009 pandemic
HINI1 and 74,420 background segments that were nonpan-
demic 2009 HINT1 virus. Multiple neighboring signature se-
quences were identified and grouped together into signature
islands that were longer than 20 nucleotides. However, we
determined that segments 4 and 6, which correspond to the
HA and the NA genes, respectively, contained several unique
signature islands that are conserved across all 2009 HIN1
sequences analyzed (Table 5). These signature islands were
confirmed in an identical secondary analysis conducted with
sequences downloaded on 30 April 2010 that included 2,582
HA and 2,300 NA sequences, respectively, validating the ac-
curacy of the initial analysis.

To design optimal gene-specific primers and a TagMan flu-
orescent probe, we used Visual OMP and employed the Ther-
moBLAST software tool to check that the designed primers
did not inadvertently amplify regions of common contaminat-
ing DNA, such as human genome, respiratory tract flora, and
gut flora among others (Tables 6 and 7). This comprehensive
approach allowed the design and development of unique qRT-
PCR assays using specific 2009 HIN1 NA signature primers
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FIG. 1. Highly specific NA signature primers for the 2009 HIN1 pandemic influenza virus. (A) Amplification of pandemic 2009 HIN1 NA in
a conventional RT-PCR assay. RNA extracted from 1 X 107 to 1 X 10® PFU/ml of the shown HIN1 or H3N2 influenza viruses was subjected to a
one-step RT-PCR using either the 2009 HIN1 NA signature primers (upper panel) or M segment consensus primers (lower panel) and run on a
1.2% agarose gel for detection by ethidium bromide. (B) Performance of 2009 HIN1 NA signature primers in a SYBR green assay. Specific NA
signal curves obtained in a SYBR green one-step RT-PCR assay for the reference strains are shown. (C) Melting curve confirmation of specific
products. In panels B and C, each sample was run in triplicate in a 96-well plate (25-pl final volume) using a Bio-Rad CFX96 real-time PCR
detection system. Data are representative of two independent experiments with identical results.

and probes (Table 8), with great potential for high specificity
for detecting and diagnosing the novel 2009 HINT1 influenza
virus.

High specificity of a SYBR green NA-specific assay based on
sequence signatures. To establish whether the designed 2009
HIN1 NA gene signature primers allowed sufficient specificity
to discriminate novel pandemic 2009 HIN1 strains from those
of other HINI viruses previously circulating in the human
population, we used a conventional RT-PCR to amplify rep-
resentative HINI1 strains spanning from 1930 to the 2009
HINI1. Amplification of the expected product (129 bp) was
only achieved for the three reference isolates (Mex09, Cal09,
and Neth(09) of pandemic 2009 HIN1 used. The signature
primers did not amplify any of the previously circulating HIN1
strains or the H3N2 strains used as negative controls (Fig. 1A).
A parallel experiment in which the same viral RNAs were
subjected to RT-PCR with influenza virus strain generic prim-
ers to the full-length M gene showed the correct amplification
product for all the virus strains, confirming that the NA signa-
ture primers are highly discriminating and only detect pan-
demic HINI isolates (Fig. 1A). To evaluate the suitability of
the primers in a real-time qRT-PCR assay without loss of

specificity for the pandemic 2009 HIN1, we performed a
SYBR green one-step qRT-PCR assay with our panel of HIN1
virus strains and the H3N2 controls. The 2009 HIN1 NA
signature primers showed high specificity for the 2009 HIN1
strains and no specific amplification of product for any of the
other strains (Fig. 1B). This was confirmed by a melting curve
run at the end of the assay (Fig. 1C), which only showed a
corresponding curve for the 2009 HINI reference strains. A
minor level of background amplification was observed for the
negative samples on cycles 36 to 40 (Fig. 1B). Altogether, these
data validated the high level of specificity of the primers de-
signed.

Performance and sensitivity of the 2009 HIN1 NA sequence
signature primers in the SYBR green assay. We assessed the
sensitivity of the SYBR green assay by comparing its perfor-
mance to an assay based on the same primer set but with the
addition of a matching internal labeled probe (Table 8). We
ran both assays with a set of standard RNA samples (1 X 10"
to 1 X 107 PFU/ml) of the Neth(09 strain and tested the lin-
earity of the reactions. With the SYBR green assay, amplifi-
cation of the correct product was obtained with a dilution as
low as 1 X 10° PFU/ml (equivalent to ~4.6 PFU when using 2
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FIG. 2. Performance of 2009 HIN1 NA signature primers. RT-PCR amplification curves for a SYBR green assay (A) and a probe-based assay
(C) conducted with the 2009 HIN1 NA signature primers and RNA extracted from 10-fold serial dilutions of a negative nasal swab spiked with
the indicated amounts of the Neth09 virus isolate. The results with respect to linearity of the reaction obtained by the 2009 HIN1 NA signatures
SYBR green (B) and probe-based (D) RT-PCR assays are shown. Samples were run in triplicate in a 25-l final volume as described for the

experiment shown in Fig. 1, and data are representative of two independent experiments.

wl of the extracted RNA in the reaction mixture), and consis-
tent linearity was observed with samples ranging from 1 X 10°
to 1 X 107 PFU/ml (Fig. 2A and B). The amplification curves
obtained for the same standards with the probe-based assay
resulted in higher C; values. However, virtually the same re-
sults were obtained with this assay, since amplification of the
standards also showed a linear relation (Fig. 2C and D). In
addition, results of a relative quantification of a Neth(09 control
sample by both the SYBR green and the TagMan probe-based
methods were in close agreement with each other (3.75 X 10°
and 4.09 X 10® PFU/ml, respectively). These data thus sug-
gested no apparent loss of sensitivity when the NA sequence
signature primers were used on their own; we then sought to
evaluate this formally by comparing the performance to other
available assays.

The CDC 2009 H1 probe based assay is the only Food and
Drug Administration-authorized assay for which the primer
and probe sequences are publicly available (7); we thus used
this assay to assess the sensitivity of our assay. Also, for addi-
tional comparison we used a sensitive probe-based diagnostic
assay for the NA gene of the 2009 HIN1 pandemic strain

recently published (22) (Table 8, 2009 HIN1 N1 assay). We
utilized a set of 10-fold serially diluted standard samples (as
above), as well as the three reference strains to evaluate the
sensitivity of each assay and its ability to quantify viral RNA
samples of known titers. As before, we found that although
lower C; values were obtained with the 2009 HIN1 NA signa-
tures SYBR green assay, indicating high discriminating sensi-
tivity for the three reference strains used, the sensitivity was
equivalent to any of the probe-based assays used (Table 9).
The reliable limit of detection for all assays was 1 X 10°
PFU/ml, which demonstrates equivalent detection capabilities
for all assays under these settings, and linearity of the reactions
was observed for all assays and conditions used.

Clinical sensitivity and validation of the NA-specific SYBR
green assay. To assess the clinical diagnostic performance of
the 2009 HIN1 NA signatures SYBR green assay conducted
with the sequence signature primers, we used a panel of RNAs
extracted from 125 human nasopharyngeal swabs or tracheal
aspirates obtained from individuals that presented with influ-
enza-like symptoms during the 2009 HIN1 pandemic virus
outbreak in Chile, between 26 May and 3 August 2009. We
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TABLE 9. Sensitivity of signature-based assays compared to other available assays

Limit of detection®

Influenza virus Assay c equliizﬁg:etiter Actual tite;)r Ratio (equivalent
ampl T PFU/ml iter/actual ti Tit

sample (PFU/ml)* (PFU/ml) titer/actual titer) (PF{J 7rr111) Cr

Neth(09 2009 HIN1 NA signatures SYBR 12.08 1.4E+08 1.4E+08 0.99 1E+03 33.44
2009 HIN1 NA signatures probe 16.71 1.4E+08 1.01 1E+03 39.96
2009 HINI N1 18.4 1.9E+07 0.14 1E+03 34.82
CDC 2009 H1 15.06 4.0E+08 2.87 1E+03 36.08

Cal09 2009 HIN1 NA signatures SYBR 12.97 1.3E+08 6.0E+07 2.15
2009 HIN1 NA signatures probe 19.55 2.9E+07 0.49
2009 HINT N1 18.75 3.2E+07 0.54
CDC 2009 H1 18.67 4.6E+07 0.77

Mex09 2009 HIN1 NA signatures SYBR 15.66 22E+07 1.2E+07 1.79
2009 HIN1 NA signatures probe 34.79 24E+04 0.00
2009 HINI N1 26.57 2.7E+05 0.02
CDC 2009 H1 26.44 4.4E+05 0.04

“ Relative equivalent titer of reference strain, calculated from a standard curve using 10-fold serial dilutions of the Neth(9 strain.

b Titer of reference strains as quantified by plaque assay on MDCK cells.

¢ Dilution titer and cycle number at which a positive specific amplification curve was observed for each assay.

found that the 2009 HIN1 NA signatures SYBR green assay
was highly efficient in diagnosing positive samples of the 2009
HINT1 virus (Fig. 3), as determined by the CDC 2009 H1 assay.
Indeed, the 2009 HIN1 NA signatures SYBR green assay
detected 95/125 positive and 30/125 negative samples, com-
pared to 92/125 positive and 33/125 negative samples that were
detected by the CDC 2009 H1 assay, when the limit of detec-
tion was set to C values of 35 and 37, respectively (Fig. 3). In
general, with the 2009 HIN1 NA signatures SYBR green assay,
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FIG. 3. Human samples detected with a 2009 HIN1 NA signatures
SYBR green-specific assay. Performance and accuracy of the 2009
HINT1 NA signatures SYBR green assay were assessed with 125 human
clinical samples (nasopharyngeal swabs or tracheal aspirates) obtained
from individuals presenting with influenza-like symptoms during the
2009 HINT1 influenza outbreak in Chile (May to August 2009). Results
are plotted as the C; values obtained with the CDC 2009 H1 assay
versus the C; values obtained with the 2009 HIN1 NA signatures
SYBR green assay. The limits of detection for each assay were 37 and
35 cycles, respectively, and these are depicted as dotted lines on each
axis. Regression curves made with 10-fold serial dilution standards
were between 0.984 and 0.995 in two independent runs for each assay.
Dots indicate the mean C; signal obtained for triplicate reactions per
sample for each assay performed, in a final volume of 10 pl, in a
384-well plate using a Roche LightCycler 480 real-time PCR system.
Samples that were over the limit of detection were considered negative
for each specific assay.

positive samples had C; values (detection mean * standard
deviation of the Cy, 29.48 * 2.5) that were similar to those
obtained with the CDC probe-based assay (detection mean +
standard deviation of C;, 29.95 % 3.18), allowing accurate
discrimination of positive amplicons. Statistical analysis of the
results obtained with both assays showed no significant differ-
ences among the assays (P = 0.2574), indicating that the 2009
HIN1 NA signatures SYBR green assay performed as well as
the probe-based CDC 2009 H1 assay.

DISCUSSION

By using a combination of comprehensive sequence data-
bases, algorithms, primer design tools, scanning tools for
avoiding false-positive amplicons, and empirical optimization
in this study, we are able report the design, development, and
validation of a robust qRT-PCR assay to diagnose and distin-
guish the pandemic 2009 HIN1 influenza virus from other
influenza virus strains. We identified signature sequence
stretches of 20 nucleotides conserved among 15,777 sequence
segments of 2009 pandemic HIN1 but that are distinct by at
least two mismatches from the closest subsequence(s) present
in 74,397 nonpandemic 2009 HINI1 influenza virus segments
available in GenBank (as of 30 April 2010). Notably, we
showed that segments 4 and 6 contained several unique signa-
ture conserved islands across all 2009 HIN1 sequences ana-
lyzed and that the NA gene contained two proximal islands
suitable for primer design and PCR amplification. Using Vi-
sual OMP we designed optimal gene-specific primers and a
TagMan fluorescent probe and utilized ThermoBLAST to pre-
vent the inadvertent amplification of regions of common con-
taminating DNA (e.g., the human genome, respiratory tract
flora, and gut flora), resulting in a highly specific and reliable
TagMan assay to diagnose the pandemic 2009 HIN1 virus; our
assay performed similarly to the CDC 2009 H1 assay and other
published assays (7, 22).

A critical decision for primer design is the choice of the
region of the analyte to detect, which is best accomplished
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using a bioinformatics approach to deduce signature sequences
(17). Similarly, optimal design of an assay requires “positive
design” for the desired analytes (i.e., all variants of 2009 pan-
demic HIN1) and “negative design” against detection of false
analytes, such as previous seasonal HINT strains, other influ-
enza A virus strains, such as H3N2, influenza virus B and C
strains, and other viruses, respiratory and gut flora, and the
human genome. In this study the HIN1 2009 specific signature
islands were identified using data sets obtained in July 2009, at
the early stages of the pandemic (Tables 1 and 2). Our design
was focused on the NA gene, since it contained two proximal
islands that were suitable for PCR amplification, resulting in a
product size compatible for the development of a qRT-PCR
assay. Primers were designed to be HIN1 2009 specific: their 3’
end or penultimate nucleotide was purposefully designed to
hybridize to a nucleotide that is mutated in the set of back-
ground sequences. This ensures the primers will only be ex-
tended by polymerase and therefore form an amplicon if the
target is NA HIN1 2009. Within the protein coding regions,
the third base of a codon is the most variable during viral
evolution; thus, the 3" ends of the primers were also purpose-
fully designed to not hybridize to any codon’s third base. This
strategy ensures that these primers will likely work well for
future evolving strains of HIN1 2009. The strength of this
strategy was demonstrated by our validation analyses con-
ducted with data sets obtained in April 2010 that included
seven times more NA segment sequences than the original
data set. We assembled the primer pairs from the candidate
lists for reverse and forward primers so that they matched in
hybridization affinity to ensure efficient amplification of sense
and antisense target strands (18).

For optimal sensitivity of PCR amplification, we also con-
sidered the thermodynamics of primer hybridization, primer
dimers, and competing secondary structures (18, 19). Most
researchers have attempted to optimize the two-state melting
temperature (7,,) of primers. However, such an approach
neglects the effects of competing target secondary structure,
formation of primer and probe secondary structure (i.e., hair-
pins), and formation of competing self-dimers, primer-dimers,
or strong probe-primer interactions. The algorithms in Visual
OMP rigorously account for these effects in the design (18, 19).
The thermodynamic contributions of the 5" 6-carboxyfluores-
cein (FAM) fluorophore and 3’ Black hole quencher 1
(BHQ-1) labels are also fully accounted for in the algorithms in
Visual OMP and thus were considered during the design of the
TagMan probe. The effective 7,, values (which account for
competing secondary structures) of the selected primers are
67°C and 68°C; this leads to >99% hybridization of primers to
intended target strands at the annealing temperature of 60°C,
even for targets at very low initial concentrations. The probe
was designed to hybridize to the amplicon generated by the
primer set. The effective 7,,, of the probe was designed to be
72°C. In addition, mishybridization events to other parts of the
NA gene are automatically prevented by the design algorithm.
Finally, the ThermoBLAST algorithm also allows for one or
more oligonucleotides to be rapidly scanned against a database
of genomic sequences by utilizing a scoring function that is
based on the thermodynamics of Watson-Crick matched or
mismatched hybridization rather than sequence similarity, as is
done with the traditional BLAST program (1). We utilized this
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tool to screen for potential nonspecific hybridization to the
human genome (e.g., human cells) and common microorgan-
isms that are typically present in nasopharyngeal samples col-
lected from individuals for influenza virus diagnostics (Tables
3, 6, and 7).

The experimental validation of the primers and probe set
designed demonstrated a high level of specificity and accuracy
for amplification of the 2009 HIN1 pandemic influenza virus
strain (Fig. 1). Importantly, we found that the designed primer
set alone (i.e., without the fluorescent probe) can also be used
reliably in a SYBR green assay with no loss of specificity and
sensitivity compared to the TagMan assay (Fig. 1 and 2). A
minor level of background amplification was observed toward
the last cycles (>36 cycles) of the SYBR green assay. However,
melting curves conducted to confirm the PCR product indi-
cated this was likely due to primer-dimer formation toward the
end of the run, and thus, for further evaluation of the primers,
the limit of detection for all assays was set to cycle 35. Of note,
the C; values obtained for the same standard curve samples
when the 2009 HIN1 NA signatures probe assay was used were
higher than when the SYBR green assay was performed. Nev-
ertheless, linearity and sensitivity were not affected for these
assays and under the conditions used and were also similar
when both the CDC 2009 H1 and 2009 HIN1 N1 assays were
performed. Interestingly, in contrast to the results obtained
with the 2009 HIN1 NA signature primers in the SYBR green
assay, relative quantification of the Mex09 isolate was poor
when any of the probe-based assays were used. This might
indicate a loss of sensitivity for amplifying this particular iso-
late by those assays, and thus an isolate specific standard curve
will be needed to achieve a more accurate quantification.

Validation of the 2009 HIN1 NA signatures SYBR green
assay with a set of 125 human isolates collected during the
outbreak of 2009 HIN1 in Chile (between May and August
2009) showed equivalent performance to the CDC 2009 H1
assay. The assay was highly accurate and sensitive for diagnos-
ing 2009 HIN1 clinical samples, including the detection of
samples that were not identified by the CDC 2009 H1 assay
(Fig. 3). This assay therefore also provides an additional tool
for corroborating negative samples and minimizing diagnoses
of false negatives.

Overall, our data indicate that both the 2009 HIN1 NA
signatures SYBR green assay and the TagMan assays are
highly sensitive and specific for use in clinical diagnosis of the
2009 HIN1 pandemic influenza virus. Thus, these data validate
the significance of our combined bioinformatics approach in
the wake of a pandemic, where sequence signatures were used
to identify optimal regions to design specific and sensitive
primers for establishing a reliable, accurate, and robust qRT-
PCR assay suitable for human clinical diagnosis of an impor-
tant viral pathogen. Additionally, the availability of such a
highly sensitive 2009 HIN1 NA SYBR green assay for influ-
enza virus diagnosis provides a novel and cheaper alternative
to the more expensive fluorescent probe-based assay that could
be widely used for human diagnosis, screening, and surveil-
lance of pandemic 2010-2011 HIN1 influenza A viruses, par-
ticularly in underdeveloped regions of the world or in research
and clinical settings with limited resources.
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