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Recent evidence suggests that most influenza A virus gene segments can contribute to the pathogenicity of the virus. In this re-
gard, the hemagglutinin (HA) subtype of the circulating strains has been closely surveyed, but the reassortment of internal gene
segments is usually not monitored as a potential source of an increased pathogenicity. In this work, an oligonucleotide DNA mi-
croarray (PhyloFlu) designed to determine the phylogenetic origins of the eight segments of the influenza virus genome was con-
structed and validated. Clades were defined for each segment and also for the 16 HA and 9 neuraminidase (NA) subtypes. Viral
genetic material was amplified by reverse transcription-PCR (RT-PCR) with primers specific to the conserved 5= and 3= ends of
the influenza A virus genes, followed by PCR amplification with random primers and Cy3 labeling. The microarray unambigu-
ously determined the clades for all eight influenza virus genes in 74% (28/38) of the samples. The microarray was validated with
reference strains from different animal origins, as well as from human, swine, and avian viruses from field or clinical samples. In
most cases, the phylogenetic clade of each segment defined its animal host of origin. The genomic fingerprint deduced by the
combined information of the individual clades allowed for the determination of the time and place that strains with the same
genomic pattern were previously reported. PhyloFlu is useful for characterizing and surveying the genetic diversity and variation
of animal viruses circulating in different environmental niches and for obtaining a more detailed surveillance and follow up of
reassortant events that can potentially modify virus pathogenicity.

Influenza viruses are one of the most important pathogens of
humans, causing seasonal epidemics and occasional pandemics.

They are enveloped viruses with a genome composed of 8 seg-
ments of single-stranded RNA of negative polarity that encode at
least 13 proteins (1). Based on the antigenicity of their hemagglu-
tinin (HA) and neuraminidase (NA) proteins, influenza A viruses
are classified into 16 HA subtypes and 9 NA subtypes (2). Re-
cently, however, two new HA subtypes present in bats were de-
scribed (3, 4).

The HA protein has been identified as a major determinant of
virulence; it is responsible for receptor binding and virus entry
into the cell, which explains at least in part the host range and
tissue tropism of influenza viruses (5). In addition to HA, many
other viral proteins have been shown to play a role in shaping the
virulence of influenza A viruses, contributing to their adaptation
to infection and transmission to new host species, ability to mod-
ulate the host immune response, and capacity to replicate effi-
ciently at low temperatures (6–8). Thus, the ribonucleoprotein
complex (polymerase acidic [PA], polymerase basic 1 [PB1], PB2,
and nucleoprotein [NP]) plays an important role in interspecies
transmission, and together with nonstructural 1 protein [NS1],
which antagonizes the cellular response to interferon, it is a known
determinant of host range restriction and pathogenicity. NA,
which is important for virus release from the infected cell, and
matrix 2 protein (M2), an ion channel needed for virus uncoating
in the endosome, also participate in these events (6–8).

The virulence of influenza A viruses can be influenced by single
point mutations, nonhomologous recombination, or by ex-

changes of complete genomic segments. All these mechanisms of
genome evolution increase the genetic diversity of the viruses and
have been linked to modifications of virus pathogenicity (6). Re-
garding gene reassortment, the exchange of HA and NA genes
between human and animal strains was responsible for the emer-
gence of the H2N2 and H3N2 viruses that caused the pandemics of
1957 and 1968, respectively, in the human population. Likewise,
the influenza virus strain that caused the first pandemic of this
century in 2009 to 2010 (A/H1N1pdm09) resulted from a genetic
reassortment event between a Eurasian “avian-like” H1N1 virus
and a swine triple reassortant strain (9). As a consequence of the
global impact of these strains on human health, the appearances of
new subtypes in viruses infecting human populations are closely
monitored.

Influenza A virus infects many species of wild and domestic
birds, as well as a large number of mammals, including humans.
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Despite the frequent occurrence of gene reassortment between
influenza virus strains from the same or different animal hosts,
and the growing evidence that links many of the virus segments to
increased pathogenicity in certain viral genetic backgrounds (6),
the reassortment of internal gene segments as a potential cause of

the generation of viruses with increased pathogenicity has been
neglected. Thus, for a more accurate assessment of new circulating
virus strains, the reassortment of all eight viral genes should be
monitored. In this work, we developed an oligonucleotide DNA
microarray to determine the phylogenetic origin of each of the

TABLE 1 Influenza virus strains used in this worka

Virus strain Host Collection yr Collection siteb Subtype

A/swine/Mexico/Ver29/2010 (H1N1) Swine 2010 Veracruz H1N1
A/swine/Mexico/Ver31/2010 (H1N1) Swine 2010 Veracruz H1N1
A/swine/Mexico/Qro32/2010 (H1N1) Swine 2010 Querétaro H1N1
A/swine/Mexico/Ver37/2010 (H1N1) Swine 2010 Veracruz H1N1
A/swine/Mexico/Mich40/2010 (H3N2) Swine 2010 Michoacán H3N2
A/swine/Mexico/Mex50/2010 (H3N2) Swine 2010 Edo. Mexico H3N2
A/swine/Mexico/Mex51/2010 (H3N2) Swine 2010 Edo. Mexico H3N2
A/swine/Mexico/Mex52/2010 (H1N1) Swine 2010 Edo. Mexico H1N1
A/Mexico City/IBT22/2009 (H1N1)pdm (pandemic) Human 2009 México City H1N1
A/Mexico/DIF2662/2003 (H3N2) Human 2003 México City H3N2
A/Mexico/DIF2664/2003 (H3N2) Human 2003 México City H3N2
A/Mexico/Jal25216/2009 (H3N2) Human 2009 Jalisco H3N2
A/Mexico/Ver1/2010 (H3N2) Human 2010 Veracruz H3N2
A/Mexico/Mex33/2010 (H3N2) Human 2010 México City H3N2
A/Mexico/Jal121/2011 (H3N2) Human 2011 Jalisco H3N2
A/Mexico/Ver2/2009 (H1N1) (seasonal) Human 2009 Veracruz H1N1
A/Eurasian teal/Mexico/Son701/2008 (H11N3) Avian: Anas crecca 2008 Sonora H11N3
A/American widgeon/Mexico/Son769/2008 (H9N2) Avian: Anas americana 2008 Sonora H9N2
A/northern shoveler/Mexico/Son797/2008 (H5N3) Avian: Anas clypeata 2008 Sonora H5N3
A/Eurasian teal/Mexico/Son829/2009 (H6N5) Avian: Anas crecca 2009 Sonora H6N5
A/Eurasian teal/Mexico/Son1132/2009 (H10N3) Avian: Anas crecca 2009 Sonora H10N3
a Swine viruses were adapted to grow in chick embryos. Human A/H1N1 and A/H3N2 viruses were isolated in cell culture or characterized directly from nasopharyngeal swabs.
Avian viruses were characterized directly from cloacal swab samples.
b Edo. Mexico, Estado de Mexico.

TABLE 2 Characterization of influenza A reference strains by in silico and microarray hybridization assays

Virus strain

Hybridization patterns by genea:

PB2 PB1 PA HA NP NA M NS

MH isA MH isA MH isA MH isA MH isA MH isA MH isA MH isA

A/FortMonmouth/1/47 (H1N1) 2 2 0 0 4 4 H1-0 H1-0 4 4 N1-1 N1-1 NDb3 0 1 1
A/New Jersey/1976 (H1N1) 2 2 0 0 0 0c H1-1 H1-1 4 4 N1-2 N1-2 ND 0 1 1
A/Singapore/1-MA12C/1957 (H2N2) 2 2 3 3 4 4 H2-0 H2-0 4 4 N2-0 N2-0 0 0 1 1
A/equine/Miami/1/1963 (H3N8) 2 2 1 1 2 2 H3-1 H3-1 1 1 N8-0 N8-0 0 0 1 1
A/duck/Czechoslovakia/1956 (H4N6) 1 1 3 3 3 3 H4-2 H4-2 0 0 N6-0 N6-0 ND 0 1 1
A/tern/South/Africa/1961 (H5N3) 1 1 3 3 3 3 H1-0 H1-0 0 0 N3-2 N3-2 0 0 1 1
A/shearwater/Australia/1/1972 (H6N5) 1 1 3 3 3 3 H6-0 H6-0 0 0 N5-1 N5-1 0 0 1 1
A/ruddy/turnstone/NJ/65/1985 (H7N3) 2 2 3 3 3 3 H7-0 H7-0 0 0 N3-0 N3-0 0 0 0 0
A/turkey/Ontario/6118/1968 (H8N4) 2 2 0 0 3 3 H8-0 H8-0 0 0 N4-0 N4-0 0 0 1 1
A/turkey/Wisconsin/1/1966 (H9N2) 2 2 3 3 3 3 H9-0 H9-0 0 0 N2-ND N2-1 0 0 1 1
A/chicken/Germany/n/1949 (H10N7) 1 1 3 3 3 3 H10-1 H10-1 0 0 N7-1 N7-1 0 0 0 0
A/duck/Memphis/546/1974 (H11N9) 2 2 0 0 3 3 H11-0 H11-0 0 0 N9-0 N9-0 0 0 0 0
A/duck/Alberta/60/1976 (H12N5) 2 2 3 3 3 3 H12-0 H12-0 0 0 N5-0 N5-0 0 0 0 1
A/gull/Maryland/704/1977 (H13N6) 1 1 3 3 3 3 H13-0 H13-0 0 0 N6-0 N6-0 0 0 1 1
A/mallard/Astrakhan/263/1982 (H14N5) 1 1 3 3 3 3 H14-0 H14-0 0 0 ND ND 0 0 1 1
A//wedge-tailed shearwater/Australia/2576/1979

(H15N9)
1 1 3 3 3 3 H15-0 H15-0 0 0 N9-1 N9-1 0 0 1 1

A/shorebird/Delaware/168/06 (H16N3) 1 1 3 3 3 3 H16-2 H16-2 0 0 N3-1 N3-1 0 0 ND 1
a PB2, polymerase basic 2; PA, polymerase acidic; HA, hemagglutinin; NP, nucleoprotein; NA, neuraminidase; M, matrix; NS, nonstructural; MH, hybridization assay; isA, in silico
assay.
b ND, gene segments not detected or clades not defined.
c This segment was originally assigned as clade 4 by the in silico assay, different from the clade 0 assigned by microarray analysis. Nucleotide sequencing of the segment revealed a
divergence between the reported sequence used in the in silico assay (GenBank accession no. CY021962.1) and the real sequence of the hybridized sample. This finding highlights
the reliability of the results generated with the microarray assay.
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eight segments of the influenza A virus genome and to classify each
viral gene into a clade. This microarray should also be useful for
screening and characterizing the genomic fingerprint of influenza
A virus strains circulating in wild or domesticated birds and swine.
This assay was validated with human, swine, equine, and avian
strains present in either field or clinical samples or that were
grown in cell culture or egg embryos.

MATERIALS AND METHODS
Viruses. Total RNA extracted from egg-grown reference influenza A vi-
ruses representing the 16 HA and the 9 NA subtypes was kindly provided
by R. G. Webster (St. Jude Children’s Research Hospital, Memphis, TN).
Swine viruses were isolated from lung biopsy samples of pigs with respi-
ratory symptoms from porcine farms in central Mexico and were adapted
to grow in embryonated chicken eggs at the Veterinary Medicine School,
Universidad Nacional Autónoma de Mexico (UNAM). Cloacal swabs
positive for influenza virus were collected from migratory waterfowl in
Sonora, Mexico. Human nasopharyngeal swabs of children with respira-
tory disease positive for influenza viruses were obtained from the School
of Medicine, UNAM, which carried out an epidemiological study in
Jalisco and Mexico City in 2010. Human influenza viruses adapted to
grow in cell culture were obtained from the National Institute of Epide-
miological Reference, the biosafety level 3 (BSL-3) laboratory of the Min-
istry of Health of the State of Veracruz, or the Institute of Biotechnology,
UNAM, in Cuernavaca, Morelos, Mexico. Table 1 describes the influenza
virus strains characterized in this work. The reference viral strains are
listed in Table 2.

Probe design. Three different sets of influenza A virus sequences were
used in this study to design the probes. The sequences of the six internal
segments and subtypes H1, H3, N1, and N2 of human, swine, and avian
origin were those reported by Smith et al. (9). For all other HA and NA
subtypes, a set of full-length sequences from all hosts reported prior to
2008 were downloaded from the NCBI Influenza Virus Resource (10).
Finally, a set of influenza virus sequences was added from viruses reported
prior to July 2010 from animal hosts other than swine, birds, or humans.
All identical sequences were eliminated from the analysis. Only complete
gene sequences were used, and the identical gene sequences were collapsed
using the NCBI Influenza Virus Resource database algorithm, which col-
lapses all identical sequences in the data set by representing them with the
oldest sequence of the group, and the metadata of the collapsed sequences
are not preserved.

A phylogenetic inference was carried out for each genomic segment,

and in the case of HA and NA, for each subtype. The multiple sequence
alignment of the nucleotide sequences was performed with the multiple
sequence comparison by log-expectation (MUSCLE) algorithm (11), us-
ing the default parameters for nucleotide sequences. The sequences were
translated and realigned using MUSCLE with the default parameters for
protein sequences. The sequences were then converted back to nucleo-
tides to perform the phylogenetic analysis. The phylogenetic trees were
inferred with the PhyML algorithm (12) using the maximum likelihood
method under the Hasegawa-Kishino-Yano model, with gamma-distrib-
uted rates among sites (HKY � G). Each monophyletic group in a given
tree defined a clade for that particular gene segment. However, in three
particular cases, two clades were defined within a monophyletic group. In
these cases (N4, NP, and H1), independent probes were designed for each
clade. The sequence identity of each clade was calculated using the cd-hit
algorithm (13), targeting up to 90% of sequence identity within the
groups. For the case of HA and NA genes, the clades were defined for every
subtype. All phylogenetic trees and clades defined can be found on the
PhyloFlu website (http://copernico.ibt.unam.mx/phyloflu).

For each defined clade, one sequence was chosen randomly, and this
sequence was cut into fragments of 70 nucleotides (nt), with each 70 mer
phased out by 5 bases. The generated oligonucleotides were classified by
their capacity to recognize the sequences within their own clade while not

FIG 1 Diagrammatic description of the DNA microarray design. For details of
the protocol, see Materials and Methods.

TABLE 3 Gene sequences analyzed and probes designed for each of the
eight segments and the HA and NA subtypes of influenza A virus
genome

Gene
No. of
sequencesa

No. of
cladesb

Min identity
within the
clades (%)c

No. of probes
selectedd

PB2 926 3 84 54
PB1 897 4 85 40
PA 910 5 84 57
H1 206 4 85 21
H2 41 2 85 10
H3 379 5 86 24
H4 18 4 87 14
H5 189 2 87 11
H6 45 3 87 12
H7 77 4 89 15
H8 5 1 �90 4
H9 61 3 87 18
H10 8 2 �90 7
H11 9 2 �90 6
H12 8 2 �90 6
H13 3 2 �90 6
H14 2 1 �90 4
H15 7 1 �90 4
H16 8 4 �90 12
NP 906 5 85 66
N1 360 4 85 28
N2 351 2 82 27
N3 40 3 87 13
N4 10 3 89 10
N5 14 2 �90 6
N6 19 2 87 7
N7 28 3 87 10
N8 207 4 86 16
N9 14 2 �90 6
M 1,001 2 86 13
NS 1,146 2 81 17
a Full-gene sequences available in GenBank before July 2010 or reported in reference 9.
b Monophyletic groups in each constructed phylogenetic tree.
c Nucleotide sequence identity among the gene sequences comprising each clade.
d Number of probes that recognize all sequences within a clade at least three times.

Genomic Fingerprinting of Influenza A Virus
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recognizing the sequences from other clades. The selection of the 70 mers
was based on the theoretical �G hybridization value calculated with the
nearest neighbor method and the total aligned nucleotides. The oligonu-
cleotides (14) that recognized all the sequences from their own clade with
a �G of ��75 kcal/mol and had a match of �60 of 70 nucleotides, while
at the same time not recognizing sequences from other clades with a �G of
��55 kcal/mol and that matched �55 of 70 nucleotides, were defined as
specific. The oligonucleotides that did not meet the cutoff values were
considered unspecific and were discarded from the analysis. Once a group
of specific oligonucleotides was obtained, the minimum number of 70
mers that recognized all the sequences in their own clade at least three
times and had the lowest theoretical �G hybridization value was chosen.
The list of selected oligonucleotides can be found on the PhyloFlu website
(see above).

In silico genomic patterns. To identify genomic patterns from the
hybridization data, in silico hybridization analyses were performed with
complete genome sequences. A genomic pattern was defined as the col-
lection of clades contributed by each segment of the influenza A virus
genome. For the theoretical hybridization analyses, a database with all
available human, swine, avian, equine, and canine influenza A virus ge-
nomes was created (see http://copernico.ibt.unam.mx/phyloflu). In silico
hybridization was performed by aligning the designed specific oligonucle-
otides with the sequences of the influenza A virus genome database, using
the BLASTALL 2.2.25 program (15). A positive match was scored if the
hybridization consisted of �60 of 70 nucleotides paired and had a theo-
retical hybridization �G of ��70 kcal/mol. The database of the in silico
hybridization genomic patterns was used to identify the genomic finger-
prints obtained from the microarray assay.

Oligonucleotide synthesis and microarray printing. The oligonucle-
otides were obtained from Invitrogen-Illumina (San Diego, CA) and
stored in 384-well plates at �70°C at a concentration of 40 mM. The
microarray was printed on poly-L-lysine slides at the microarray core unit
of the Institute of Cellular Physiology of the National University of Mex-
ico (UNAM). Each probe was printed in quadruplicate in the microarray.
A unique oligonucleotide of 70 nucleotides in length (spike70) that has no
identity with sequences reported in public databases (16) was added (4
pmol) to each of the synthesized 70 mers and used as hybridization and

spot location controls. Each microarray slide was processed prior to hy-
bridization. First, the oligonucleotides were covalently attached to the
glass by exposing them to 60 mJ UV light for 20 min. The slides were then
immersed in a prewarmed 3� SSC-0.2% SDS solution (1� SSC is 0.15 M
NaCl plus 0.015 M sodium citrate) at 65°C for 5 min, washed twice with
water for 30 s to remove the excess SDS, washed with 95% ethanol for 30 s,
and dried by centrifugation for 5 min at 50 � g. Once dried, the slides were
immersed in a solution containing 5.5 g succinic anhydride dissolved in 15
ml of 1 M sodium borate (pH 8.0) and 355 ml of 1-methyl-2-pyrrolidi-
none to block the exposed amino groups in the poly-L-lysine. Finally, the
slides were washed twice with water for 1 min, once with 95% ethanol for
1 min, and dried again by centrifugation for 5 min at 50 � g.

Sample processing and hybridization. Viral RNA from the reference
samples was reverse transcribed using a random nonamer primer with a
known tag (5=-CACTGGAGGATANNNNNNNNN-3=). Double-stranded
DNA was synthesized by two rounds of Sequenase 2.0 (USB), and two
steps of PCR amplification were then performed with a primer having a
sequence complementary to the tag of the previous primer (5=-GTTCCC
ACTGGAGGATA-3=). In the second amplification step, a modified nu-

FIG 2 Phylogenetic tree of the subtype 7 neuraminidase gene. The tree was
inferred by maximum likelihood under the HKY � G substitution model. The
three clades defined with the methodology described are indicated. The min-
imum sequence identity within the clades is 89%.

FIG 3 Clade characterization of H1N1 strains. (A) Clades determined by
microarray hybridization for the gene segments of an A/H1N1pdm09 virus
and a seasonal A/H1N1 virus. Gene segments that belong to different clades in
the two strains are in bold. (B) Phylogenetic tree of the subtype 1 hemaggluti-
nin gene showing the identified clades. The tree was inferred by maximum
likelihood under the HKY � G substitution model. Classification of the H1
gene of the A/H1N1pdm09 virus within clade 1 indicates a swine origin, while
the H1 from the A/H1N1 seasonal strain points to a human origin (clade 0).

Paulin et al.
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cleotide (aminoallyl-dUTP) was added at a 7:3 ratio with dTTP, and the
labeled PCR product was subsequently purified by column (Zymo Re-
search). The aminoallyl-dUTP-labeled product was eluted in water and
labeled with a Cy3 monofunctional dye (GE Healthcare Life Sciences)
(16). Viral RNA from viruses grown in cell culture or chicken embryo-
nated eggs or from viruses present in either human clinical samples or
field avian specimens was extracted using the PureLink RNA minikit (In-
vitrogen) and stored at �70°C. To increase the amount of influenza A
virus genetic material present in these samples, the complete viral genome
was amplified by a one-step reverse transcription-PCR (RT-PCR) (Invit-
rogen) using the 5= and 3= conserved regions at the ends of each segment,
as described previously (17). The PCR product was purified by a Zymo
column, and two PCR amplification steps were performed as described
above. The amplified DNA with incorporated aminoallyl-dUTP was then
labeled with Cy3 and column purified. The complement of the spike70
probe was labeled with a Cy5 monofunctional dye (GE Healthcare Life
Sciences) (16). Before hybridization, 2.5 ml (4 ng/ml) of the Cy5-labeled
spike70 complement was added to each Cy3-labeled sample, and the sam-
ples were hybridized for 12 h in a Die Tech 5005 hybridization chamber
submerged in a water bath at 65°C.

Data analysis. The microarrays were scanned with a GenePix 4000B
(Molecular Devices, Sunnyvale, CA) apparatus that generated a tagged
image file format (TIFF) image for each channel. The images were ana-
lyzed with the GenePix 6.0.2 software included in the scanner. The output
.gpr files containing the information collected by the scanner were ana-

TABLE 4 Association of phylogenetic influenza virus gene clades with
host species

Probe name Determined animal source(s)a

PhyloFlu_S1_PB2_C0 Equine
PhyloFlu_S1_PB2_C1 AVIAN/human, swineb

PhyloFlu_S1_PB2_C2 NAc

PhyloFlu_S2_PB1_C0 HUMAN/swine
PhyloFlu_S2_PB1_C1 EQUINE/canine
PhyloFlu_S2_PB1_C2 Equine
PhyloFlu_S2_PB1_C3 NA
PhyloFlu_S3_PA_C0 Swine
PhyloFlu_S3_PA_C1 Equine
PhyloFlu_S3_PA_C2 EQUINE/canine
PhyloFlu_S3_PA_C3 AVIAN/human
PhyloFlu_S3_PA_C4 Human
PhyloFlu_S4_H1_C0 Human
PhyloFlu_S4_H1_C1 SWINE/human
PhyloFlu_S4_H1_C2 Avian
PhyloFlu_S4_H1_C3 Swine
PhyloFlu_S4_H2_C0 NA
PhyloFlu_S4_H2_C1 Avian
PhyloFlu_S4_H3_C0 HUMAN/swine
PhyloFlu_S4_H3_C1 Equine
PhyloFlu_S4_H3_C2 Avian
PhyloFlu_S4_H3_C3 Avian
PhyloFlu_S4_H3_C4 Avian
PhyloFlu_S4_H4_C0 Avian
PhyloFlu_S4_H4_C1 Avian
PhyloFlu_S4_H4_C2 Avian
PhyloFlu_S4_H4_C3 Avian
PhyloFlu_S4_H5_C0 AVIAN/human
PhyloFlu_S4_H5_C1 Avian
PhyloFlu_S4_H6_C0 Avian
PhyloFlu_S4_H6_C1 Avian
PhyloFlu_S4_H6_C2 Avian
PhyloFlu_S4_H7_C0 Avian
PhyloFlu_S4_H7_C1 Equine
PhyloFlu_S4_H7_C2 Avian
PhyloFlu_S4_H7_C3 Avian
PhyloFlu_S4_H8_C0 Avian
PhyloFlu_S4_H9_C0 Avian
PhyloFlu_S4_H9_C1 Avian
PhyloFlu_S4_H9_C2 Avian
PhyloFlu_S4_H10_C0 Avian
PhyloFlu_S4_H10_C1 Avian
PhyloFlu_S4_H11_C0 Avian
PhyloFlu_S4_H11_C1 Avian
PhyloFlu_S4_H12_C0 Avian
PhyloFlu_S4_H12_C1 Avian
PhyloFlu_S4_H13_C0 Avian
PhyloFlu_S4_H13_C1 AVIAN/otherd

PhyloFlu_S4_H14_C0 Avian
PhyloFlu_S4_H15_C0 Avian
PhyloFlu_S4_H16_C0 Avian
PhyloFlu_S4_H16_C1 Avian
PhyloFlu_S4_H16_C2 Avian
PhyloFlu_S4_H16_C3 Avian
PhyloFlu_S5_NP_C0 Avian
PhyloFlu_S5_NP_C1 NA
PhyloFlu_S5_NP_C2 Equine
PhyloFlu_S5_NP_C4 Human
PhyloFlu_S5_NP_C5 Avian
PhyloFlu_S6_N1_C0 Avian
PhyloFlu_S6_N1_C1 Human

TABLE 4 Continued

Probe name Determined animal source(s)a

PhyloFlu_S6_N1_C2 Swine
PhyloFlu_S6_N1_C3 NA
PhyloFlu_S6_N2_C0 Human
PhyloFlu_S6_N2_C1 Avian
PhyloFlu_S6_N3_C0 Avian
PhyloFlu_S6_N3_C1 Avian
PhyloFlu_S6_N3_C2 Avian
PhyloFlu_S6_N4_C0 Avian
PhyloFlu_S6_N4_C1 Avian
PhyloFlu_S6_N4_C2 AVIAN/other
PhyloFlu_S6_N5_C0 Avian
PhyloFlu_S6_N5_C1 Avian
PhyloFlu_S6_N6_C0 Avian
PhyloFlu_S6_N6_C1 Avian
PhyloFlu_S6_N7_C0 Avian
PhyloFlu_S6_N7_C1 Avian
PhyloFlu_S6_N7_C2 EQUINE/swine/other
PhyloFlu_S6_N8_C0 NA
PhyloFlu_S6_N8_C1 Avian
PhyloFlu_S6_N8_C2 Avian
PhyloFlu_S6_N8_C3 Avian
PhyloFlu_S6_N9_C0 Avian
PhyloFlu_S6_N9_C1 Avian
PhyloFlu_S7_M_C0 NA
PhyloFlu_S7_M_C1 Equine
PhyloFlu_S8_NS_C0 Avian
PhyloFlu_S8_NS_C1 NA
a An animal source was defined when �90% of the sequences of the clade were from a
single host. Sources written in uppercase letters indicate the host represents at least 75%
of all sequences identified; source in lowercase letters beside it represent the other
significant host(s).
b More than one animal source was defined.
c NA, not assigned.
d Other is defined as any other mammal from which influenza A virus has been
collected; see the full list at http://www.ncbi.nlm.nih.gov/genomes/FLU
/Database/nph-select.cgi.
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lyzed with an R script (18). For each positive Cy3 fluorescent signal, we
calculated the normalized intensity values (Ii) with the formula

Ii �
si

�
k�1

N

sk
�

bi

�
k�1

N

bk
,

where si is the spot’s intensity median number of experiments; similarly, bi

is the median of the background signals.
For a hybridization considered to be positive for a given spot, the

fluorescent signal of the spot in the microarray was required to pass two
cuts: first, the fluorescence intensity needed to be �5% of the maximum
normalized intensity value of the experiment, and second, the raw fluo-
rescence intensity value needed to be �5% of the maximum possible value
of the scanner (65, 535); this second filter was set to avoid false positives in
experiments in which the overall fluorescence was too low. Since each
clade was defined by a different number of oligonucleotides, the proba-
bility value was weighted based on the number of oligonucleotides repre-
senting each clade, so that the clades with fewer oligonucleotides had a
similar statistical power as those with more oligonucleotides per clade. To
determine the true positive results, a hypergeometric distribution was
used to distinguish the clades that were significantly overrepresented for
each segment with a statistical significance, as follows:

P�Y � k� �
�D

k ��N � D

N � n �
�N

n �
,

in which P is the probability of observing k probes from a total of D for a
given clade by chance, N is the total number of probes selected for the

microarray, and n is the number of probes considered to be positives with
the considerations previously mentioned.

RESULTS
Microarray design. A summary of the process used to design the
70 mers included in the microarray is depicted in Fig. 1. A set of
1,492 complete gene sequences from influenza A viruses isolated
from 18 animal hosts was downloaded from the NCBI Influenza
Virus Resource (10). Additionally, 6,413 complete sequences
from human, swine, and avian hosts (9) were included in the
study. This work encompasses the sequence data present in the
database before July 2010 (Table 3). For each influenza virus seg-
ment, a phylogenetic tree was inferred; in the particular cases of
HA and NA, trees were constructed for every subtype of these gene
segments. Each of the formed monophyletic groups formed is
referred to in this work as a clade (see a few exceptions in Materials
and Methods), and each clade was numbered (shown for the NA
subtype 7 gene in Fig. 2). For every clade in the trees, a gene
sequence was randomly selected to generate 70-mer probes. For
large clades (those containing �100 sequences), probes were de-
signed from 2 to 4 gene sequences, since these clades were com-
posed of sequences with a lower identity among them. The mini-
mum identities among the sequences within each group were
calculated (Table 3). The criteria used to select the 70 mers were (i)
a pairing �G of ��75 kcal/mol, (ii) a match of �60 nucleotides
(nt) with influenza virus sequences within the clade, and (iii) a �G
of ��55 kcal/mol with noninfluenza virus sequences in GenBank

TABLE 5 Microarray hybridization of swine influenza A viruses

Virus strain
No. of segments
classified

Phylogenetic clades by genea:

PB2 PB1 PA HA NP NA M NS

A/swine/Mexico/Ver29/2010 (H1N1) 8 2 3 3 H1-1 4 N1-2 0 1
A/swine/Mexico/Ver31/2010 (H1N1) 8 2 3 3 H1-1 4 N1-NDb 0 1
A/swine/Mexico/Ver37/2010 (H1N1) 8 2 3 3 H1-1 4 N1-2 0 1
A/swine/Mexico/Qro32/2010 (H1N1) 8 2 3 3 H1-1 4 N1-2 0 1
A/swine/Mexico/Mex52/2010 (H1N1) 8 2 3 3 H1-1 4 N1-2 0 1
A/swine/Mexico/Mex50/2010 (H3N2) 8 2 3 3 H3-0 4 N2-0 0 1
A/swine/Mexico/Mex51/2010 (H3N2) 7 2 3 3 H3-0 4 N2-0 ND 1
A/swine/Mexico/Mich40/2010 (H3N2) 6 2 3 3 H3-0 4 N2-0 ND ND
a Phylogenetic clades assigned to each influenza A virus strain by microarray hybridization.
b ND, gene segments not detected or clades not defined.

TABLE 6 Most frequent genomic patterns reported for swine influenza A viruses

Virus straina Reported yrb

In silico genomic pattern by genec:

PB2 PB1 PA HA NP NA M NS

A/swine/Minnesota/SG239/2007 (H1N2) 2007-2010 2 3 3 H1-0 4 N2-0 0 1
A/swine/Wisconsin/1/1957 (H1N1) 1957, 1961, 1966-2009 2 0 0 H1-1 4 N1-2 0 1
A/swine/Iowa/H03G1/2003 (H1N1)d 1995-2009 2 3 3 H1-1 4 N1-2 0 1
A/swine/Minnesota/074A/2009 (H1N1) 2009-2010 2 3 3 H1-1 4 N1-3 0 1
A/swine/Ehime/1/1980 (H1N2) 1980, 1996, 1999-2006 2 0 0 H1-1 4 N2-0 0 1
A/swine/France/WVL4/1985 (H1N1) 1985-2009 1 3 3 H1-3 0 N1-3 0 1
A/swine/Iowa/H02AS8/2002 (H3N2) 1990-2010 2 3 3 H3-0 4 N2-0 0 1
A/swine/Colorado/1/1977 (H3N2) 1977, 1981, 1997-2006 2 3 4 H3-0 4 N2-0 0 1
A/swine/Fujian/F1/2001 (H5N1) 2001-2007 1 3 3 H5-0 0 N1-3 0 1
a Representative strains for the particular genomic pattern shown.
b Years when strains with the same genomic pattern were reported in the NCBI Influenza Virus Resource.
c Genomic pattern determined for the different virus strains based on in silico assays.
d Viruses with the same genomic fingerprint found in the tested samples from Mexico are shown in bold type.
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or with influenza virus sequences outside the clade. Every se-
quence present in the clade was recognized by at least three inde-
pendent probes.

During the analysis, an overrepresentation in the number of
sequences of HA and NA subtypes of viruses that infect humans
(H1, H3, N1, and N2) was found. In contrast, HA subtypes H4,
H8, and H10 to H16 as well as NA subtypes N5, N6, N7, and N9
were underrepresented in the database (Table 3). For the internal
genomic segments, we had a relatively similar number of se-
quences. A total of 544 specific probes were selected to identify the
8 segments of the influenza A virus genome distributed in 88
clades (Table 3). Each clade was defined by a different number of
probes, with 4 being the lowest and 35 being the highest.

Phylogenetic origin of RNA segments and genomic finger-
print. The microarray provides information about the phyloge-
netic origin of each of the eight segments of the influenza A virus
genome. During the analysis, the influenza virus RNA segments
were allocated to a clade within their corresponding phylogenetic
tree (see an example in Fig. 3). Out of 88 defined clades, the origin
of each segment was traced for 69 clades to viruses circulating in a
particular animal host (Table 4); 54 clades were mapped to avian
strains, 7 to equine strains, 5 to human strains, and 3 to swine
strains. Eighteen more clades were traced to viruses that phyloge-
netically contain sequences circulating in 2 or 3 animal hosts, and
8 more clades could not be assigned to a particular host.

The information obtained from the individual RNA segments
was used to define the genomic fingerprint of the strain, i.e., the
genomic pattern of the virus determined by the combined phylo-
genetic origin of all eight RNA segments (Fig. 3). This genomic
pattern helps to trace the origins of the strains (see below), i.e.,

when and where strains with the same genomic fingerprint were
reported, or if a strain represents a new, unreported genetic pat-
tern for an influenza virus.

Microarray validation with reference viruses. To validate the
microarray, a set of 17 reference viruses was initially used. These
strains represent 16 HA and 9 NA influenza A virus subtypes iso-
lated from a variety of hosts, including human, horse, and domes-
tic and wild birds. In silico hybridizations with all reference strains
were first conducted to compare the theoretical performance of
the microarray with the experimental results (see below). The se-
quences of the individual gene segments of each strain available at
the NCBI nucleotide database were downloaded and aligned with
the 70 mers included in the microarray. A result was scored as
positive if the gene segment correctly paired with �60 of 70 nu-
cleotides, and if the theoretical hybridization had a �G value of
��65 kcal/mol. For the microarray hybridization assay, the total
RNA extracted from the influenza virus-infected cells was used for
random RT-PCR amplification and Cy3 labeling.

The results generated in silico were compared with those ob-
tained by microarray hybridization. In all cases, but one, the in
silico results matched the hybridization experimental data (Table
2). The divergent result was resolved by nucleotide sequencing of
the relevant region of the PA gene of the reference strain (see Table
2). The obtained sequence sequence revealed a divergence be-
tween the reported sequence used in the in silico assay (GenBank
accession no. CY021962.1) and the actual sequence of the hybrid-
ized sample. This finding highlights the reliability of the results
generated with the microarray assay.

The microarray correctly identified the HA and NA subtypes of
all tested strains and also detected and classified the 6 internal

TABLE 7 Microarray hybridization of human influenza A viruses

Virus straina

No. of segments
classified

Phylogenetic cladesb

PB2 PB1 PA HA NP NA M NS

A/Mexico/DIF2662/2003 (H3N2) 8 2 3 4 H3-0 4 N2-0 0 1
A/Mexico/DIF2664/2003 (H3N2) 7 2 3 4 H3-0 4 N2-0 0 NDc

A/Mexico/Jal25216/2009 (H3N2) 8 2 3 4 H3-0 4 N2-0 0 1
A/Mexico/Ver1/2010 (H3N2) 8 2 3 4 H3-0 4 N2-0 0 1
A/Mexico/Mex33/2010 (H3N2) 8 2 3 4 H3-0 4 N2-0 0 1
A/Mexico/Jal121/2011 (H3N2) 8 2 3 4 H3-0 4 N2-0 0 1
A/Mexico City/IBT22/2009 (H1N1)pdm 8 2 3 3 H1-1 4 N1-3 0 1
A/Mexico/Ver2/2009 (H1N1) (seasonal) 8 2 0 4 H1-0 4 N1-1 0 1
a The A/H3N2 viruses were analyzed directly from clinic samples. The A/H1N1 strains were are adapted to grow in cell culture.
b Phylogenetic clades assigned to each influenza A virus strain by microarray hybridization.
c ND, not detected.

TABLE 8 Most frequent genomic patterns reported for human influenza A viruses

Virus straina Reported yrb

In silico genomic patternc

PB2 PB1 PA HA NP NA M NS

A/Wilson-Smith/33 (H1N1)d 1933-1957, 1977-2009 2 0 4 H1-0 4 N1-1 0 1
A/human/California/07/2009 (H1N1) 2009-2013 2 3 3 H1-1 4 N1-3 0 1
A/Singapore/1/1957 (H2N2) 1957-1968 2 3 4 H2-0 4 N2-0 0 1
A/Hong Kong/1-10-MA21-1/1968 (H3N2) 1968-2013 2 3 4 H3--0 4 N2-0 0 1
A/Hong Kong/481/97 (H5N1) 1997, 2003-2008, 2011 1 3 3 H5-0 0 N1-3 0 1
a Representative strains for the particular genomic pattern shown.
b Years when strains with the same genomic pattern were reported in the NCBI Influenza Virus Resource.
c Genomic pattern determined for the different virus strains based on in silico assays.
d Viruses with the same genomic fingerprint found in the tested samples from Mexico are shown in bold type.
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segments of most strains, with the exception of segments 7 and 8
in some cases (Table 2). The lower detection efficiency of the small
genomic RNA segments seems to be the result of a limited amount
of viral RNA, since when the whole genome of the virus was am-
plified with specific primers (see Materials and Methods), this
problem was less common. Of interest, among the viruses isolated
from humans, the in silico assay detected four in which a reassort-
ment had occurred. One of them (isolate A/Iowa/CEID23/05)
shared its genotype with triple reassortant (H1N1) viruses that
emerged in U.S. swine in the late 1990s following the emergence of
related human/swine/avian triple reassortant H3N2 and H1N2
subtypes in American pigs (19). The other three reassortant vi-
ruses identified by the microarray were the product of a genetic
reassortment between human seasonal H1N1 and swine triple re-
assortant virus strains; the HA and NA genes of strains A/Sas-
katchewan/5350/2009, A/Saskatchewan/5351/2009, and A/Sas-
katchewan/5131/2009 were derived from the human H1N1 virus,
while the other six genes came from the triple reassortant strain
(20).

Swine influenza A viruses. A set of 8 viruses collected from
Mexican farm pigs, adapted to grow in chicken embryos, was an-
alyzed by PhyloFlu hybridization. In this case, as with the human
and avian viruses described in the following sections, before ran-
dom PCR amplification and microarray hybridization, the influ-
enza virus genomes were amplified by RT-PCR using primers that
specifically recognize the conserved 5= and 3= terminal regions of
the eight viral segments.

Two different genomic patterns were found in the samples
analyzed. The first pattern, represented by viruses Ver29, Ver31,
Qro32, Ver37, and Mex52, had an H1N1 subtype specificity, while
the genetic fingerprint of viruses Mich40, Mex50, and Mex51 be-
longed to subtype H3N2 (Table 5). The genomic patterns of

strains Mich40 and Mex51 were only partially determined (6 and
7 genes classified, respectively), but the partial fingerprint was the
same as that of virus Mex50. The genomic fingerprints determined
by the microarray matched the genomic patterns of triple reas-
sortant H1N1 and H3N2 viruses in our database. The swine H1N1
viruses from Mexico shared a genomic pattern with H1N1 triple
reassortants reported between 1995 and 2009 in the United States
(Table 6) (21, 22). Similarly, the H3N2 swine viruses had the same
fingerprint as the H3N2 triple reassortant strains detected first in
1990 and then reported continuously until 2010 (23, 24) (Table 6).
To our knowledge, this is the first description of triple reassortant
viruses circulating in pigs in Mexico. Of interest, none of the swine
isolates analyzed had the genomic pattern of the A/H1N1pdm09
virus.

Human virus strains. Eight human influenza A viruses col-
lected in Mexico between 2003 and 2009 from patients with
acute respiratory infections were characterized with the mi-
croarray. The amplification was carried out either directly from
nasopharyngeal swabs or from virus-infected cultured cells.
Three genomic patterns were identified in these viruses, corre-
sponding to seasonal A/H3N2 (six viruses), seasonal A/H1N1
(1 virus), and A/H1N1pdm09 (1 virus) viral strains (Table 7).
The microarray clearly detected the different HA and NA virus
subtypes of H1N1 and H3N2 viruses. Importantly, it also de-
tected four clade differences between the genomic patterns of
the seasonal and pandemic H1N1 virus strains, including the
HA and NA genes, and two internal segments encoding pro-
teins PB1 and PA (Table 7). A comparison of the genomic
patterns of these influenza viruses with our database showed
that all H3N2 strains share their genomic fingerprint with virus
strain A/Hong Kong/1-10-MA21-1/1968 (H3N2), a strain
from Hong Kong that caused the third pandemic of 20th cen-

TABLE 9 Microarray hybridization of avian influenza A viruses

Virus strain
No. of segments
classified

Phylogenetic clades by genea:

PB2 PB1 PA HA NP NA M NS

A/Eurasian teal/Mexico/Son701/2008 (H11N3) 8 2 3 3 H11-(0/1)c 0 N3-0 0 1
A/American widgeon/Mexico/Son769/2008 (H9N2) 8 2 3 3 H9-(0/1) 0 N2-1 0 1
A/northern shoveler/Mexico/Son797/2008 (H5N3) 6 NDb 3 3 H5-1 0 ND 0 1
A/Eurasian teal/Mexico/Son829/2009 (H6N5) 8 2 3 3 H6-0 0 N5-0 0 1
A/Eurasian teal/Mexico/Son1132/2009 (H10N3) 6 2 3 3 ND 0 ND 0 0
a Phylogenetic clades assigned to each influenza A virus strain by microarray hybridization.
b ND, not detected.
c In parentheses are clades that could not be resolved.

TABLE 10 Genomic patterns of avian influenza A viruses

Virus straina Reported yrb

In silico genomic pattern by genec:

PB2 PB1 PA HA NP NA M NS

A/avian/mallard-duck/Alberta/797/1983 (H11N3) 1983, 1986, 2006 2 3 3 H11-0 0 N3-0 0 1
A/avian/mallard/Alberta/199/1992 (H6N5) 1992, 2003, 2007 2 3 3 H6-0 0 N5-0 0 1
A/chicken/Taiwan/A703-1/2008 (H5N2) 2008 1 3 3 H5-1 0 N2-1 0 1
A/turkey/CO/118899/1972 (H5N2) 1972-2007 2 3 3 H5-1 0 N2-1 0 1
A/avian/turkey/Wisconsin/1/1966 (H9N2) 1966 2 3 3 H9-0 0 N2-1 0 1
A/avian/mallard/Alberta/11/1991 (H9N2) 1991, 2007 2 3 3 H9-1 0 N2-1 0 1
a Representative strains for the particular genomic pattern shown.
b Years when strains with the same genomic pattern were reported in the NCBI Influenza Virus Resource.
c Genomic pattern determined for the different virus strains based on in silico assays. The patterns shown are only those related to the genomic fingerprints of the avian strains
characterized in this work (shown in Table 5).
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tury in 1968 and has circulated since then to this day. The
pattern of the seasonal A/H1N1 virus was the same as that of
the influenza virus strain first reported in 1933 (A/Wilson-
Smith/33 [H1N1]) that circulated from 1933 to 1957 and from
1977 to 2009; the genomic fingerprint of the A/H1N1pdm09
virus is shared with the A/human/California/07/2009 (H1N1)
virus strain (Table 8).

Avian influenza virus field isolates. Five avian field cloacal
samples collected from migratory birds in Sonora, Mexico, from
2007 to 2009, were characterized with the microarray. Three com-
plete and two partial genomic patterns were identified in these
strains, each of them being unique, even for those viruses from
which only a partial pattern was determined. The fingerprints dif-
fered in some internal genes and in their HA (H5, H6, H9, H10,

and H11) and NA (N2, N3, N5) subtypes (Table 9). Compared to
the genomic pattern database, the genetic fingerprints of these
viruses were found to match patterns previously reported for vi-
ruses infecting waterfowl in California, Washington, Wisconsin,
Ohio, and Alberta, Canada, from 1983 to 2007 (Table 10) (25). In
mid-2012 and early 2013, two outbreaks of avian influenza virus
A/H7N3 affected Mexican poultry farms. This strain was not
found among the influenza viruses characterized from these mi-
gratory birds.

DISCUSSION

Several studies have reported the use of DNA microarrays for the
detection or classification of influenza viruses (26–31). These mi-
croarrays were designed to detect specific influenza A virus strains

FIG 4 Microarray hybridization specificity. Shown are the signal and background fluorescence intensities for the hybridization spots defining the different clades
(numbers on top of bars) of each gene segment. The names of the strains used to illustrate the hybridization pattern for the reference (A), swine (B), human (C),
and avian (D) influenza viruses are indicated. The clade assigned for each segment of the four strains is shown. Gray bars, signal; black bars, background.
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(29, 30) or to subtype and pathotype the HA of avian influenza
viruses (30) but not to determine both the HA and NA subtypes.
One of those reports detected the virus at the species, hemagglu-
tinin (HA) subtype, and gene segment levels (28). In this work, we
developed and validated PhyloFlu, a new method designed to
identify and classify the eight gene segments of the influenza A
virus genome based on a DNA microarray and phylogenetic anal-
ysis. Each segment, including genes encoding each of the 16 HA
and 9 NA subtypes, was classified into a clade that identified its
phylogenetic origin. In most cases, the phylogenetic information
allowed us to trace the origin of the segment to a virus infecting a
particular animal host.

Even though DNA microarray analysis, such as the one re-
ported in this work, and next-generation sequencing methods are
both powerful tools for detecting influenza virus gene rearrange-
ments, microarrays have the advantage of being faster and more
cost-effective than high-throughput sequencing (32). Although
these methodologies are being rapidly improved, especially in the
case of massive sequencing, and the costs are being reduced, mi-
croarray currently seems to be the method of choice for the initial
characterization of the genomic patterns of influenza-positive
samples, while next-generation sequencing can be used as a com-
plementary approach to characterize in more detail those influ-
enza virus strains of particular interest.

The PhyloFlu microarray unambiguously determined 16 HA
and 9 NA subtypes of a collection of virus reference strains, and it
also performed well in the characterization of viruses present in
different kinds of samples, including cultured cells, chicken em-
bryo amniotic fluid, human nasopharyngeal swabs, and cloacal
swab specimens. Most of the eight RNA segments were detected
and classified into different clades when random primers were
used for direct RT-PCR amplification of the total RNA extracted
from the sample; however, the results were more consistent if the
influenza virus genome was previously amplified with primers
specific for the conserved 5= and 3= ends of the gene segments
before random amplification and microarray hybridization. Us-
ing this last method, we were able to identify and classify the eight
gene segments in 28 of 38 (74%) of the tested influenza-positive
samples, and the phylogenetic origins of at least six segments were
traced in all the samples evaluated. In samples in which the
amount of genetic material was limited, the genomic pattern was
only partially determined. In most cases, for those segments that
were classified, a clear signal-to-background difference was ob-
served in the fluorescence intensity values of the positive spots in
the microarray (Fig. 4).

In addition to identifying the phylogenetic origin of each indi-
vidual segment of a virus in a single assay, the combination of the
phylogenetic information for the segments provides a genomic
fingerprint of the strain. This fingerprint can then be used to in-
vestigate whether strains with the same genomic pattern have cir-
culated previously in human, swine, or bird populations, and
when and where they were reported. The potential of the microar-
ray to detect reassortment events was shown by its ability to dis-
close the gene reassortments that originated the influenza virus
A/H1N1pdm09 strain. In this case, a change of clade was clearly
detected in four segments of the pandemic 2009 strain compared
to seasonal A/H1N1 viruses. Of note, the HA and NA subtypes of
the reassortant A/H1N1pdm09 virus were the same as those of the
A/H1N1 seasonal strains circulating at that time, but the subtype
genes of these strains were readily differentiated into different

clades by the microarray. The assay also efficiently detected the
circulation of triple reassortant viruses in swine, as well as a variety
of HA and NA subtypes in migratory birds from northern Mexico
that had not been previously reported.

The assay should be useful for screening and characterizing
environmental influenza virus niches, such as wild migratory and
nonmigratory birds, poultry, swine farms, and backyard pigs, to
determine the genetic pool of the circulating strains. PhyloFlu
should also be useful for maintaining an epidemiological surveil-
lance of influenza viruses in humans to detect reassortment events
that imply a change in clade for any of the eight viral genes, even if
the HA and NA subtypes remain the same. This type of surveil-
lance should allow us to assess more carefully the genetic diversity
and variation of circulating viruses and investigate potential im-
plications for changes in virus pathogenicity.
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