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The emergence of viral infections with potentially devastating consequences for human health is highly
dependent on their underlying evolutionary dynamics. One likely scenario for an avian influenza virus, such
as A/H5N1, to evolve to one capable of human-to-human transmission is through the acquisition of genetic
material from the A/H1N1 or A/H3N2 subtypes already circulating in human populations. This would require
that viruses of both subtypes coinfect the same cells, generating a mixed infection, and then reassort.
Determining the nature and frequency of mixed infection with influenza virus is therefore central to under-
standing the emergence of pandemic, antigenic, and drug-resistant strains. To better understand the potential
for such events, we explored patterns of intrahost genetic diversity in recently circulating strains of human
influenza virus. By analyzing multiple viral genome sequences sampled from individual influenza patients we
reveal a high level of mixed infection, including diverse lineages of the same influenza virus subtype, drug-
resistant and -sensitive strains, those that are likely to differ in antigenicity, and even viruses of different
influenza virus types (A and B). These results reveal that individuals can harbor influenza viruses that differ
in major phenotypic properties, including those that are antigenically distinct and those that differ in their
sensitivity to antiviral agents.

Influenza viruses (family Orthomyxoviridae) possess a nega-
tive-strand segmented RNA genome and enveloped virions.
Genetic diversity in influenza virus is the result of a high rate
of mutation associated with replication using low-fidelity RNA
polymerase and of the reshuffling (or reassortment) of seg-
ments among coinfecting strains. Although the 13.5-kb ge-
nome of influenza A virus is composed of eight segments
coding for 11 known proteins, these viruses are typically cate-
gorized by their two surface antigens, hemagglutinin (HA), of
which there are 16 subtypes (H1 to H16), and neuraminidase
(NA), of which there are 9 (N1 to N9) (9). All known subtypes
are present in aquatic birds of the orders Anseriformes and
Charadriformes, and a smaller number circulate in some mam-
malian species. The HA plays a major role in the attachment of
the virus to the host cell surface by binding to the sialic acid
moiety of host receptors and facilitating the fusion of the viral
envelope with host cell membranes. It is also the major viral
antigen against which neutralizing antibodies are directed. The
NA is important for mobility of the virions by cleaving the sialic
acid residues from the viral hemagglutinin, which facilitates
both entry of the virus into the cell and release of the viruses
during budding (11).

Most discussions of influenza virus evolution have focused
on the process of antigenic drift in which mutations accumu-

late—most likely by natural selection—in the antigenic sites of
the HA and NA, thereby allowing evasion of the host popula-
tions’ acquired immunity to previously circulating strains. Such
antigenic variation occurs primarily in the HA1 domain and is
clustered into five main epitope regions (19, 20, 22). Although
antigenic drift clearly plays a key role in the seasonal evolution
of influenza A virus, recent studies making use of large data
sets generated by the Influenza Genome Sequencing Project
(IGSP) suggest that reassortment may also be important in the
generation of antigenically novel isolates by placing diverse
HAs in compatible genetic backgrounds (6, 8, 10, 14).

Segment reassortment is also central to the process of cross-
species transmission and emergence of pandemic influenza
virus. In particular, the segmented nature of the influenza virus
genome allows reassortment of gene segments to occur be-
tween diverse influenza A virus strains when they coinfect a
single host, including those derived from different species. This
can result in subtle changes within a subtype, or dramatic
changes that occur when different subtypes mix, leading to the
generation of novel viruses expressing surface glycoproteins to
which a specific host immune system has little if any serological
cross-reactivity. Such antigenic shift is believed to have led to
the emergence of global human influenza A virus pandemics in
1957 (A/H2N2) and in 1968 (A/H3N2), with new segments
ultimately derived from the avian reservoir pool reassorting
into human influenza viruses (17).

Given the potential for emerging viruses such as influenza
virus to adversely affect the health of human and other animal
populations, it is essential to determine the factors that allow
viruses to acquire the mutations they need to adapt to new host
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populations. As a large number of point mutations are thought
to be required for an avian influenza virus such as A/H5N1 to
evolve sustained transmission in human populations (5), one
likely scenario for successful emergence is through the acqui-

sition of genetic material from a viral subtype already adapted
to humans, such as A/H1N1 or A/H3N2. This would require
that viruses of both subtypes coinfect the same cells, thereby
generating a mixed infection, and then exchange genomic seg-

TABLE 1. Influenza A virus segment clones from patients NZ094 and WW537 and GenBank accession numbers

Organism Segment Blinded no. Clone name GenBank accession no.

Influenza A virus Canterbury/200/2004 (H3N2) 1 (PB2) NIGSP-NZ-00094.1a NZ094P32S1C004 CY039886
NIGSP-NZ-00094.1b NZ094P32S1C008 CY039887
NIGSP-NZ-00094.1c NZ094P32S1C002 CY039888
NIGSP-NZ-00094.1d NZ094P32S1C003 CY039889
NIGSP-NZ-00094.1e NZ094P32S1C005 CY039890
NIGSP-NZ-00094.1f NZ094P32S1C006 CY039891

2 (PB1) NIGSP-NZ-00094.2a NZ094P32S2C026 CY039892
NIGSP-NZ-00094.2b NZ094P11S2C006 CY039939
NIGSP-NZ-00094.2c NZ094P11S2C018 CY039940
NIGSP-NZ-00094.2d NZ094P32S2C021 CY039941
NIGSP-NZ-00094.2e NZ094P32S2C024 CY039942
NIGSP-NZ-00094.2f NZ094P32S2C028 CY039943

3 (PA) NIGSP-NZ-00094.3a NZ094P32S3C101 CY039944
NIGSP-NZ-00094.3b NZ094P32S3C102 CY039945
NIGSP-NZ-00094.3c NZ094P32S3C104 CY039946
NIGSP-NZ-00094.3d NZ094P32S3C201 CY039947
NIGSP-NZ-00094.3e NZ094P32S3C205 CY039948
NIGSP-NZ-00094.3f NZ094P32S3C302 CY039949
NIGSP-NZ-00094.3g NZ094P32S3C303 CY039950
NIGSP-NZ-00094.3h NZ094P32S3C401 CY039951
NIGSP-NZ-00094.3i NZ094P32S3C405 CY039952
NIGSP-NZ-00094.3j NZ094P32S3C406 CY039953
NIGSP-NZ-00094.3k NZ094P32S3C503 CY039954
NIGSP-NZ-00094.3l NZ094P32S3C504 CY039955
NIGSP-NZ-00094.3m NZ094P32S3C602 CY039956
NIGSP-NZ-00094.3n NZ094P32S3C603 CY039957
NIGSP-NZ-00094.3o NZ094P32S3C604 CY039958
NIGSP-NZ-00094.3p NZ094P32S3C605 CY039959

4 (HA) NIGSP-NZ-00094.4a NZ094P32S4Cx06 CY039960
NIGSP-NZ-00094.4b NZ094P32S4Cx04 CY039961
NIGSP-NZ-00094.4c NZ094P32S4Cx03 CY039962
NIGSP-NZ-00094.4d NZ094P32S4Cx02 CY039963
NIGSP-NZ-00094.4e NZ094P32S4Cx01 CY039964
NIGSP-NZ-00094.4f NZ094P32S4C007 CY039965
NIGSP-NZ-00094.4g NZ094P32S4C006 CY039966

5 (NP) NIGSP-NZ-00094.5a NZ094P11S5C002 CY039967
NIGSP-NZ-00094.5b NZ094P11S5C005 CY039968
NIGSP-NZ-00094.5c NZ094P32S5C001 CY039969
NIGSP-NZ-00094.5d NZ094P32S5C004 CY039970

6 (NA) NIGSP-NZ-00094.6a NZ094P32S6C001 CY039971
NIGSP-NZ-00094.6b NZ094P32S6C003 CY039972
NIGSP-NZ-00094.6c NZ094P32S6C005 CY039973

7 (M) NIGSP-NZ-00094.7a NZ094P32S7C001 CY039974
NIGSP-NZ-00094.7b NZ094P11S7C005 CY039975
NIGSP-NZ-00094.7c NZ094P11S7C004 CY039976
NIGSP-NZ-00094.7d NZ094P11S7C007 CY039977
NIGSP-NZ-00094.7e NZ094P11S7C008 CY039978
NIGSP-NZ-00094.7f NZ094P32S7C002 CY039979
NIGSP-NZ-00094.7g NZ094P32S7C004 CY039980
NIGSP-NZ-00094.7h NZ094P32S7C006 CY039981
NIGSP-NZ-00094.7i NZ094P32S7C005 CY039982
NIGSP-NZ-00094.7j NZ094P32S7C007 CY039983

8 (NS) NIGSP-NZ-00094.8a NZ094P32S8C001 CY039984

Influenza A virus New York/537/1998 (H3N2) 4 (HA) NIGSP-NYS-00537.4a WW537H3N2S4C34 CY039878
NIGSP-NYS-00537.4b WW537H3N2S4C8 CY039879
NIGSP-NYS-00537.4c WW537H3N2S4Cr1 CY039880
NIGSP-NYS-00537.4d WW537H3N2S4Cr5 CY039938
NIGSP-NYS-00537.4e WW537H3N2S4Cr7 CY039882
NIGSP-NYS-00537.4f WW537H3N2S4Cr8 CY039883
NIGSP-NYS-00537.4g WW537H3N2S4C36 CY039884
NIGSP-NYS-00537.4h WW537H3N2S4C6 CY039885
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