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Spatial variation in the epidemiological patterns of successive waves of pandemic influenza virus in humans
has been documented throughout the 20th century but never understood at a molecular level. However, the
unprecedented intensity of sampling and whole-genome sequencing of the HIN1/09 pandemic virus now makes
such an approach possible. To determine whether the spring and fall waves of the HIN1/09 influenza pandemic
were associated with different epidemiological patterns, we undertook a large-scale phylogeographic analysis
of viruses sampled from three localities in the United States. Analysis of genomic and epidemiological data
reveals distinct spatial heterogeneities associated with the first pandemic wave, March to July 2009, in
Houston, TX, Milwaukee, WI, and New York State. In Houston, no specific HIN1/09 viral lineage dominated
during the spring of 2009, a period when little epidemiological activity was observed in Texas. In contrast,
major pandemic outbreaks occurred at this time in Milwaukee and New York State, each dominated by a
different viral lineage and resulting from strong founder effects. During the second pandemic wave, beginning
in August 2009, all three U.S. localities were dominated by a single viral lineage, that which had been dominant
in New York during wave 1. Hence, during this second phase of the pandemic, extensive viral migration and
mixing diffused the spatially defined population structure that had characterized wave 1, amplifying the one

viral lineage that had dominated early on in one of the world’s largest international travel centers.

Following its initial description in March 2009, the pandemic
H1N1/09 virus rapidly spread globally and was detected in at
least 208 countries by December 2009. In the United States, an
estimated 7,500 to 44,100 deaths were attributable to the
H1N1/09 virus between May and December 2009 (21), so that
the >18,000 global laboratory-confirmed human deaths that
have been directly linked to the virus (2) are clearly a huge
underestimate of the true number (21, 25). While the disease
burden associated with the HIN1/09 pandemic is relatively low
compared to that of past pandemics, most notably the devas-
tating “Spanish flu” of 1918, the HIN1/09 virus has dispropor-
tionately impacted younger age groups, resulting in substantial
life years lost (25).
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The HIN1/09 virus is a novel reassortant, containing the
PB2, PB1, PA, HA, NP, and NS segments from North Amer-
ican triple-reassortant swine viruses and NA and M segments
derived from the Eurasian swine lineage (7). Phylogenetic
analysis suggests that these segments have been circulating
undetected in swine for a decade or more but have emerged in
humans only recently, perhaps only several months prior to
their initial detection in humans (22). Although phylogenetic
resolution of the HIN1/09 virus is difficult because of the short
duration of evolution in humans, seven discrete viral clades
were identified globally during the first pandemic wave in the
spring of 2009 (16).

The epidemiology of the three influenza pandemics of the
20th century (1918 [HIN1], 1957 [H2N2], and 1968 [H3N2])
has been studied intensively, particularly the variation in mor-
tality and transmissibility among countries and cities and be-
tween successive waves (1, 6, 18). However, the viral gene
sequence data acquired from these past pandemics has been
insufficient to precisely reveal epidemiological patterns and
dynamics, especially at the level of individual cities. Advances
in the speed of genome sequencing technologies and increas-
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ing public data access mean that the HIN1 influenza A pan-
demic of 2009 represents the first time that the epidemiological
dynamics of multiple pandemic waves can be characterized at
the molecular level and for individual localities.

Despite the wealth of individual gene and complete genome
sequence data available for HIN1/09, it is unknown how the
molecular epidemiology of this virus varies spatially across the
United States and between the first spring pandemic wave and
the second fall wave. To determine whether the spring and fall
waves were associated with different spatial patterns, we con-
ducted a phylogenetic analysis of whole-genome HIN1/09 se-
quences collected from 1 April 2009 to 3 March 2010 from
three intensively sampled localities in the United States: Hous-
ton, TX (Southwestern United States), Milwaukee, WI (Mid-
western United States), and New York State (Northeastern
United States), against a background of HIN1/09 sequences
collected from other areas in North America, as well as glob-
ally. We also linked the observed evolutionary patterns with
epidemiological data collected from the same localities over
this time period.

MATERIALS AND METHODS

Epidemiological data. SDI Health, LLC (SDI) maintains a sample of hospital
encounters, including emergency department, short-stay (<23 h), and inpatient
events, derived from approximately 550 hospitals, which covers about 20% of
such events in the United States. Data analyzed included discharge diagnoses
coded for influenza according to the International Classification of Diseases,
Ninth Revision, Clinical Modification (ICD-9-CM; http://www.cdc.gov/nchs/icd
f/icd9cm.htm).

Sample collection, viral isolation, and RNA extraction. Virus specimens from
Houston were collected from patient specimens processed at four Methodist
hospitals at geographically dispersed sites in the metropolitan area. Patient
specimens from Milwaukee were collected at Children’s Hospital of Wisconsin
(CHW), Dynacare Laboratories (DL), and their associated clinics and were
tested for the presence of pandemic HIN1/09 virus using reverse transcription
(RT)-PCR assays described previously (4, 10, 16). Specimens in New York State
were collected from patients in primary care clinics and hospitals throughout the
state and submitted to the Wadsworth Center for HIN1/09 testing using the
real-time RT-PCR assay previously described (17). Extraction and amplification
of the entire viral RNA genome from samples from Milwaukee and New York
State were performed at the Wadsworth Center, New York State Department of
Health, in Albany, NY, using methods described previously (16, 26).

Sequencing of viral RNA genome. Whole-genome sequencing was performed
at the J. Craig Venter Institute (JCVI) in Rockville, MD, using methods de-
scribed previously (16). Oligonucleotide primers were designed using a compu-
tational PCR primer design pipeline developed at JCVI (13). Sequencing, ge-
nome assembly, and closure reactions were performed as described previously
(8). All sequences were submitted to GenBank and are publicly available at the
National Center for Biotechnology Information (NCBI) Influenza Virus Re-
source (http://www.ncbi.nlm.nih.gov/genomes/FLU/FLU.html) (3).

Phylogenetic analysis. The sequence data used in this study came from 1,312
pandemic HIN1/09 sequences collected in North America (Canada, Mexico, and
the United States) between 1 April 2009 and 3 March 2010, which were down-
loaded from the National Center for Biotechnology Information (NCBI) Influ-
enza Virus Resource (http://www.ncbi.nlm.nih.gov/genomes/FLU/FLU.html)
available on GenBank (3). This data set includes 226 HIN1/09 sequences col-
lected from Houston, 319 sequences from Milwaukee, and 343 sequences from
New York State. Only viruses for which whole-genome sequences and the exact
dates of collection were available were used.

Nucleotide alignments were manually constructed for the coding regions of the
eight genome segments of each sequence using the Se-Al program (20). To
maximize phylogenetic resolution, and given no evidence of genomic reassort-
ment, the eight segments were concatenated. To infer the evolutionary relation-
ships for the complete HIN1/09 data set analyzed here, we employed the max-
imum likelihood (ML) method available in the PhyML program (9). Because of
the great similarity of the sequences, such that multiple substitutions at single
nucleotide sites can effectively be ignored, this analysis utilized the simple
HKY85 model of nucleotide substitution and employed SPR branch-swapping.
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Support for major clusters on the tree was provided by the approximate likeli-
hood ratio test (aLRT) available in PhyML. Two additional phylogenetic trees
were inferred: one including sequences that were collected only during wave 1,
defined here as 1 April 2009 to 31 July 2009 (n = 674 sequences), and a second
including sequences that were collected during wave 2, defined here as 1 August
2009 to 3 March 2010 (n = 638 sequences). The FigTree program (http://tree
.bio.ed.ac.uk/software/figtree/) was used to annotate each phylogeny by coloring
tip names by geographical location. HIN1/09 clades were identified based on
strong support for individual nodes and long branch lengths, adopting the no-
menclature and clade delineations defined previously (16). Some clades that
were identified previously were not as clearly defined here, particularly clades 2
and 3. However, due to their small size, these clades are not important to our
study.

To provide a global context for our North American study, an ML tree was
inferred for a subset of the North American data plus 282 whole-genome se-
quences that were collected globally (Europe, Asia, Australia, and South and
Central America) and available on GenBank (total of 1,356 sequences) (3).

Spatial analysis. To determine the extent and pattern of geographic structure
in the wave 1 and wave 2 HIN1/09 populations, we assigned each sequence in the
data set a single-digit character state (1, 2, 3, or 4) reflecting the locality of origin
(Houston, Milwaukee, New York State, or other North American locality, re-
spectively). Because of the very large data set available for analysis, computa-
tional constraints meant that we were forced to base our analysis on a single
representation of epidemiological history. Accordingly, the minimum number of
changes in character state needed to produce the observed distribution of char-
acter states on the ML tree for these data (described above) was then estimated
by using the parsimony method in PAUP* (23). To determine the number
expected under the null hypothesis of random mixing among North American
localities, the character states of all sequences were randomized 10,000 times and
the analysis was repeated. This analysis was conducted separately for the wave 1
and wave 2 data sets.

Nucleotide diversity. The average pairwise nucleotide diversity among se-
quences was estimated for six HIN1/09 virus populations: Houston (wave 1),
Houston (wave 2), New York State (wave 1), New York State (wave 2), Mil-
waukee (wave 1), and Milwaukee (wave 2). For this analysis we employed a
maximum likelihood (ML) method available in the MEGA4 package (24), with
the standard deviation estimated using 100 bootstrap replicates.

RESULTS

Epidemiological analysis. Among the three intensively sam-
pled U.S. localities of Houston, TX, Milwaukee, WI, and New
York State, we detect marked heterogeneities in the epidemi-
ology of the pandemic HIN1/09 virus in the first wave during
the spring of 2009. Based upon emergency department visits
coded as influenza, both Milwaukee and New York State ex-
perienced severe pandemic outbreaks during April to June
2009 (Fig. 1), observations that have been described previously
(11, 12, 19). In contrast, no increase in influenza virus activity
was detectable during the spring of 2009 in Houston (Fig. 1),
despite its relative geographic proximity to Mexico (<400
miles), where the HIN1/09 pandemic is thought to have orig-
inated. Subsequently, Houston experienced a major increase in
HI1IN1/09 activity beginning in August 2009, marking the be-
ginning of the second pandemic wave, and New York State and
Milwaukee experienced second pandemic waves approximately
1 month later. Based on these data, we defined two temporally
distinct waves of the pandemic as follows: wave 1 is defined as
April to July 2009, while wave 2 is defined as August 2009 to
March 2010.

Phylogenetic analysis. To understand the evolutionary basis
for these geographical differences in pandemic activity, we
conducted a phylogenetic analysis on a collection of whole-
genome sequences from 1,312 pandemic HIN1/09 viruses col-
lected in North America from 1 April 2009 to 3 March 2010.
This data set comprises 424 “background” sequences collected



830 NELSON ET AL.

J. VIROL.

5 === Houston

=== Milwaukee

NY State

% of all visits coded as influenza

0

1/4/09 3/4/09 5/4/09 7/4/109

AN A/

—

9/4/09 11/4/09 1/4/10 3/4/10

FIG. 1. Proportion of all emergency department visits that are coded as influenza in Houston, Milwaukee, and New York State, 2009 to 2010.
Data collected by SDI, Plymouth Meeting, PA. Peaks in influenza virus activity associated with the 2008-2009 seasonal HIN1 epidemic (shaded
green), the spring wave of pandemic HIN1/09 viruses (shaded red), and the fall wave of pandemic HIN1/09 viruses (shaded blue) are depicted.

from other parts of the United States, Canada, and Mexico and
888 sequences from three intensively sampled U.S. localities:
226 HIN1/09 sequences collected from Houston, 319 se-
quences from Milwaukee, and 343 sequences from New York
State. These data include both the spring pandemic wave
(wave 1) (51% of all sequences) and the subsequent fall wave
(wave 2) (49%) (Table 1).

Three maximum-likelihood (ML) phylogenetic trees were
inferred from these data: (i) wave 1 (n = 674 sequences), (ii)
wave 2 (n = 638 sequences), and (iii) all data (n = 1,312
sequences) (Fig. 2 and 3 and Fig. S1 in the supplemental
material, respectively). As a reference, a global ML tree also
was inferred from a subset of these North American sequences
and 282 whole-genome sequences from isolates collected in
Asia, Europe, Australia, and South and Central America (see
Fig. S2 in the supplemental material). Given (i) the unprece-
dented intensity of temporal sampling of this viral population,

(ii) how recently the HIN1/09 emerged in humans—estimated
to be January or February 2009 (22)—and (iii) its rapid spread
and phylogenetic diversification, there was predictably a lack of
strong statistical support for large-scale phylogenetic clades.
However, for the purposes of estimating the number of viral
introductions into a specific locality and for describing overall
changes in viral population structure that occurred between
waves 1 and 2, we employ the clade nomenclature previously
defined by Nelson et al. (16). Of the seven clades that previ-
ously were identified globally (16), six were detectable in our
phylogenies of North American HIN1/09 sequences: clade 1,
clade 2, clade 3, clade 5, clade 6, and clade 7 (Fig. 2 and 3).
Clade 4, which has been detected only in Asia (16) and is
exceptionally small (11 sequences; see Fig. S2 in the supple-
mental material), was not identified in this North American
viral population.

During wave 1 in New York State, sequences were collected

TABLE 1. Summary of sample collection”

Wave 1 Wave 2
Locality Total no. of
No. of . No. of . sequences
sequences Collection dates (mo/day/yr) sequences Collection dates (mo/day/yr) q
Houston 82 04/28/09-07/29/09 144 08/15/09-02/06/10 226
Milwaukee 183 04/28/09-06/30/09 136 09/07/09-12/18/09 319
New York State 193 04/24/09-7/30/09 150 08/06/09-03/01/10 343
North America 216 04/01/09-07/27/09 208 08/05/09-02/13/10 424
Total 674 638 1,312

“ Shown are the number of sequences collected from Houston, Milwaukee, New York State, and other localities in Canada, the United States, and Mexico that are

used in Fig. 2 and 3 and in Fig. S1 in the supplemental material.
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FIG. 2. Evolutionary relationships of the concatenated whole-genome sequences from 674 sequences of pandemic HIN1/09 viruses collected
in North America during the first pandemic wave, from 1 April 2009 to 29 July 2009. The maximum likelihood (ML) tree is midpoint rooted for
clarity, with all branch lengths drawn to scale. Numbers on branches indicate approximate likelihood ratio test values and provide an indication
of statistical support for individual nodes. Sequences shaded in orange were collected in New York State; sequences shaded in green were collected
in Milwaukee; sequences shaded in blue were collected in Houston; sequences shaded in black were collected in other North American localities.

from all six clades identified in North America (Fig. 2). Of
these, clade 7 rapidly became dominant in New York during
wave 1, representing 78% of all New York sequences (151/
193), presumably reflecting a strong founder effect. In Milwau-
kee, the sequences collected during wave 1 were members of
four clades (clade 2, clade 3, clade 5, and clade 7), indicating a
minimum of four separate introductions. During Milwaukee’s
first pandemic wave, clade 5 viruses rapidly became dominant,
representing 87% of all sequences collected (160/183), again
indicative of a strong founder effect. At least four viral intro-
ductions occurred during wave 1 in Houston, based on the
identification of clade 1, clade 2, clade 6, and clade 7 in this
population. In addition, three small phylogenetically distinct
clades that were not identified previously (16) contain se-
quences from Houston, which likely represent further intro-
ductions into this locality. Unlike the situations in New York
State and Milwaukee, no single viral lineage appears to have
been dominant during wave 1 in Houston, with what appears to
be relatively low levels of onward transmission of each viral
introduction.

A strikingly different pattern of clade structure was identi-
fied during wave 2. In particular, clade 7 was dominant in all
three localities, as well as in North America as a whole (Fig. 3)
and globally (see Fig. S2 in the supplemental material). In-
deed, we observed that nearly 95% of sequences (605 of 638)
from wave 2 belong to clade 7, with all other clades shrinking
or disappearing entirely, as in the case of clade 1 and, most
notably, clade 5 from Milwaukee, even at a global scale (Fig.
S2). While the highly interspersed pattern of sequences from

Houston, Milwaukee, and New York State during wave 2 sig-
nifies that there were frequent introductions of clade 7 into
these localities (Fig. 3), estimating the exact number of intro-
ductions into each locality is extremely difficult with the current
data because of the lack of strongly supported phylogenetic
clusters.

Spatial analysis. Our parsimony-based analysis of geo-
graphic structure provides a quantitative measure of the dif-
ferences in population structure that we observed for the trees
inferred for waves 1 and 2 (Fig. 2 and 3, respectively). This
analysis reveals a significant geographically based population
structure in both waves (P < 0.0001), which is expected given
the highly localized scale of sampling and the nature of influ-
enza virus transmission. However, the proportion of location
changes required by parsimony to generate the observed phy-
logenetic pattern (Fig. 2 and 3), versus 10,000 randomized
trees, is closer to 0 in wave 1 (range, 0.20 to 0.24) than in wave
2 (range, 0.40 to 0.45), indicating that the wave 1 population is
more genetically structured by location. This is presumably
because the HIN1/09 virus had undergone substantial geo-
graphical mixing by the fall of 2009, while wave 1 was still
dominated by the initial founder effects.

Nucleotide diversity. Our analysis of pairwise nucleotide di-
versity within each of these three viral populations during
waves 1 and 2 further supports the phylogenetic results de-
scribed above. Most notably, the nucleotide diversity of the
HIN1/09 populations in New York State and Milwaukee is
approximately half that of Houston during wave 1, reflecting
the strong founder effects observed in the former populations
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FIG. 3. Evolutionary relationships of the concatenated whole-genome sequences from 638 sequences of pandemic HIN1/09 viruses collected
in North America during the second pandemic wave, from 5 August 2009 to 3 March 2010. All rooting, labels, and color coding are identical to

those used in Fig. 2.

(clade 7 and clade 5, respectively) (Table 2). In contrast, all
three localities exhibit similar levels of genetic diversity during
wave 2, reflecting the greater degree of mixing at this time.
Although fewer clades circulate during wave 2, with clade 7
strongly dominant, more genetic diversity is observed in each
of these localities during the second wave due to the genetic
diversification of clade 7 through time and the extensive geo-
graphical mixing of the viruses within clade 7.

DISCUSSION

An intensified sampling of the HIN1/09 virus in three de-
fined U.S. localities reveals a strong geographically defined
viral population structure, particularly within wave 1, followed
by geographic dispersal in wave 2. Separate analyses of phylo-
genetic relationships, the strength of spatial structure, and
nucleotide diversity within spatiotemporally defined groups
consistently support this conclusion. Furthermore, the hetero-
geneities in virus population structure during wave 1 (ie.,

TABLE 2. Nucleotide diversity of HIN1/09 virus populations®

Nucleotide diversity

Locality/wave (base substitutions per site) b
Houston (wave 1) 1.72x 1073 22%x10°%
Milwaukee (wave 1) 8.9 x107* 1.4x10°*
New York State (wave 1) 89 %1074 1.1x 107
Houston (wave 2) 3.04 X 1073 1.4 %1074
Milwaukee (wave 2) 273 %1073 13X 1074
New York State (wave 2) 2.94 X 103 1.1x 1074

“ Shown are data for collections in Houston, Milwaukee, and New York State
during wave 1 (March to July 2009) and wave 2 (August 2009 to March 2010) of
the pandemic.

multiple circulating clades) reflect the strong heterogeneities
in the epidemiology of the pandemic in the three studied
localities.

Our results therefore suggest that wave 1 and wave 2 repre-
sent two distinct phases in the molecular epidemiology of the
H1N1/09 pandemic: a first wave dominated by strong founder
effects in areas of high disease transmission, resulting in dis-
tinct spatial heterogeneities, and a second wave characterized
by extensive global migration and increased spatial mixing,
resulting in the global dominance of a single lineage. Although
multiple introductions of the virus occur in both waves,
founder effects appear to be particularly important in localities
that experience a major first wave, resulting in point-source
outbreaks of a single dominant lineage: clade 5 in Milwaukee
and clade 7 in New York State. The dominance of clade 5 in
Milwaukee is especially noteworthy, given the very low levels
of this clade that are observed in other sampled North Amer-
ican localities and the global disappearance of clade 5 during
wave 2.

Although Houston did not experience a major pandemic
wave in the spring of 2009, the genetic diversity of wave 1 is
higher in Houston than in Milwaukee or New York State,
owing to (i) multiple viral introductions, (ii) the absence of a
single dominant lineage, and (iii) perhaps the geographical
proximity of the city to Mexico, where the pandemic is thought
to have originated, based upon the basal phylogenetic position
of Mexican sequences on the tree. Clearly these findings indi-
cate that the absence of a major spring wave in Houston is not
due to any diminished importation or initial presence of the
H1N1/09 virus in the city but rather to the fact that no single
viral introduction resulted in high onward transmission. Earlier
termination of school terms may have reduced pandemic ac-
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tivity during the spring in Southern U.S. regions (generally late
May, compared with mid-June in Northern U.S. regions), a
hypothesis that certainly warrants further study. School cycles
have been shown to affect the timing of the onset of the fall
2009 pandemic wave in the United States (5), but the role of
school term timing in the intensity of the spring wave in dif-
ferent regions remains unclear.

Finally, it is tempting to propose that the global dominance
of clade 7 during the second pandemic wave may relate to its
initial foothold in New York State during the first wave, facil-
itating its rapid global spread via New York City’s high inter-
national interconnectivity. In contrast, we detect no evidence
of continued transmission during the second pandemic wave of
clade 5, following its dominance during wave 1 in Milwaukee.
Given the lack of amino acid changes or any likely differences
in fitness between clade 5 and clade 7 (16), the differential
success of clade 7 during wave 2 most likely is attributable to
stochastic differences (i.e., founder effects) in the early geo-
graphical patterning of these lineages during wave 1.

Although those HIN1/09 viruses characterized to date are
very similar at both the genetic and antigenic levels (such that
it is very difficult to detect genomic reassortment events involv-
ing viruses from different clades), the intensity of the sampling
of the early dissemination of the HIN1/09 virus in the United
States allows us to detect a strong geographical structure in
human influenza at the scale of the United States for the first
time. This is in marked contrast to previous large-scale phylo-
genetic analyses of seasonal influenza virus epidemics which
have not detected strong spatial patterns at the scale of the
United States (15) or within New York State (14), due to the
cocirculation of multiple divergent lineages and likely differ-
ences in sampling. It remains unknown whether the spatial
patterns we observe during the first pandemic wave are unique
to these specific pandemic circumstances or could be detected
during seasonal influenza epidemics with greatly increased
sampling in discrete localities.
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