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Background. Understanding the epidemiological dynamics of influenza virus is central to surveillance and
vaccine strain selection. It has been suggested that tropical and subtropical regions represent the global source of
influenza epidemics. However, our understanding of the epidemiological dynamics of influenza virus in these
regions is limited by a relative lack of long-term data.

Methods. We analyzed epidemiological and virological data on influenza recorded over a period of 15 years
from the metropolitan city of Shenzhen in subtropical southern China. We used wavelet analysis to determine the
periodicity of influenza epidemics and molecular phylogeographic analysis to investigate the role of Shenzhen and
southern China in the global evolution of influenza virus.

Results. We show that southern China is unlikely to represent an epicenter of global influenza activity,
because activity in Shenzhen is characterized by significant annual cycles, multiple viral introductions every year,
limited persistence across epidemic seasons, and viruses that generally are not positioned on the trunk of the
global influenza virus phylogeny.

Conclusions. 'We propose that novel influenza viruses emerge and evolve in multiple geographic localities and that
the global evolution of influenza virus is complex and does not simply originate from a southern Chinese epicenter.
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Seasonal and pandemic influenza is associated with
significant morbidity and mortality worldwide [1, 2].
Seasonal influenza epidemics have been well docu-
mented in temperate regions, where they exhibit
strong seasonal winter peaks. However, the seasonality
of influenza is less defined in many tropical/subtropi-
cal regions [3-8]. In temperate regions, most viral line-
ages go extinct following an epidemic, with few strains
persisting between seasonal epidemics [9-11]. In con-
trast, viral strains that persist in tropical/subtropical

Received 23 September 2011; accepted 3 February 2012; electronically pub-
lished 28 August 2012.

. C. Y. T.and M. H. contributed equally to the study.

Correspondence: Jinquan Cheng, MD, Shenzhen Center for Disease Control and
Prevention, No. 8, Longyuan Road, Nanshan District, Shenzhen, 518055, Guang-
dong, PR. China (jgchengcdc@gmail.com).

The Journal of Infectious Diseases 2013;207:106-14

© The Author 2012. Published by Oxford University Press on behalf of the Infectious
Diseases Society of America. All rights reserved. For Permissions, please e-mail:
journals.permissions@oup.com.

DOI: 10.1093/infdis/jis526

regions are thought to be important in maintaining
global genetic diversity by providing a reservoir popu-
lation of virus that can be reimported into temperate
regions each winter [9]. In particular, influenza viruses
circulating in Southeast Asia have been proposed as
the source of seasonal epidemics in temperate regions,
the latter of which can be thought of as “sink” popula-
tions [9, 12]. Although this “source-sink” model is at-
tractive, it was based on relatively few and temporally
limited influenza virus data sets from subtropical
regions, such as southern China.

To describe the epidemiological dynamics of influ-
enza virus in a subtropical city in detail and to test the
hypothesis that southern China represents a global
source population of influenza virus, we characterized
the epidemiology of influenza virus during 1995-2009
in the southern Chinese city of Shenzhen, at the
border of China’s subtropical and tropical regions.
Because of Shenzhen’s proximity to Hong Kong and
status as the first of the special economic zones in
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China, the city plays an important role in connecting Main-
land China to Hong Kong and to other countries in Southeast
Asia. We used long-term epidemiological and virological data
to determine the seasonality of influenza epidemics in the city.
In addition, through a phylogenetic analysis of newly acquired
influenza virus hemagglutinin (HA) gene sequences, we char-
acterized the temporal and spatial dynamics of influenza
viruses in this city and evaluated the persistence of influenza
virus strains across epidemics in Shenzhen and in southern
China.

METHODS

Influenza Surveillance Data From Shenzhen

Shenzhen has an estimated population of 14 million individuals
and is located in subtropical China at latitude 22.6°N, bordering
Hong Kong. In 1995, a prospective surveillance system was initi-
ated to detect influenza among inpatients and outpatients ad-
mitted for upper respiratory infections (URIs) to 8 sentinel sites.
Each sentinel site recorded daily numbers of consultations for
URIs, defined as nasal congestion, cough, runny nose, sore
throat, fever, facial pressure, and sneezing. In 2003, the case def-
inition was changed to influenza-like illness (ILI) (defined by
the World Health Organization [WHO] as sudden onset of
fever [temperature, >38°C] and cough or sore throat in the
absence of other diagnoses), and the system was expanded to 22
sentinel sites, including schools, general hospitals, public health
units, and community healthcare centers [13]. Since 2005, a
wider influenza surveillance network has been established,
including 8 virology laboratories and 23 sentinel sites [14].

Collection of Clinical Specimens, Virus Culture,

and Genotyping

Nasopharyngeal swab specimens from patients with URIs
(before 2003) and patients with ILI (after 2003) who had not
received antiviral treatment were collected within 3 days after
symptom onset from the sentinel sites by district public health
staff. Specimens were kept at 4°C and transported to one of
the 7 virology laboratories maintained by the Shenzhen
Center for Disease Control and Prevention, where they were
stored at —80°C for subsequent virus isolation and identifica-
tion. Clinical specimens from the patients were cultured in
Madin-Darby canine kidney cells for 5-7 days or in embryo-
nated chicken eggs for 2-3 days as described previously [15].
After incubation, a hemagglutination test was used to deter-
mine specimens that were positive for influenza virus [16].
The genotypes and subtypes of influenza virus isolates were
analyzed by a hemagglutination inhibition test, using a WHO
influenza diagnostic kit, and were confirmed by sequencing as
described previously [17]. The influenza virus samples used in
this study were collected as part of an ongoing and nationally
approved influenza surveillance program. Because no patient

data were used in this study, written consent was not required.
All sequences generated here have been submitted to GenBank
and were assigned accession numbers CY105951-CY106559.

Influenza Periodicity and Seasonality Analysis

We compiled weekly time series of ILI consultation rates (cal-
culated as the weekly number of consultations for ILI divided
by the weekly number of all consultations) in Shenzhen
during 2003-2009 and monthly time series of the standard-
ized number of influenza virus—positive specimens (calculated
as the monthly number of influenza virus—positive specimens
divided by the annual number of influenza virus—positive
specimens) and the “percentage positivity” (calculated as the
monthly number of influenza virus—positive specimens
divided by the monthly number of all specimens tested)
during 1995-2009. To characterize the seasonality and period-
icity of epidemics in the city, we applied wavelet methods to
ILI and influenza time series, as previously described for
various infectious diseases data [18-20]. Briefly, wavelet analy-
sis allows the identification of periodicities in time series data
and can be used to distinguish between semiannual and
annual outbreaks or to determine year-round activity. Such
methods can also help track changes in periodicity over time
and to quantify time lags between various indicators of epi-
demic activity. We used the wavelet package in R 2.12.0 [21]
to conduct this analysis, as described in detail elsewhere [18].
All time series were square-root transformed prior to analysis
to take into account sampling trends due to the expansion of
the surveillance network.

To further quantify seasonality, we estimated the monthly
proportion of viruses reported in each month of the year and
used a Chi-square test to compare the proportion of different
types of viruses identified in the summer (May-October) and
winter (November—April).

Phylogenetic Analysis

We analyzed newly acquired HA1 sequences from human in-
fluenza viruses collected in Shenzhen from 1995 through 2009
(351 were from influenza A virus subtype H3N2 [A/H3N2],
104 were from influenza A virus subtype HIN1 [A/HINI1],
and 154 were from influenza B virus [of which 2 were collect-
ed in 1994]), as well as all human influenza virus HA1 se-
quences that are available on GenBank for A/HINI (from
1918 through 2010), A/H3N2 (from 1968 through 2010), and
influenza B virus (from 1940 through 2010). Sequences were
downloaded from the National Center for Biotechnology In-
formation Influenza Virus Resource, available on GenBank
[22]. In total, we produced the following 3 global data sets of
influenza virus: 9500 HA1 sequences of A/H3N2, 3632 se-
quences of A/HIN1, and 3133 sequences of influenza B virus.
Maximum likelihood (ML) phylogenies were inferred by
means of the rapid tree searching approach implemented in
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RAXML (version 7.04), using the general-time-reversal (GTR)
model of nucleotide substitution with a gamma distribution
(") of among-site rate variation [23]. A total of 200 indepen-
dent searches for ML phylogenies were performed with differ-
ent random maximum parsimony starting trees. The
phylogeny with the highest likelihood score was selected for
further analysis. To provide a more geographically specific
context for our study, 3 China-specific data sets were also gen-
erated for A/H3N2 (1320 sequences), A/HIN1 (374 sequenc-
es), and influenza B virus (700 sequences). These data sets
included sequences collected from mainland China, Hong
Kong, Macau, and Taiwan. In this case, phylogenetic trees
were estimated using PhyML v3.412 [24] and the GTR+T
substitution model. The robustness of the ML tree was as-
sessed by bootstrap analyses of 500 pseudoreplicate data sets.

Phylogeographic Analysis

The geographic location of each sequence was first assigned a
discrete geographic region, namely, Europe, North America,
South America, Oceania, Africa, eastern Asia (excluding
China), western Asia, Southeast Asia, southern Asia, southern
China, and northern China. Southern China was defined here
to include the provinces located south of the Yangtze River
(including the region of Shenzhen), as well as 2 Special Ad-
ministrative Regions—Hong Kong and Macau—but not

Taiwan. With these data, we reconstructed the ancestral geo-
graphic region (ie, those at each node on the tree), using a
parsimony procedure [25]. The trunk lineage of the phylogeny
was defined as that originating from the root of the tree and
ending at the most recently sampled cluster of isolates. The
ancestral geographic regions on the trunk were estimated
using 500 random resolutions of polytomies (ie, cases in
which nodes split into >2 descendants). The frequency with
which each geographic location fell on the trunk lineage was
then calculated. This analysis was only conducted for the
A/H3N2 phylogeny because there was insufficient temporal
and geographic sampling of the A/HIN1 and influenza B
virus data sets.

RESULTS

Seasonality and Periodicity of Influenza Virus Activity

in Shenzhen

A total of 25377 respiratory specimens were tested during
1995-2009 in Shenzhen, yielding 2678 influenza viruses
(Table 1). Figure 1 shows the average seasonal patterns and
periodicities of influenza virus activity and ILI in Shenzhen.
Figure 1A shows the monthly time series of the number of in-
fluenza virus—positive specimens and the percentage positivity,
overlaid with data on ILI activity. Influenza virus activity

Table 1 Number of Cases of Influenza-Like llness (ILI) and Influenza Virus—Positive Specimens, by Virus Subtype, Shenzhen, China,
1995-2009
Influenza A Virus Subtype Positivity

URl or ILI Cases,  Specimens, Positive Specimens, B Positivity,
Year No. (%?) No. No. (%) H3N2, No. H1N1, No. Overall, Proportion (%) Proportion (%)
1995 37509 (54) 352 16 (5) 7 1 8/16 (50) 8/16 (50)
1996 51500 (79) 241 33 (14) 17 11 28/33 (85) 5/33 (15)
1997 50294 (71) 608 34 (6) 2 5 7/34 (21) 27/34 (79)
1998 90063 (71) 2300 40(0.2) 39 0 39/40 (98) 1/40 (2)
1999 89362 (72) 1187 70 (9) 36 0 36/70 (51) 34/70 (49)
2000 49836 (75) 1509 40 (3) 10 11 21/40 (53) 19/40 (47)
2001 51393 (75) 1168 74 (6) 1 50 51/74 (69) 23/74 (31)
2002 156491 (68) 815 34 (4) 12 0 12/34 (35) 22/34 (65)
2003 27 268 (8) 779 45 (6) 41 0 41/45 (91) 4/45 (9)
2004 29658 (7) 773 20 (3) 9 0 9/20 (35) 17/20 (65)
2005 25097 (5) 2325 133 (6)° 33 51 84/133 (63) 22/133 (17)
2006 112651 (6) 2436 154 (6) 3 103 106/154 (69) 48/154 (31)
2007 1563749 (7) 2526 290 (11) 172 11 183/290 (63) 108/290 (37)
2008 158849 (6) 3183 389 (12) 48 177 225/389 (58) 164/389 (42)
2009 221552 (7) 5125 1306 (25) 479 122; 450°¢ 1051/1306 (80) 255/1306 (20)
Overall 1305272 25377 2678 903 991 1894/2678 (71) 757/2678 (28)

Abbreviation: B, influenza B virus.

@ Data indicate the proportion of visits for upper respiratory infection (URI) or ILI among all consultations. URI visits were monitored during 1995-2002 in

Shenzhen, whereas ILI visits were monitored during 2003-2009.
5 A total of 27 isolates in 2005 were not subtyped.

©1n 2009, 122 H1N1 isolates were seasonal strains, while 450 of these isolates were the novel 2009 pandemic influenza virus A subtype H1N1 strain.

108 o JID 2013:207 (1 January) e Cheng et al



b

y1 (%) y2 (%)
w o : n g
@ o« ; : : : - =
e g
: o 3
S0 5
g 2
= =]
£ © Fo 2
2 =
L 2
N
E a—_—
=l o ;
s .
0 8
o 4 Lo ®
1995 2000 2005 2010
B C
(%) (%)
15 15 -
10 4 10 -
5 5 -
0 - 0 -
1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12
Month Month
H Standardized infuenza positive counts ®ILI consultation rate
M Percentage positivity
D E
-+
[--]
* )
© v -
3 3
s =
0
3 <
@ _ @
o o
k)
(=}
T 1T T 71T L
1995 1998 2001 2004 2007 0 4 8 12 2004 2005 2006 2007 2008 2009 0 20 40 60

Figure 1. Seasonality of influenza epidemics in Shenzhen, China, 1995-2009. A, Time series of the standardized number of influenza virus—positive
specimens (calculated as the monthly number of influenza virus—positive specimens divided by the annual number of influenza virus—positive specimens;
purple line, left y-axis), the “percentage positivity” (calculated as the monthly number of influenza virus—positive specimens divided by the monthly
number of all specimens tested; blue line, left y-axis), and influenza-like iliness (ILI) consultation rates (calculated as the weekly number of consultations
for ILI divided by the weekly number of all consultations; red line, right y-axis). All time series have been square-root transformed. B, Monthly standardized
number of influenza virus—positive specimens (purple) and percentage positivity (blue) during 1995-2008 (the 2009 pandemic influenza A virus subtype
H1NT season was omitted). Color bars represent the average proportion of influenza virus—positive patients identified in each month of the year. Error
bars show standard errors based on variation between years. C, Same as B, but for monthly ILI consultation rate (in red) during 2003—2008. D, Wavelet
power spectrum of standardized influenza positive counts during 1995-2009, identifying changes in periodicities over time (left) and average periodicity
(right). Power increases from blue to red so that red indicates stronger periodicities. Black lines highlight periodicities reaching statistical significance
(here, 1-year periodicities). Shaded areas indicate the presence of edge effects. £, Same as panel D, but for ILI consultation rate, 2003-2009.
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during 1995-2008 was characterized by a small peak, typically
occurring during March-April, and a larger peak occurring in
the summer, in July or August (Figure 1B). Data from the 2009
pandemic of influenza A virus subtype HIN1 (A/HIN1pdm09)
infection were omitted from this analysis to focus on the
average seasonal signature of interpandemic influenza. Impor-
tantly, there was a statistically significant annual cycle (P <.05)
in both influenza virus-positive counts (Figure 1D) and per-
centage positivity (Supplementary Figure 1A) during 1995-
2009. Both indicators of influenza virus activity were highly
synchronized (average lag, <2 days; Supplementary Figure 1C).

We also explored patterns of seasonality in weekly ILI con-
sultation rates during 2003-2009 (Figure 1C and Table 1). We
observed a statistically significant annual cycle in ILI activity
(P <.05), similar to patterns seen in laboratory-confirmed in-
fluenza data, with peaks occurring in the early summer
months of May, June, and July (Figure 1C and 1E). Wavelet
coherence analysis suggests that ILI activity consistently led
influenza virus activity during 1995-2005, with a lag steadily
declining over time (from 2.5 months to 0.2 months; Supple-
mentary Figure 1B and 1C). Since 2006, the ILI consultation
rate and influenza virus activity have been highly synchronized
in Shenzhen, with an average lag of 4.5 days (Supplementary
Figure 1C).

Subtype Distributions of Influenza Epidemics in Shenzhen

The predominant viral subtypes observed in Shenzhen during
1995-2009 are shown in Table 1. On the basis of HAI assay
findings, 1894 of 2678 isolates were influenza A virus (541

were A/HINI, 450 were A/HIN1pdm09 isolated in 2009, and
903 were A/H3N2), whereas 757 isolates were influenza B
virus. Influenza A virus was predominant during most of the
study period, except in 1995, 1997, 2002, and 2004. There
were at least 2 subtypes cocirculating in the city each year. The
seasonality of influenza virus infection varied by type, with in-
fluenza A virus more prevalent in the summer (64% of influ-
enza A viruses were isolated during May-October), while
influenza B virus was more prevalent in the winter (62% of
influenza B viruses were isolated during November—April;
x> =78.195; P <.001; Figure 2).

A complicated circulation pattern was observed in 2009
because of the influenza pandemic. Influenza B virus predom-
inated in the first 3 months of the year, after which A/H3N2
became more prevalent. A/HIN1pdm09 was introduced to
Shenzhen in July 2009 and spread quickly in the subsequent
months. Because of the cocirculation of A/H3N2 and
A/HIN1pdm09, influenza A viruses accounted for >90% of
influenza virus specimens in July and August 2009, and the
percentage positivity reached its highest level at 40%.

Introductions and Persistence of Influenza Virus in Shenzhen

Phylogenetic trees of the HA sequences of global and Chinese
A/HINI, A/H3N2, and influenza B viruses showed that dis-
tinct lineages (ie, multiple phylogenetically distinct clusters)
cocirculate in Shenzhen, indicative of multiple introductions
(Supplementary Figure 2). In particular, Shenzhen viruses
never formed a monophyletic group but were interspersed
with those sampled from other locations, a signature of
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Figure 2. Weekly distribution of influenza virus subtypes in Shenzhen, China, 2003—-2009. Blue: seasonal influenza A virus subtype HINT (A/H1N1);
red: seasonal influenza A virus subtype H3N2 (A/H3N2); green: influenza B virus (B); black: 2009 pandemic influenza A virus subtype HIN1 (A/
H1N1pdm09). A/HIN1 predominated in 2005, 2006, and 2008; A/H3N2 predominated in 2003, 2007, and in 2009 before the emergence of A/
H1N1pdm09. B was predominant in 2004 but showed higher activity in late 2007 and the beginning of 2008.
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Table 2.

Estimated Numbers of Introductions and Local Persistence of Influenza Viruses, Shenzhen, China, 1995-2009

Influenza A Virus Subtype

H3N2 HIN1 Influenza B Virus®
Year Sequences, No. Introductions® Sequences, No. Introductions® Sequences, No. Introductions®
1995 5 8 1 1 3 2
1996 7 6 5 2 2 2
1997 1 1 3 2 2 2
1998 7 4 0 0 1 1
1999 6 4 0 0 2 2
2000 9 5 10 4 3 2
2001 0 0 30 8 3 3
2002 10 9 0 0 3 2
2003 17 5 0 0 2 1
2004 9 2 0 0 2 2
2005 13 4 15 5 15 5
2006 3 2 11 3 14 8
2007 169 >10 11 4 100 7
2008 38 >10 18 4 NA NA
2009 57 >10 NA NA NA NA
Total 351 >80 104 33 152 39
Years of 1996-1997, 2006-2007 2000-2001,2005-2006, 1999-2001, 2002-2003,

persistence

2006-2007

2004-2005, 2005-2006

Abbreviation: NA, sequence data is not available.

@ Multiple viral introductions are defined as those Shenzhen sequences separated by viruses sampled in other geographic locations and by viruses from other

seasons.

® No influenza B virus sequence data were available in 2008. In 2009, there was no seasonal HIN1 sequence available, as only 2009 pandemic influenza A virus

subtype H1N1 was sequenced.

multiple introductions into this population. Although large
monophyletic clusters of Shenzhen sequences were seen in the
phylogenies of A/HIN1 and influenza B virus, this is likely
due to the paucity of background sequences.

We estimated the number of separate introductions of
A/H3N2, A/HINI, and influenza B virus into Shenzhen as the
number of phylogenetically distinct clusters present in each
year (Table 2). Multiple viral introductions are defined as
those Shenzhen sequences separated by viruses sampled in
other geographic locations and by viruses from other seasons
(26, 27]. There were >80 A/H3N2, 33 A/HINI, and 39 influ-
enza B virus lineages present in Shenzhen during 1995-2009
(Table 2). For years in which >2 samples were available for
Shenzhen, we found 1 to >10 introductions of each subtype
every year. Because clusters or individual sequences may rep-
resent multiple introduction events, this is likely an underesti-
mate of the true number of introductions of influenza viruses
into Shenzhen. We also investigated whether specific viral
lineages persisted across years in Shenzhen (Table 2). Virus
persistence occurred sporadically during the period of our
study and for relatively short intervals of 2-3 years (A/H3N2:
1996-1997 and 2006-2007; A/HIN1: 2000-2001, 2005-2006,
and 2006-2007; influenza B virus: 1999-2001, 2002-2003,

2004-2005, and 2005-2006). In most years, new viral lineages
were introduced and seemingly replaced the previously circu-
lating lineages.

Spatial Dynamics of Influenza Virus in Southern China

and Globally

To better understand the contribution of influenza viruses
from southern China to the global epidemiological dynamics
of influenza, we estimated the frequency with which each geo-
graphic region was positioned on the main trunk lineage of
global A/H3N2 phylogeny and, thus, which regions likely rep-
resent source populations. This analysis, which used data from
12 geographic regions, revealed that different geographic local-
ities likely served as source populations at different time
points (Figure 3). In particular, southern China, including
Shenzhen, acted as a likely source population 3 times during
1994-2003 and once since 2003 (Figure 3B). Therefore, on the
basis of these data, we found relatively little evidence that
southern China represents a continuous “global” pool for in-
fluenza virus persistence. Indeed, other geographic regions, in-
cluding those temperate zones, such as North America,
eastern Asia (mainly Japan and South Korea), northern
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China, Europe, and Africa, also contributed to the gene pool
of influenza viruses.

DISCUSSION

This is the first long-term study of the epidemiological and
evolutionary dynamics of influenza virus in southern China.
The epidemiological data demonstrated a consistent seasonal
pattern of influenza virus infection across years, with high ac-
tivity during July-August and a minor peak during March-

April. Annual cycles were observed in both the laboratory-
confirmed influenza and ILI activity data, and both disease
indicators have become highly synchronous in recent years.
The virological data revealed that multiple influenza virus sub-
types cocirculated in the city and that the predominant
subtype varied each year. Through phylogenetic analysis, we
identified multiple introductions of each influenza virus
subtype in Shenzhen every year, with relatively infrequent and
only short-term persistence across epidemics. Finally, our phy-
logeographic analysis of A/H3N2 revealed that southern
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China was unlikely the sole source of influenza epidemics
globally during the sampling period. Although southern
China clearly contributes to the trunk of the influenza virus
evolutionary tree, other geographic areas, including temperate
regions, also act as sources in the global A/H3N2 migration
network.

One argument in favor of tropical or subtropical regions
(such as eastern Asia and Southeast Asia) as the global source
of influenza virus is that there is a diversity of seasonal pat-
terns of influenza within this highly connected region, which
may serve as an endemic foci of influenza [9]. We show here
that influenza epidemics in Shenzhen exhibit significant sea-
sonality and annual cycles, with major peaks during July or
August and an additional minor peak in March and April.
This spring-summer seasonality pattern, especially obvious for
influenza A virus, is out of phase with that of northern tem-
perate regions, which have high influenza virus activity during
December-March. While the seasonality of influenza virus in-
fection in Shenzhen coincides with the rainy season, a period
of reduced sunlight, warmer temperatures, and high humidity,
these seasonal patterns contrast with those observed in other
tropical or subtropical regions of Asia. For example, influenza
virus activity in Cambodia and Myanmar occurs during the
rainy season, between June and October or December, while
the virus may circulate year-round in Singapore and Thailand
[7, 8, 28, 29]. Most interestingly, influenza virus activity pri-
marily occurs in the winter in Hong Kong, sometimes with a
second smaller peak in the summer months (ie, June and
July). Various environmental, viral, biological, social, and be-
havioral factors could be associated with seasonal variation in
transmissibility and severity of influenza [5]. While Hong
Kong and Shenzhen share the same humid subtropical climate
and are geographically close, seasonal patterns of influenza
virus infection differ markedly in the 2 cities, exemplifying the
complexity of influenza seasonality [19].

Nonclimatic factors appear to be important drivers of the
epidemiological dynamics of influenza virus in tropical or sub-
tropical regions, including population movements and local
social contacts [30, 31]. Shenzhen is the first special economic
zone and a major manufacturing center in China. More than
70% of the Shenzhen population consists of migrant workers,
who typically originate from rural areas in northern China
and work in Shenzhen for part of the year, returning to the
city in large numbers in March or April, after the Chinese
New Year [32]. A migration of this scale may contribute to
the initiation of influenza epidemics in Shenzhen in April and
to the multiple introductions of influenza viruses in the city.

Our phylogenetic analysis suggests that southern China is
unlikely to be the global epicenter of influenza virus activity,
with viral lineages persisting only for short durations, continu-
al reintroduction of outside viruses, and viral diversity that is
infrequently located in the trunk region of the global

phylogeny. Although multiple subtypes sometimes cocirculate
in the city, the dominant subtype varies across years, and A/
H3N2 and A/HIN1 continually disappear and reemerge, indi-
cating reintroduction. Overall, this suggests that the dominant
strains of epidemics are not persistent in the city but are intro-
duced from other regions. This inference is further supported
by the observation of multiple introductions of each subtype
during an epidemic. Rather than a single viral lineage circulat-
ing in the city, multiple lineages of A/H3N2, A/HINI, and in-
fluenza B virus were separately introduced and cocirculated
each vyear, generating considerable genetic diversity among
influenza viruses in Shenzhen. Similar observations have been
made in supposed “sink” populations in North America, sug-
gesting that multiple introductions and cocirculation may be
universal characteristics of influenza virus ecology [26, 27].

We did not identify A/H3N2 or A/HINI1 that persisted
across >2 years in Shenzhen, although certain influenza B
viruses persisted for up to 3 years. Importantly, no major
clade of viruses in a given season appears to have evolved in
situ from those that circulated locally in the prior season, indi-
cating that the genetic diversity of influenza virus in Shenzhen
is mostly replenished at least every 1-2 years from an external
gene pool. Finally, we observed widespread global gene flow
into and out of southern China, rather than the ongoing in
situ evolution expected of a source population.

A better understanding of the global dynamics of influenza
virus has important implications for surveillance and vaccine
strain selection, particularly to inform whether surveillance
efforts should be concentrated in specific geographic regions.
Our phylogeographic results are broadly consistent with a previ-
ous “equal contacts model” [33], which suggests that both tem-
perate and tropical/subtropical regions contribute to the global
diversity and evolution of A/H3N2 [34]. However, limited infor-
mation is available on the evolutionary dynamics and seasonality
of A/HINI and influenza B virus, and it remains unclear
whether the persistence and global migrations patterns of these
subtypes differ from those of A/H3N2. This is particularly im-
portant given the emergence of A/HIN1pdm09 in 2009, which
may have shifted the dominance patterns and population impact
of the different subtypes for the coming years.

Our study was unique in presenting long-term epidemiologi-
cal, virological, and genetic data on influenza virus activity in
Shenzhen, a prosperous and highly connected city of southern
China. However, a complete understanding of the seasonality
and global dynamics of influenza virus will require additional
long-term studies from many other localities in tropical and
subtropical areas of Asia, Africa, and the Americas.
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