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Abstract

Background: Co-infection of different influenza A viruses is known to occur but how viruses interact within
co-infection remains unknown. An outbreak in a college campus during the 2009 pandemic involved two subtypes
of influenza A: persons infected with pandemic A/H1NT; persons infected with seasonal A/H3N2 viruses; and
persons infected with both at the same time (co-infection). This provides data to analyse the possible interaction

between influenza A viruses within co-infection.

Methods: We extend a statistical inference method designed for outbreaks caused by one virus to that caused by
two viruses. The method uses knowledge of which subtype each case is infected with (and whether they were
co-infected), contact information and symptom onset date of each case in the influenza outbreak. We then apply it
to construct the most likely transmission tree during the outbreak in the college campus.

Results: Analysis of the constructed transmission tree shows that the simultaneous presence of the two influenza
viruses increases the infectivity and the transmissibility of A/HINT virus but whether it changes the infectivity of
A/H3N2 is unclear. The estimation also shows that co-transmission of both subtypes from co-infection is low and

therefore co-infection cannot be sustained on its own.

Conclusions: This study suggests that influenza A viruses within co-infected patients can interact in some ways
rather than transmit independently, and this can enhance the spread of influenza A virus infection.

Keywords: Co-infection, Co-transmission, Inference, Influenza, Outbreak, Strain interactions

Background

Co-circulation of multiple types and subtypes of influ-
enza virus has been commonly observed in human
populations [1, 2]. With advanced molecular techniques
[3, 4], it is now becoming possible to rapidly detect differ-
ent subtypes or strains of a disease agent within infected
patients. There is accumulating evidence to show that the
phenomenon that multiple subtypes of influenza A virus
infect an individual simultaneously (i.e. co-infection) is
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not as rare as we previously thought [5-10]. Hence it is
interesting to know how the simultaneous presence of two
strains alters, compared to singly infected individuals, the
transmissibility of each subtype and of both subtypes to-
gether. Some observations of transmission involved with
co-infected individuals have been reported [11, 12]. One
important observation reported is individuals co-infected
with pandemic A/HIN1 and seasonal A/H3N2 influenza
viruses within one outbreak at a college campus in Beijing,
China during the 2009 pandemic [12]. Liu et al. [12] pro-
vides direct evidence that individuals co-infected with dif-
ferent subtypes can transmit viruses separately or
simultaneously and provides detailed data for us to quan-
tify the interactions between virus strains. The transmis-
sion characteristics can be directly estimated from the
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transmission tree; however, the difficulty for constructing
the transmission tree is that some contacts were missed.
Fortunately, recent development in statistical inference
[13, 14] allows us to construct the transmission tree of a
single influenza A virus from such a partial contact net-
work. In this short report we extend this inference method
to construct the transmission tree that includes two influ-
enza A viruses and their co-infection. From the con-
structed tree we estimate the impact of co-infection on
transmission. We use two parameters to characterise the
impact: the co-transmission rate and an interaction par-
ameter. Here we define the former as the rate at which
two strains simultaneously transmit from doubly infected
individuals to susceptible individuals; and the latter as the
ratio of transmissibility of each single virus from co-
infected individuals to the transmissibility of each single
virus from singly infected individuals.

Data

Here we briefly summarize the data collection method
and data of Liu et al. [12]. Investigations were conducted
on all influenza like illness (ILI) cases identified during
the outbreak. Epidemiological, clinical and contact tra-
cing data were collected by interviewing patients and re-
trieving medical records. Viruses were identified by
reverse-transcription polymerase chain reaction assays
followed by sequence analysis. The heamagglutination
inhibition tests were used to detect antibodies to both
viruses. The outbreak is reported to have taken place
within three buildings (two dormitories and one college
clinic). No other cases at the college were reported.
Buildings 1 and 2 (with a total membership of 235 and
191 persons, respectively) are next to each other and
there is restricted access between the two and to the
wider community. Forty five ILI cases were reported
from 31 August to 10 September and forty (N =40) had
laboratory-confirmed influenza A infection. Three differ-
ent types of infection were reported: 22 infected with
pandemic A/HIN1 virus, 12 infected with seasonal A/
H3N2 virus and six co-infected with both influenza A vi-
ruses. In their sequences no substantial differences were
observed between patients with mixed and single infec-
tions in either pandemic A/HIN1 or seasonal A/H3N2
virus. The clinical features were similar for patients with
different infections and the six co-infected patients
showed no more severe symptoms than the singly infected
patients. Contacts between infected people are shown in
Fig. 2 of Liu et al. [12] but this only extends to the contact
network within one dormitory. The ‘index’ case with pan-
demic influenza A/HIN1 infection was a college student
whose symptoms first occurred on 31 August, 2 days after
his returning to college. Except for the index case, all pa-
tients with A/HIN1 infection had not left the campus
during the previous week. In contrast, the source of
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seasonal A/H3N2 virus infection cannot be determined
exactly although available data indicate that A/H3N2 virus
might have been prevailing in the college when the pan-
demic HINT1 virus was introduced. Before the isolation of
cases and the initiation of prophylaxis among the campus
population (5 September 2009), several patients visited the
college clinic and the mixing between students of different
dormitories was not frequent in comparison to the mixing
between students within each dormitory.

Methods

For a fully traced transmission tree (i.e., the information
of the infector v and time of symptom onset ¢ are col-
lected), the infector v(i) for each case i (except the index
case) and the duration between symptom onset of case i
and symptom onset of its infector v(i): t;-t,(; should be
known. From these it is straightforward to estimate the
generation interval distribution and transmissibility of
infection. In reality, however, it is rare and difficult to
record all the information. Based on the partially known
contact tracing data and dates of symptom onset, Hens
et al. [14] illustrated an inference method to reconstruct
the most likely transmission tree that involved with only
one virus. Here we further develop it to a transmission
tree during an outbreak that involves with two viruses of
similar epidemiological characteristics.

In general, a possible transmission tree can be de-
scribed by p;i(v,w,¢;0), the probability that case j is the
infector of case i, given the duration between symptom
onset of case i and case j, given the information on the
possible infector v and the known contacts w, and given
the types ¢ of infection of both cases. Following Hens et
al [14], its total log-likelihood is given by:

Oy, w,®) = > > p;(v,w,;6) log[g(ti-1(6)]
=2 j=1
(1)

The sum runs through all the non-zero p;;. Here g(At |0)
denotes the probability density of the generation interval
distribution of influenza infection, with 0 representing the
set of parameters that characterise the probability density
distribution. Different distributions such as gamma, log-
normal and Weibull can be used to describe the distribu-
tion of generation intervals [14]. Here we assume it follows
a Weibull distribution:

b (Ar\"™ Ar\?
=—|— -{— hen At=0
g(At)0) a<a> exp( (a) when A¢20,

g(At|0) = 0 otherwise.
(2)

The distribution has two parameters (i.e., 0 = {a, b}): scale
parameter a and shape parameter b, such that the mean is
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T=al(1 + 1/b) and the variance is ¢ = a*[T(1 + 2/b)- T(1 +
1/b)?]. Here I() is the Gamma function.

Compared with outbreaks that involved one virus and
one transmission process [14], this outbreak [12] involved
two viruses and five possible transmission processes: from
A/HINI to A/HINT; from A/H3N2 to A/H3N2; from co-
infection to A/HIN1; from co-infection to A/H3N2 and
from co-infection to co-infection. However, the data given
in Liu et al. [12] only provide the relevant information for
three transmission processes: from A/HIN1 to A/HINI;
from co-infection to A/HIN1; and from co-infection to
co-infection. The simple calculations show that the mean
generation intervals (and their standard deviations) for the
three transmission processes are 1.8 (0.8), 1.2 (0.4), 1.6
(0.6) days, respectively. In this data there is no evidence
that they differ. As no data is available for the transmis-
sion processes that were involved with A/H3N2 [12], it is
difficult to estimate their generation intervals and judge
how they differ from those generation intervals involved
with pandemic A/H1N1. Nevertheless, a recent systematic
review [15] indicates that the generation interval of pan-
demic A/HINI virus was similar to that of the seasonal
flu. Further, as observed by Liu et al. [12], the three differ-
ent types of infections have similar epidemiological char-
acteristics. In view of these, the same generation interval
distribution is assumed for the three types of infection.

The probability that case i is infected by case j, p;, can
be calculated as the probability of observing the duration
between the symptom onsets in cases i and j, g(t-z|0),
times the probability of a potentially infectious contact
between i and j, 7;, normalized by the probability of i
being infected by any other case k:

]Tij(V,W, (p)g(ti—tj\ﬁ)
Zk;:i”ik (V7 w, (p)g(ti_tk|e)

The probability of a potentially infectious contact be-
tween i and j, 7, is based on the contact information
(v,w) collected during the outbreak and the types ¢ of
infection of both cases i and j. To distinguish different
types of infection and to reflect the fact that there is only
limited mixing between students in building 1 and build-
ing 2, we define the following,

pij(v’ w,$;0) = (3)

y; =1 if case i and case j reside in the same
dormitory and are the same type of infection or if
case j is a co-infection;

y; =w if case i and case j reside in different
dormitories and are the same type of infection or
if case j is a co-infection;

¥; = 0 otherwise.

(4)

The variable w defines the extent of contact rates be-
tween students in two dormitories in relation to contact
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rates within dormitories: w =0 implies that contacts be-
tween dormitories are forbidden and w =1 suggests that
contacts between dormitories are the same as that
within each dormitory. Student access to the college
clinic was not restricted. The original numberings of pa-
tients in Fig. 2 of Liu et al. [12] are given in accordance
with the order of symptom onset within each building.
For the convenience of our analysis, the forty patients
have been re-indexed in the order of symptom onset as
1, 2, ..., 40 (see Fig. 1). If cases i and j form a likely
transmission pair (i.e., v(i) =j) and there is only one pos-
sible infector, 7;(v;,w,$) = ¥; and p;(v,w,¢;0) =1. If the
outbreak investigation reveals that case i is not the index
case and does not contact any of the i-1 cases that devel-
oped symptoms before case i, the probability of a poten-
tially infectious contact is 7;(v,w,) = y;;/17;.1 Here 5, is
the ‘effective’ number of infections that developed
symptoms before case i and are of the same type of
infection as case i or co-infection, and is calculated
as 7, 1= Xk Wi

Given the contact information (v,w), the most likely
transmission tree can be obtained by finding the values
of parameters 0 ={a, b} that maximize the total log-
likelihood (1). The downhill simplex method [16] was
used to locate the maximum-likelihood estimate (MLE),
0, of the parameters. We also used the MCMC method
to sample the values of parameters 0 and find their me-
dians, 2.5 percentile and 97.5 percentile.

From the probabilities that case i is infected by case j:
{p1s» ..., pni}, we can sample a transmission tree in which
all cases are connected and case 1 is the index case
(Fig. 1) and further estimate transmissibility. The case
reproduction number is the average number of second-
ary cases generated by primary cases, which measures
the transmissibility of infection. The overall case-
reproduction number on day ¢, R, can be estimated by
summing over all these infectious contacts:

R = 2}:;?;‘/("7 Wa‘P;é) (5)

We can further estimate the infection type-specific re-
productive numbers when both case i and case j are of
the same type of infection:

R, = Z ZP;’; (V, w, (P;b) 8ijHINI
i=2

J

R = Z Zpi/' (v7 w, (p;h) ij:H3N2 (6)
i—2

j

ReC — Z Zpl.j <V7 w, (I),b) 61’]’;c0 infection
=

Here the symbol J;rype is defined as: §;rype =1 if
both cases i and j are of the infection TYPE; d;rypr =0
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Building 2 Building 1 Clinic
—_— 1 - -
3 4 5
6 7 8 9 10
1 15 16 | 17 || 18 | 19 || 20 |21 | 22 | )
27 28 29 31 32 33
4 35 36
I:I Pandemic H1N1 influenza 38
- Seasonal H3N2 influenza
O Co-infection
__* Contacts provided in Liu et al 2010
——> Contacts reconstructed
Fig. 1 One plausible transmission tree. The tree was constructed under the assumption of limited mixing rate between students in two
dormitories in relation to within building mixing rates (w =25 %). In the construction, the other possible sources of seasonal A/H3N2 virus (e.g.,
the two question marked boxes above building 2 and clinic in Fig. 2 of Liu et al. [12]) have been ignored. The thick arrows represent
transmissions from Liu et al. [12] while the thin arrows display one of the most likely transmissions

otherwise. To characterise the interaction between two
types of virus within co-infected individuals, we further
estimate the reproductive numbers of A/HINI and A/
H3N2 due to co-infected individuals as:

R;C = Z Zpij (V7W7 (p;Ae)Aij;HlNl
T

Ric= Z Zl’z; (Va w, ¢;b>Ay;H3N2
=

J

(7)

Here A ;rypg is defined as: A j;rypg =1 if infector case
j is co-infected while the infectee case i is singly infected

J

with type TYPE; otherwise A ;rype =0. The strain inter-
actions within co-infections are estimated as:

Ric

¢ = 1
Re (8)
R:c

¢y = R?

Here ¢, measures the effect on infectivity of A/HIN1
within co-infections and ¢ measures the effect on in-
fectivity of A/H3N2 within co-infections.
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Ethics considerations

Data that were used in the analysis of this study were ex-
tracted from a previous study [12] and hence did not re-
quire Human Resource Ethics committee approval.

Results and discussion

The data shown in Fig. 2 of Liu et al. [12] indicates that
the index case is infected with pandemic A/HINI1 virus.
Among the six cases that the index case infects, three
patients (i.e., case 2, 5, and 15) are co-infected with both
A/HIN1 and A/H3N2. It was assumed that seasonal A/
H3N2 virus was endemic [12], however, the infectious
contacts with A/H3N2 of these three co-infected cases
were unknown. Several possible scenarios are possible:
cases 2, 5 and 15 were exposed to pandemic A/HIN1
virus when they were still infectious with A/H3N2; cases
2, 5 and 15 were further exposed to seasonal A/H3N2
virus soon after they had acquired pandemic A/HIN1
virus from the index case; the three cases were infected
simultaneously with both A/HIN1 and A/H3N2 viruses
from the index case who was actually co-infected before
contact with cases 2, 5 and 15 but was incorrectly typed
as a single infection with pandemic A/HIN1 virus. For
simplicity, we use all the contact information for cases
within building 1, especially the pathways from the index
case to the three co-infections, ignoring the possible
pathways for transmitting background endemic seasonal
A/H3N2 virus.

The maximum likelihood estimates of the infective
contact probabilities p;(v,w,;0) are listed in Table 1
from which one sample transmission tree is shown in
Fig. 1. The MLEs of the generation interval distribution
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g(At|0) and the time course of the mean case reproduct-
ive number R, are shown in Fig. 2. The generation inter-
val has a mean of 1.72 days and a standard deviation
(SD) of 0.74 days. The mean case reproductive number
over the whole outbreak is 1.57 with SD = 0.022. Before
the isolation of cases and the initiation of prophylaxis
among the campus population occurred (5 September
2009), the reproductive number is estimated to be 2.80
with SD = 0.016; after this it declines to 0.341 with SD =
0.047. This clearly shows the effectiveness of isolation
and prophylaxis.

To measure the interactions between two influenza A
viruses, we first estimated the values of infection type-
specific reproductive numbers before the initiation of
isolation and prophylaxis occurred. Because most trans-
missions that involve A/HIN1 and co-infections are
known, the estimates of the infection type-specific re-
productive numbers are stable at R:=144 and RS =
0.67, and the reproductive number of A/HIN1 due to
co-infection is R} = 2.01. In contrast, transmissions that
involve A/H3N2 were missing and so estimates of their
reproductive numbers show some uncertainty: R has a
mean 0.48 and 95 % confidence interval of [0.45, 0.51],
and the reproductive number of A/H3N2 due to co-
infection is R2-= 1.60 [1.58, 1.62]. Although the esti-
mate of R} for A/HINI is in agreement with the usual
estimates [15, 17], that of R? for A/H3N2 is much
smaller than other estimates which range from 1.19 to
1.37 [17]. The likely reason for this difference lies in the
fact that pandemic A/HIN1 is a novel virus while A/
H3N2 is an endemic seasonal virus in the study region
[12] so some pre-existing immunity against A/H3N2

A Generation time distribution
0.6

05 -
mean=1.72 days

S0 =0.74days

o
FS

Scale(a) =1.93
shape{b)=2.49

Frequency
=] (=]
e w

&
=

0 1 2 3 4 5 6
Generation time (days)

Fig. 2 Constructed transmission tree of influenza A virus: a The relative frequency of the generation intervals; b The average case reproduction
number R, as it varies with time. Bars represent 95 % nonparametric bootstrap percentile confidence intervals generated from one million
possible transmission trees sampled from the contact probabilities listed in Table 1

B Case reproductive number

Reproductive number (Rt)
w

-1 0 1 2 3 4 5 [ 7 8 9 10
Time of symptom onset (days)
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Table 1 The most likely contact probabilities under the limited Table 1 The most likely contact probabilities under the limited

mixing between dormitories (w =25 %) mixing between dormitories (w =25 %) (Continued)
Infectee /  Infectorj  p; Infectee i Infectorj  p; 26 (2) 10Q) 0144752 39 (2) 2(0) 1.70E-10
T - 3BM 160) 10 260) 12Q) 0144752 392) 5(0) 1.70E-10
20 1o 10 36 (1) 19.(1) 10 26 (2) 13 2) 0144752 39 (2) 1Q 0.00047
30 By 10 37 20 0001602 56 () 14 2) 0144752 39 (2) 12 000047
4 T 10 372 50 0001602 56 () 15 (0) 0036188 39 (2) 130 0.00047
>0 (AOA 10 372 1@ 008588 26 () 16 (0) 0036188 39 (2) 14 0.00047
6 20 10 37 1202 008588 56 () 21 (0) 0036188 39 (2) 15 (0) 0000118
7() 200 10 372 130) 008588 ¢ () 230 0144752 392) 16 (0) 0000118
8 4 10 370 14Q2) 008588 3 () 24 (2) 0144752 39 (2) 21 0) 0000118
oM >0 10 37 150 008588 57 () 15 (0) 10 39 (2) 23 (2) 000047
10(1) 50 10 372) 16 0) 008588 5g (1) 15 (0) 05 39 2) 24 ) 0.00047
1@ 20 05 372 210 008588 Hg (1) 16 (0) 05 39 (2) 25 (2) 0031389
e >0 05 37 23 008588 59 (1) 16 (0) 05 39 (2) 26 (2) 0031389
120) 20 05 372 242 008588 5 (y) 16 (0) 05 39 2) 270 0007847
120 5(0) 05 372) 25 (2) 0074625 5 (y) 19.) 0 390) %40 04631
130 20 05 372 26 (2) 0074625 31 1) 19.) 05 39 270 04631
13 2) 500 05 37 () 27 (0) 0074625 51 1) 2001 05 2 0) 20 B30E15
14Q) 20 05 38 (1) 10 367E1T 3y 21 0) 10 40 (2) 50 839E-15
14() 50 05 38 (1) 2(0) 253805 33y 21 (0) 10 40 (2) 1102 8.98E-07
150 1ay 10 38 (1) 3 253E05 34y 20 0000535 40 (2) 12 2) 8.98E-07
16 (0) 20 10 38 (1) 4 253805 34y 5 (0) 0000535 40 (2) 13 2) 8.98E-07
17.) 3 10 38 (1) >0 253805 34y 10 0114752 40 (2) 14 8.98E-07
181 3 10 38 (1) 6 0001691 34 () 120 0114752 40 (2) 15 (0) 224E-07
19.(1) 4 10 38 (1) 7() 0001691 34 () 132) 0114752 40 (2) 16 (0) 224E-07
20 (1) 50 10 38 (1) 8 0001691 34 () 14) 0114752 40 (2) 21 (0) 224E-07
210 50 10 38 9(1) 0001691 34 () 15 (0) 0028688 40 (2) 230 8.98E-07
22() T 10 38N 10(1) 0001691 34 () 16 (0) 0028688 40 (2) 24) 898E-07
232 20 05 38 150) 0024935 34 () 21 (0) 0028688 40 (2) 25 (2) 0000308
232 50 05 38 16 0) 0024945 34 () 230 0114752 40 (2) 26 ) 0.000308
242) 2(0) 05 381 17.0) 0024945 34 () 24 ) 0114752 40 (2) 27 0) 771E-05
24.(2) 50 05 38 (1) 18(1) 0024945 34 (9) 25 2) 0099713 40 (2) 342 0020572
252 20 0011463 38(1) 19.0) 0024945 34 () 26 (2) 0099713 40 (2) 370 0020572
25 (2) 500 0011463 38 (1) 20 (1) 0024945 3, 27 0) 0024928 40(2) 390 0958157
25) ne 0.144752 38(1) 21 (0) 0024945 The numbers in the brackets are the type of infection: 0, 1, 2 representing
25 (2) 122 0.144752 38 (1) 22 (1) 0.024945 co-infection, infection with pandemic A/H1N1 virus alone and infection with
seasonal A/H3N2 virus alone, respectively. The three effective contacts from
25(2) 132 0.144752 38 (1) 27 (0) 0.090627  the index pandemic A/HIN1 to co-infection that are marked with asterisk are
@ e owem w0 B0 ooy Lo L e ol st st
25 (2) 15 (0) 0036188 38 (1) 29 (1) 0090627
25 () 16 (0) 0036188 38 (1) 30 (1) 0000627  due to the previous infections and/or vaccination re-
%) 210 0036188 38 (1) 310) 0090627 duces its sus'ceptib‘ility ffmd h‘er}ce its spread. In Fhe pres-
25 0) 70 017 38 (1) - 0090627 ence of co-lr}fectlon, infectivity of A/HlNl 1n§reases
moderately with ¢, = 1.4. However, the increased infect-
252) 2402 0.144752 38 (1) 3300) 0090627 jvity of A/H3NZ2 in the presence of co-infection is large:
26 (2) 2(0) 0011463  38(1) 35 (1) 007875 ¢, =3.28 [95 % CI: 3.18 3.38] and so co-infection is es-
26 () 5 (0) 0011463 38 (1) 36 (1) 007875 timated to contribute greatly to the outbreak. This is not

inconsistent with Liu et al. [12]’s observation that no
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patients had detectable hemagglutination inhibiting anti-
bodies against pandemic HINI1 virus in their acute-
phase samples . Although the presence of co-infection
can increase the infectivity of each component influenza
virus, co-infection itself cannot spread successfully be-
cause the co-transmissibility measured by RS is esti-
mated to be 0.67, which is less than one.

The above results are obtained under the assumption
of w=25 %, which is used to reflect the observation al-
though there were activities outside the dormitory, the
members of the 2 buildings did not interact with each
other to any significant extent (p1361, second column,
Liu et al. [12]). If different values of w are chosen, the es-
timation of transmissibility involved with A/H3N2 virus
changes although the results of the overall transmissibility
and those involved with A/HIN1 remain nearly the same.
With a low value of w (i.e. the mixing between two dormi-
tories become more restrictive), the reproductive number
of A/H3N2 due to co-infection (Rg,c) decreases while R?
increases; this consequently reduces the value of ¢,. For
example, the estimate of ¢ becomes 3.00 [2.92, 3.13]
when w =0.1. This is the outcome because without the
index case of A/H3N2 infection, the only possible infec-
tors of A/H3N2 cases 11, 12, 13, 14 in building 2 are co-
infection cases 2 and 5, which is independent of the
limited mixing rate between two dormitories (w). In the
situation without limitation in mixing rates between two
dormitories (i.e., w=1.0), the estimate of ¢, is 4.57 [4.42,
4.70]. This result implies that in the absence of any un-
identified index cases of A/H3N2 infection, co-infection
can enhance the transmissibility of each component virus.

However, all the cases reported in building 2 were in-
fections with A/H3N2 virus alone. In view of the re-
strictive mixing between two dormitories, it is likely that
there is an unknown index case of A/H3N2 infection
within building 2, although it was not reported. An ana-
lysis listed in the Additional file 1 shows that such a hid-
den index case could change the above conclusion: the
reproductive number of A/H3N2 due to co-infection
(Ric) might not exceed the reproductive number by its
own (R?) and therefore co-infection could not enhance
the infectivity of A/H3N2. Jombart et al. [18] have devel-
oped a Bayesian method to reconstruct disease out-
breaks by combining epidemiological and genomic data.
This may allow for the tests of whether co-infection
cases in building 1 are the infectors of A/H3N2 cases in
building 2 or whether there is a hidden index case of A/
H3N2 infection in building 2. Unfortunately, the repre-
sentative sequences deposited in GenBank by Liu et al.
[12] were not complete genome sequences and were not
marked with the relevant symptom onset information.
Hence they cannot help to distinguish and/or find the
potential sources of A/H3N2 infection in the transmis-
sion tree. Conditional on the available information, the
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evidence about how co-infection alters the infectivity of
A/H3N2 virus is lacking. Nevertheless, the conclusion
about enhanced infectivity of A/HIN1 within co-
infection is not affected.

The original method of reconstructing the transmis-
sion tree by Hens et al. [14] relies on three assumptions:
all cases are observed; all of them except the index case
are infected by another observed case; and the gener-
ation interval distribution remains unchanged. To apply
to such outbreaks as studied here involving two viruses,
some assumptions have been strengthened. There must
be two index cases that were singly infected with differ-
ent viruses or one index case that was co-infected with
the two viruses. There are more than one transmission
processes. In our study example, there are five transmis-
sion processes: A/HIN1 to A/HINI; A/H3N2 to A/
H3N2; co-infection to A/HIN1; co-infection to A/H3N2
and co-infection to co-infection. Unfortunately the avail-
able data does not provide direct information for all the
transmission processes, and it is not directly possible to
assess the heterogeneity in generation intervals among
transmission processes. In view of the similar estimates
for generation intervals of different transmission pro-
cesses [15], the generation interval distribution has been
assumed to be unchanged over different types of infec-
tion as well as over the course of the outbreak.

Another aspect is how co-infection is generated. It
could be due to an infection with one virus becoming a
co-infection, or it could be a consequence of a co-
transmission. And it is possible that going from A/HIN1
to co-infection is easier than going from A/H3N2 to co-
infection, or vice versa. Though this is an interesting
issue [19] the limited information that we can collect
from Liu et al. [12] cannot allow us to detect the order
in which the two viruses are acquired by an co-infected
individual and therefore no way to investigate the effect
of the order in which the two viruses are acquired.

Conclusion

Reconstructing transmission trees provides useful infor-
mation about generation interval and transmission rate of
infectious diseases, which are important for designing
containment strategies. In this study, the method of
reconstructing the plausible transmission tree from the in-
complete data of an outbreak caused by one virus (Hens
et al. [14]) has been extended to the outbreak caused by
two influenza A viruses. Our estimates of epidemiological
characteristics such as the generation interval and the
transmission rate of influenza A virus are well within the
ranges estimated by others [15, 17]. Our estimation shows
that although co-infection with A/HIN1 and A/H3N2 vi-
ruses cannot be sustained by co-transmission, it enhances
the single transmission of both viruses. However, the con-
cluded enhancement of A/H3N2 virus infectivity within
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co-infection should be taken with caution owing to the
unknown infection source of seasonal H3N2 virus.

Cross-immunity, which characterises the interaction be-
tween different viruses when one virus re-infects individ-
uals recovered from previous infection with another virus,
has been well recognized and measured. Due to their rela-
tive rareness, co-infection and interactions between vi-
ruses within co-infections have not yet attracted the
attention they deserve. To our knowledge this is the first
analysis that estimates the interactions between influenza
A viruses within co-infection. Theoretical modelling illus-
trates their potential role in generating the recurrent epi-
demics and alternation of the dominant virus in seasonal
influenza [20, 21]. Surely this urges more empirical studies
to investigate this important issue of influenza and other
infectious diseases caused by multiple strains.
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