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When multiple strains of viruses with segmented genomes co-infect a single cell, strains with novel genomic
constellations may be created. This mutational process, called reassortment, has caused pandemics of
influenza A virus in 1957 and 1968. Here a phylogenetic approach to detecting reassortments, which can be
used even when the phylogenetic tree constructed for all strains analyzed is unreliable, is presented. A
quartet of strains is examined at a time, where a phylogenetic tree is constructed for each genomic segment
and the topology is compared among segments only when all quartet trees are supported with a statistical
Keywords: significance. The occurrence of reassortment and the segments involved in the reassortment event are
Reassortment inferred according to the pattern of topological difference among segments. The reassortment point for a
virus pattern is inferred by superimposing the exterior branches of relevant quartet trees on the all-strains trees.
segmented genome In the analysis of HIN1 and H3N2 human influenza A viruses, a topological difference was observed for all
quartet pairs of genomic segments, suggesting that there is no pair of segments that has always co-segregated in
phylogenetic tree reassortment during the evolutionary history of these viruses. When the reassortment point was inferred for
the pattern of topological difference that was supported with the largest number of quartets for each virus,
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the results appeared to be mostly correct, suggesting that the method was largely reliable.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Reassortment is a mutational process of viruses bearing segment-
ed genomes, where, upon co-infection of a single cell by multiple
strains, complementary sets of genomic segments are drawn from
them during replication to create strains with novel genomic
constellations (Hutchinson et al, 2010). By replacing genomic
segments through reassortment, viral strains can change phenotypes
drastically, which may not be feasible through point mutations. In
particular, if viral strains receive genomic segments determining the
antigenicity from distantly related strains, the reassortants may
acquire a potential to cause pandemics among host organisms that
are immunologically naive to new antigens.

The genome of influenza A virus is eight-segmented, encoding the
polymerase basic proteins 2 (PB2, segment 1) and 1 (PB1, segment 2),
polymerase acidic protein (PA, segment 3), hemagglutinin (HA,
segment 4), nucleoprotein (NP, segment 5), neuraminidase (NA,
segment 6), matrix protein (M, segment 7), and non-structural

Abbreviations: PB1(2), polymerase basic protein 1(2); PA, polymerase acidic
protein; HA, hemagglutinin; NA, neuraminidase; NP, nucleoprotein; M, matrix protein;
NS, non-structural protein.
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protein (NS, segment 8). It is believed that a virion contains one copy
of each segment (Noda et al, 2006). HA and NA determine the
antigenicity, which is classified into subtypes H1-H16 and N1-N9,
respectively. Human influenza A virus has caused pandemics through
reassortment, when an H1N1 strain gained segments 2, 4, and 6 from
an avian strain to generate an H2N2 strain in 1957 and when an H2N2
strain gained segments 2 and 4 from an avian strain to generate an
H3N2 strain in 1968 (Lindstrom et al., 2004). It is therefore important
to clarify the mechanism of reassortment to predict future pandemics.

For this purpose, experimental studies have been conducted to
examine the pattern of reassortment in influenza A virus in vitro. It has
been reported that the reassortment is non-random. For example, the
likelihood of each segment to be incorporated into a virion was
different among co-infecting strains (Varich et al., 2008). In addition,
the incorporation did not appear to be independent among segments
(Downie, 2004). In particular, segments 1 and 3 and segments 2 and 3
were reported to be linked during reassortment (Lubeck et al., 1979).
Since the viability and replicability of reassortants appeared to be
positively correlated with the activity of the ribonucleoprotein
complex, which is composed of PB2, PB1, PA, and NP together with
a genomic segment (Li et al., 2008, 2010), the compatibility among
these proteins was considered to form the basis for the linkage
observed among these segments. The direct interaction among
genomic segments during packaging may also be a cause of linkage
among segments in reassortment. For example, mutations in the
packaging signals in segment 1 (Marsh et al., 2008) or 7 (Hutchinson
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et al., 2008) reduced incorporation of all segments. Mutations in
segment 4 reduced packaging of not only itself but also segment 2
(Marsh et al., 2007). Similarly, mutations in segment 3 affected
incorporation of segment 5 (and segments 1) (Marsh et al., 2008), and
vice versa (Hutchinson et al., 2009).

The pattern of reassortments that have actually occurred in the
evolution of influenza A virus in vivo may be examined by analyzing
the sequence data of strains isolated in nature. A simple method to
detect reassortment is to compare the topology of phylogenetic trees
constructed for different genomic segments. By using this method, it
has been inferred that the severe epidemics of HIN1 virus in 1947 and
1951 were caused by reassortments involving segments 1, 3, 4, 5, and
8 and segments 2, 3, 5, 6, 7, and 8, respectively (Nelson et al., 2008). In
addition, a reassortment involving segments 1, 3, 4, and 6 was inferred
to have occurred in the 2007-2008 season (Furuse et al., 2009;
Zaraket et al., 2010). Similarly, the severe epidemic of H3N2 virus over
the 2002-2003 season appeared to have been caused by a reassort-
ment involving segment 4 (Barr et al., 2005; Holmes et al., 2005). In
this approach, it is required that the topology of the phylogenetic trees
is well resolved, e.g., with high bootstrap probabilities. However, this
is not always the case, especially in the current situation where the
number of sequences available for phylogenetic analysis is large.

To avoid this problem, a distance-based method has been
developed for detecting reassortments. Under the assumption that
the mutation rate is equal among segments, the occurrence of
reassortment was inferred between a pair of strains when the
sequence divergence at neutrally evolving sites was different among
segments. The p distance at the third codon position was used as the
measure of sequence divergence in Rabadan et al. (2008). By using
this method, many reassortment events, which were claimed to be
independent, have been identified in H3N2 human influenza A virus
and HIN1, HIN2, H3N2, and H3N1 swine influenza A viruses
(Rabadan and Robins, 2007; Rabadan et al., 2008; Khiabanian et al.,
2009a,b). It was proposed that reassortants were produced mainly by
drawing one segment from one of co-infecting strains and seven
segments from the other, and segments 4 and 6 were involved in the
reassortment events more frequently than other segments. However,
the assumption of equal mutation rate among segments may not
always hold. In addition, since the strains are related phylogenetically,
the pattern of reassortment inferred between a pair of strains reflects
the summary effect of reassortments on the evolutionary pathway
connecting these strains. Therefore, reassortments identified from
different pairs of strains may not be independent.

The purpose of the present study was to present a phylogenetic
approach to detecting reassortments even when the phylogenetic tree
constructed for all strains analyzed is unreliable. The method was
applied to HIN1 and H3N2 human influenza A viruses to infer the
occurrences, patterns, and points of reassortments.

2. Materials and methods
2.1. Methodology

Previously in the phylogenetic approach to detecting reassort-
ments, a phylogenetic tree was constructed for each genomic segment
using all strains analyzed (Barr et al., 2005; Holmes et al., 2005;
Nelson et al., 2008; Furuse et al., 2009; Zaraket et al., 2010).
Reassortants were identified as a cluster of strains whose phyloge-
netic position varied among segments. To ensure the occurrence of
reassortment, it was required that the cluster and its phylogenetic
position were supported with a statistical significance, e.g., a
bootstrap probability greater than 95%, in each phylogenetic tree.
However, as the number of strains available in the phylogenetic
analysis increases due to dense samplings and intensive sequencings
of strains, e.g., the Influenza Genome Sequencing Project (Ghedin et
al., 2005), branches in the phylogenetic tree may become shortened.

As a result, the bootstrap probability may be decreased and the
topology may be deteriorated, and the evidence for reassortment may
be obscured.

To avoid these problems in the phylogenetic approach, it is
necessary to focus on strains whose phylogenetic relationship can be
compared among different segments unambiguously. For this pur-
pose, a quartet of strains is chosen and examined at a time in the
present study, because a quartet tree supports one of three possible
topologies that are mutually inconsistent. The topology of quartet
trees is compared among segments only when all of them are
supported with a statistical significance. The occurrence of reassort-
ments and the segments involved in the reassortment events are
inferred according to the pattern of topological difference. It should be
noted that the pattern observed for a quartet reflects the summary
effect of reassortments on the evolutionary pathway connecting these
strains. The above procedure can be performed for a total of ,,C4
possible quartets, where m denotes the number of all strains analyzed.
Since some quartets share the evolutionary history, the frequency of a
pattern observed does not necessarily reflect the number of
independent reassortment events. This situation is similar to the
case for the distance-based method for detecting reassortments
between pairs of strains (Rabadan and Robins, 2007; Rabadan et al.,
2008; Khiabanian et al., 2009a,b).

When the occurrence of reassortments is inferred for a quartet,
the reassortment points should be located somewhere on the
exterior branches of the quartet tree for each segment. Therefore, if
a particular pattern of topological difference is observed for multiple
quartets, the reassortment points may be inferred by superimposing
the exterior branches of relevant quartet trees on the all-strains
tree. All relevant quartet trees are expected to be superimposed on
the branches containing the reassortment points in the all-strains
tree, whether the reassortment point is single or multiple, as long as
the pattern commonly observed for these quartets is derived from
the same set of reassortment events and the topology of the all-
strains tree is correct. However, these conditions may not always
hold, and practically the reassortment points may be inferred to be
located on the branches where the largest number of quartet trees is
superimposed.

2.2. Sequence data

H1IN1 and H3N2 human influenza A viruses were used to infer the
occurrences, patterns, and points of reassortments by the method pre-
sented above. Genomic sequences for 794 strains (6,352 sequences) and
1,699 strains (13,593 sequences) of HIN1 and H3N2 viruses, respec-
tively, excluding laboratory strains and HIN1 pandemic strains in 2009,
were downloaded from the Influenza Virus Resource at the National
Center for Biotechnology Information (Bao et al., 2008). After excluding
redundant strains and sequences, 782 strains (6,256 sequences) and
1,663 strains (13,304 sequences) of HIN1 and H3N2 viruses, respec-
tively, were analyzed. The strain names and the accession numbers in
the International Nucleotide Sequence Database for the sequences
analyzed in the present study are listed in supplementary Table S1.

2.3. Data analysis

Since the intragenic recombination is considered to be very rare or
absent for influenza A virus (Boni et al., 2008; Krasnitz et al., 2008), the
phylogenetic analysis is useful for inferring the evolutionary relation-
ship among strains for each genomic segment. A multiple alignment of
nucleotide sequences for each segment of 782 HIN1 and 1,663 H3N2
human influenza A viruses was made by using the computer program
MUSCLE (version 3.6) (Edgar, 2004). After eliminating the sites with
gaps or ambiguous nucleotides, 2,253, 2,263, 2,138, 1,647, 1,478, 1,245,
972, and 816 sites for segments 1-8 of HIN1 virus, respectively, and
2,260, 2,250, 2,129, 1,656, 1,464, 1,348, 954, and 789 sites for segments
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1-8 of H3N2 virus, respectively, were used for constructing a
phylogenetic tree by the neighbor-joining method (Saitou and Nei,
1987) with the p distance, which is known to produce reliable
topologies when a large number of closely related sequences are
analyzed (Nei and Kumar, 2000). The reliability of interior branches
was assessed by the bootstrap method with 1,000 resamplings
(Felsenstein, 1985).

The number of possible quartets that could be used for detecting
reassortments was 75,C4 = 15,462,460,585 and 1 653C4 = 317,533,644,065
for HIN1 and H3N2 viruses, respectively. Since it was time con-
suming to analyze all of them, 10,000,000 quartets were sampled
with replacement using pseudo-random numbers. The effect of
replacement was considered to be negligible because of the large
numbers of possible quartets. For each quartet, a phylogenetic tree
was constructed for each of eight genomic segments by the neighbor-
joining method with the p distance. The reliability of the interior
branch was assessed by the bootstrap method with 100 resamplings.
The topology of quartet tree was compared among segments only
when the bootstrap probability was greater than 95% for all of them.
The difference in the topology was assessed between each pair of
segments. The pattern of topological difference among segments was
designated as a string of eight digits, each corresponding to segments
1-8 arranged in this order. For example, the string 11121111 indi-
cates that the topology was identical for all segments except for
segment 4. It should be noted that in a string only the topological
difference is described and the exact value is uninformative.

For a pattern of topological difference, the reassortment points
were inferred by superimposing the exterior branches of relevant
quartet trees on the all-strains tree for each segment. The reassort-
ment points were inferred to be located on the branches where the
largest number of quartet trees was superimposed.

3. Results and discussion
3.1. Inferring the occurrences of reassortments

When a phylogenetic tree was constructed for each of eight
genomic segments in 10,000,000 quartets randomly chosen from 782
strains of HIN1 human influenza A virus, the bootstrap probability
was greater than 95% for all segments in 4,615,110 quartets. The
topology was identical for all segments in most (4,589,220, 99.4%) of
these quartets, and a difference was observed for 25,890 (0.6%)
quartets. The number of quartets demonstrating a difference in topo-
logy between each pair of segments is presented in Table 1. These
numbers do not necessarily reflect the frequency of occurrences of
independent reassortment events, as indicated above. A topological
difference was observed for all pairs of segments, suggesting that
there is no pair of segments that has always co-segregated in
reassortment during the evolutionary history of HIN1 virus.

In the quartet analysis of 1,663 strains of H3N2 human influenza A
virus, the bootstrap probability was greater than 95% for all segments
in 4,217,903 of 10,000,000 quartets. The topology was identical for all
segments in most (3,905,895, 92.6%) of these quartets, and a dif-
ference was observed for 312,008 (7.4%) quartets. Similarly to the

case for HIN1 virus, a topological difference was observed for all pairs
of segments in H3N2 virus (Table 1).

These results indicate that the reassortment is prevalent in the
evolutionary history of HIN1 and H3N2 human influenza A viruses. It
should be noted, however, that in the present method a reassortment
was detected only when all of the quartet trees for eight genomic
segments were supported with a bootstrap probability greater than
95%, suggesting that only the reassortments occurring between
relatively distantly related strains were detectable. Since a reassort-
ment occurs between contemporary strains circulating at the same
geographical location, where the strains are likely to be relatively
closely related, it is plausible that the reassortment in HIN1 and H3N2
viruses is more prevalent than detected in the present study.

3.2. Inferring the patterns of reassortments

The 25,890 and 312,008 quartets for which a signature of
reassortment was observed in HIN1 and H3N2 human influenza A
viruses, respectively, were classified according to the pattern of
topological difference among eight genomic segments. The number of
quartets demonstrating each pattern is presented in Table 2. Again,
these numbers do not necessarily reflect the frequency of indepen-
dent reassortment events. It should also be noted that each pattern
does not necessarily indicate the pattern of independent reassort-
ment, because the pattern observed for a quartet reflects the summary
effect of reassortments on the evolutionary pathway connecting these
strains, as indicated above. In fact, for almost all patterns, there
existed a pattern that was different at only one segment, implying that
an accumulation of single-segmental reassortments can largely
explain the observed patterns. Single-segmental reassortments may
therefore be common in HIN1 and H3N2 viruses. Segments 4 and 6
were frequently involved in the difference, similarly to the results
obtained from the distance-based method for detecting reassortments
between pairs of strains (Rabadan and Robins, 2007; Rabadan et al.,
2008; Khiabanian et al., 2009a,b). However, this does not necessarily
indicate that reassortments involving these segments occurred
frequently, because some quartets as well as pairs of strains are
related phylogenetically.

3.3. Inferring the points of reassortments

For HIN1 human influenza A virus, the most frequently observed
pattern of topological difference among eight genomic segments,
supported by 21,804 quartets, was 12112122. This pattern may be
generated from a single reassortment event, in which four genomic
segments were drawn from each of co-infecting strains. However, it is
also possible that multiple reassortments occurred on the evolution-
ary pathway connecting relevant quartet strains, because single-
segmental reassortments appear to be common, as indicated above.
For H3N2 human influenza A virus, the most frequently observed
pattern was 11121111, which was supported by 291,645 quartets.
From the parsimony principle, this pattern was considered to be
generated from a single reassortment event involving only segment 4.

Table 1
Numbers of quartets demonstrating a topological difference between pairs of segments in HIN1 (above the diagonal) and H3N2 (below the diagonal) human influenza A viruses.
Segment 1 Segment 2 Segment 3 Segment 4 Segment 5 Segment 6 Segment 7 Segment 8

Segment 1 23,412 2,257 3,125 24,221 1,628 23,379 23,475
Segment 2 17,961 23,129 23,508 1,019 24,465 208 298
Segment 3 17,753 244 2,414 22,328 3,719 23,010 23,106
Segment 4 297,109 304,351 304,391 24,258 1,550 23,409 23,505
Segment 5 17,824 322 106 304,468 25,217 900 798
Segment 6 19,657 2,711 2,747 306,032 2,786 24,337 24,433
Segment 7 17,874 369 143 304,499 235 2,878 116
Segment 8 17,784 267 40 304,410 121 2,758 160
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Table 2
Numbers of quartets demonstrating the patterns of topological difference among eight
genomic segments in HIN1 and H3N2 human influenza A viruses.

Table 3
Statistics for the reassortment points inferred in the all-strains trees of HIN1 and H3N2
human influenza A viruses.

HIN1 H3N2 Subtype Segment Number of quartets Bootstrap probability Isolation year
Pattern Number of quartets Pattern Number of quartets H1N1 1 21,804 99 2005-2007
11111111 4,589,220 11111111 3,905,895 2 100 2008-2009
2 21,804 93 2008-2009
12112122 21,804 11121111 291,645
3 21,804 92 2005-2007
11121211 1,259 12212222 12,121
21,804 100 2008-2009
12222122 1,230 12222222 5,193
4 21,804 96 2005-2007
11212111 744 11111211 2,111
21,804 94 2008-2009
12122222 233 12212122 348
5 21,804 95 2008-2009
11221111 173 12121211 118
6 21,804 79 2005-2007
11112112 99 11111121 117
21,804 71 2008-2009
11121111 92 12111111 88
7 21,804 1 2005-2007
11222222 61 11112111 52
21,804 38 2008-2009
12111111 58 12232122 52
8 21,804 97 2008-2009
12121211 25 11121311 38
H3N2 1 288,647 76 2003
11121222 16 11112311 16
2 288,648 65 2003
12222111 15 11111112 14
3 288,648 76 2003
12212222 13 11231122 8
4 288,647 64 2003
11111121 10 12121311 8
5 288,648 30 2003
11112111 10 12131311 8
6 284,216 94 2004-2008
11211111 9 11111212 6
7 288,648 44 2003
12232222 9 11121211 6 - e = e
12131111 8 11123211 6 ’
12111113 6 12212232 5
12111211 5 12213122 5
11111211 4 11112112 4 . . .
12121222 2 11222222 4 corresponded to “clade 2B”, which has been identified as reassortants
12212111 2 12232222 4 from a small-scale phylogenetic analysis in Zaraket et al. (2010). The
11111112 1 11112211 3 “clade 2B” has been inferred to be generated by drawing segments 2,
Eg;’ﬁ } Egﬁg ; 5,7, and 8 from “clade 1” and segments 1, 3, 4, and 6 from “clade 2A”
S 3 or “clade 2C” in the 2007-2008 season (Zaraket et al., 2010), which
12121122 3 was consistent with the pattern of topological difference 12112122.
11121131 2 The cluster of strains isolated in 2005-2007, another candidate cluster
11231133 2 of reassortants identified in the present study, corresponded to “clade
E;i;gg ; 17 in Zaraket et al. (2010). Although the results of Zaraket et al. (2010)
11112122 1 have not been supported with a statistical significance, the results
11121122 1 obtained in the present study were consistent with Zaraket et al.
11121212 1 (2010) and further provided a statistical support, because the
};ﬂ}g; } reassortments were identified from the comparison of eight quartet
19990193 . trees that were all supported with the bootstrap probability greater
12222212 1 than 95%.
12232332 1 For the pattern 11121111 of H3N2 virus, there existed no branch

Since the numbers of quartets supporting the patterns 12112122
and 11121111 in HIN1 and H3N2 viruses were relatively large, re-
spectively, the reassortment points for these patterns were inferred by
superimposing the exterior branches of relevant quartet trees on the all-
strains tree for each segment. For the pattern 12112122 of HIN1 virus,
all (21,804) relevant quartet trees were superimposed on particular
branches in each all-strains tree, suggesting that this pattern was
derived from the same set of reassortment events in all quartets
(Table 3). In segment 1, all quartet trees were superimposed on two
branches that supported the clusters of strains isolated in 2005-2007
and 2008-2009 with bootstrap probabilities 99% and 100%, respectively
(Fig. 1). For segment 2, however, only one branch that supported the
cluster of strains isolated in 2008-2009 with the bootstrap probability
93% was inferred as containing the reassortment point. Similar results to
segment 1 were obtained for segments 3 (bootstrap probabilities 92%
and 100%), 4 (96% and 94%), 6 (79% and 71%), and 7 (11% and 38%), and
those to segment 2 were obtained for segments 5 (95%) and 8 (97%)
(Table 3). The results obtained for different segments varied slightly,
probably because of the errors in constructing all-strains trees.
However, it was inferred that a reassortment occurred on either one
or both of these branches, even though the bootstrap probabilities for
these branches were relatively small in some segments.

Interestingly, the cluster of strains isolated in 2008-2009, a candi-
date cluster of reassortants identified in the present study, apparently

in the all-strains trees where all (291,645) relevant quartet trees
were superimposed (Table 3). This is probably because the all-
strains trees contained topological errors or because this pattern
was derived from different sets of reassortment events in different
quartets. However, the majority (284,216-288,648) of relevant
quartet trees were superimposed on the branch that supported the
cluster of strains isolated in 2003 or 2004-2008 (Fig. 1). The former
branch was identified by segments 1, 2, 3, 4, 5, and 7, whereas the
latter branch was identified by segments 6 and 8. The bootstrap
probabilities for these branches were 76%, 65%, 76%, 64%, 30%, 94%,
44%, and 17% in the all-strains trees for segments 1-8, respectively
(Table 3). It was inferred that a reassortment occurred on either one
or both of these branches, even though the bootstrap probabilities of
these branches were relatively small in all segments.

Similarly to the case for HIN1 virus, the cluster of strains isolated
in 2003, a candidate cluster of reassortants identified in the present
study, apparently corresponded to “clade A”, which has been
identified as reassortants from a small-scale phylogenetic analysis in
Holmes et al. (2005). The “clade A” has been inferred to be generated
by drawing segment 4 from “clade B” and other segments from
another clade in the 2002-2003 season (Holmes et al., 2005), which
was consistent with the pattern of topological difference 11121111.
The cluster of strains isolated in 2004-2008, another candidate cluster
of reassortants identified in the present study, corresponded to “clade
B” in Holmes et al. (2005). Although the results of Holmes et al. (2005)
sometimes have not been supported with a statistical significance, the
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Fig. 1. Clusters of strains inferred as reassortants, shaded in light-gray or dark-gray, for each segment of (A) HIN1 and (B) H3N2 human influenza A viruses. Strains are arranged
according to the isolation year, with the earliest strain placed at the top and the latest strain at the bottom. The segment numbers and the isolation years are described at the top and

the left-hand side of each panel.

results obtained in the present study were consistent with Holmes
et al. (2005) and further provided a statistical support.

The reassortment points inferred for HIN1 and H3N2 viruses
appeared to be mostly correct, suggesting that the method presented
in this paper was largely reliable. Since the reassortment points can be
roughly identified with a statistical significance even when the all-
strains trees are unreliable, this method may be useful for detecting
reassortments systematically in a large-scale analysis of viruses with
segmented genomes.
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