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A B S T R A C T

Due to the progress in the sequencing technology, the number of nucleotide sequences for pathogens deposited
in the public databases has been increasing rapidly. Consequently, in the molecular evolutionary analyses of
pathogens, it may occasionally be difficult to include all the available sequences and necessary to reduce the
number of sequences to accomplish computation within a realistic time frame. Here several methods for re-
ducing the number of sequences were evaluated using the amount of evolutionary information contained in the
retained sequences, which was measured as the total branch length of the phylogenetic tree (L). In the REA
(random elimination in alignment) method, each of sequences was eliminated with equal probability. In the
phylogenetic tree-based methods, the sequences associated with short exterior branches were eliminated; the
sequences to be eliminated were required to constitute neighbors with another sequence in the CNT (closest
neighbor in tree) method, whereas no such restriction was imposed in the SET (shortest exterior branch in tree)
method. In the distance matrix-based methods, the sequences with small average distances to other sequences
were eliminated; the sequences to be eliminated were required to be closely related to another sequence in the
CPM (closest pair in matrix) method, whereas no such restriction was imposed in the SDM (smallest average
distance in matrix) method. From the analyses of 2113 sequences for viral protein 1 of norovirus and 13,063
sequences for hemagglutinin of influenza A virus, it was observed that the CPM method was the most useful to
obtain large L, in which the exterior branch length (LE) tended to be elongated. In contrast, the interior branch
length (LI) tended to be elongated such that the LI/LE was heightened in the SDM method, which may be suitable
for the phylogenetic analysis. The nucleotide diversity (π), the synonymous diversity (πS), the nonsynonymous
diversity (πN), and the πN/πS were almost constant in the REA method, whereas they increased in other methods,
suggesting that the REA method may be appropriate for the analyses of population diversity and natural se-
lection.

1. Introduction

The nucleotide sequence data deposited in the public databases are
important resource in the study of life science (Stevens, 2018). For
instance, in the molecular evolutionary analyses for elucidating the
evolutionary mechanisms and histories of pathogens such as human
norovirus (HuNoV) and human influenza A virus (HuIAV), it is cus-
tomary to include all nucleotide sequences for particular genes avail-
able in the public databases (e.g., Rambaut et al., 2008; Russell et al.,
2008; Parra et al., 2017; Suzuki et al., 2019).

Due to the progress in the sequencing technology, the number of
nucleotide sequences deposited in the public databases has been in-
creasing rapidly (Karsch-Mizrachi et al., 2018). Theoretically, this si-
tuation is preferable for molecular evolutionary analyses because a

large number of nucleotide sequences is expected to contain a large
amount of evolutionary information, which is beneficial to conducting
statistical tests (Nei et al., 2010; Suzuki, 2010). Practically, however,
molecular evolutionary analyses of a large number of nucleotide se-
quences require a large amount of computation and are occasionally
not accomplished within a realistic time frame (Ozaki et al., 2018). To
avoid this problem, it may be necessary to reduce the number of nu-
cleotide sequences to be included in molecular evolutionary analyses
(Yonezawa et al., 2013; Kobayashi et al., 2018).

A variety of methods may be conceivable for reducing the number
of nucleotide sequences (Vinod, 1969; Zaslavsky et al., 2008; Yonezawa
et al., 2013). Thus, it may be important to develop appropriate criteria
for evaluating the methods. In the previous study, it was proposed that
the number of nucleotide sequences should be reduced so that the
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average number of nucleotide differences between each of the elimi-
nated sequences and its most closely related counterpart in the retained
sequences would be small and the nucleotide diversity (π) of the re-
tained sequences would be large (Yonezawa et al., 2013). These criteria
were based on the notion that the nucleotide sequences adding a small
amount of evolutionary information should be eliminated so that the
retained sequences would contain a large amount of evolutionary in-
formation. However, it was not clear whether the amount of evolu-
tionary information contained in the retained sequences could be ap-
propriately measured in these criteria.

In molecular evolutionary analyses, the amount of evolutionary
information is usually measured as the number of nucleotide substitu-
tions (Nei and Kumar, 2000). Thus, the amount of evolutionary in-
formation contained in nucleotide sequences may be measured as the
total number of nucleotide substitutions that have accumulated during
evolution, which can be represented as the total branch length of the
phylogenetic tree (L). The purpose of the present study was to evaluate
the methods for reducing the number of nucleotide sequences using the
L for the retained sequences.

2. Materials and methods

2.1. Methods

2.1.1. Random elimination method
One of the simplest methods for reducing the number of nucleotide

sequences may be to eliminate each of n sequences in the original da-
taset with equal probability until the number of retained sequences
reaches m. This protocol, called the REA (“random elimination in
alignment”) method in the present study, was used as the reference for
evaluating performances of other methods as described below.

2.1.2. Phylogenetic tree-based methods
In the method proposed by Yonezawa et al. (2013), a phylogenetic

tree is first constructed for the original dataset of n sequences, and the
following procedure is repeated until the number of retained sequences
reaches m. That is, in the phylogenetic tree, the neighbor connected
with the smallest distance is identified, and the member of the neighbor
associated with shorter exterior branch is eliminated. It was observed
that by using this method the average number of nucleotide differences
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Fig. 1. The trajectories of the L for the retained sequences along with the reduction of the number of nucleotide sequences in the random elimination (REA) method,
the phylogenetic tree-based (CNT and SET) methods, and the distance matrix-based (SDM and CPM) methods. A. GII.4 HuNoV VP1. B. H3N2 HuIAV HA.
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between each of the eliminated sequences and its most closely related
counterpart in the retained sequences tended to be small and the π of
the retained sequences tended to be large (Yonezawa et al., 2013). This
protocol is called the CNT (“closest neighbor in tree”) method in the
present study.

In the CNT method, the nucleotide sequences associated with short
exterior branches are eliminated only when they constitute neighbors
with another sequence in the phylogenetic tree. However, the nucleo-
tide sequences that do not constitute neighbors may also be associated
with short exterior branches. Therefore, in the protocol called the SET
(“shortest exterior branch in tree”) method in the present study, the
nucleotide sequence associated with the shortest exterior branch in the
phylogenetic tree is eliminated repeatedly, regardless of whether it
constitutes a neighbor or not.

2.1.3. Distance matrix-based methods
In the phylogenetic tree-based methods as described above, it is

necessary to construct a phylogenetic tree for the original dataset.
However, this process itself may not be accomplished within a realistic
time frame when the number of nucleotide sequences in the original

dataset is large (Yonezawa et al., 2013). To avoid this problem, the
distance matrix, which can be generated as an intermediate product in
the course of tree construction, may be directly used to reduce the
number of nucleotide sequences. Thus, in the protocol called the SDM
(“smallest average distance in matrix”) method in the present study,
only the distance matrix is produced for the original dataset of n se-
quences. Then, the nucleotide sequence associated with the smallest
average distance to other sequences is eliminated repeatedly until the
number of retained sequences reaches m.

Theoretically, the SDM method is equivalent to reducing the
number of nucleotide sequences so that the nucleotide sequences as-
sociated with the shortest exterior branches of the star phylogeny are
eliminated and the π of the retained sequences is maximized (Saitou
and Nei, 1987). However, the phylogenetic tree for the actual sequences
is highly unlikely to be the star phylogeny, and it is not clear whether
the nucleotide sequences eliminated in the SDM method are really as-
sociated with short exterior branches in the phylogenetic tree. Never-
theless, the nucleotide sequences that are closely related to another
sequence are likely to be associated with short exterior branches in the
phylogenetic tree. Thus, in the protocol called the CPM (“closest pair in

Fig. 2. The trajectories of the LI/LE for the retained sequences along with the reduction of the number of nucleotide sequences in the random elimination (REA)
method, the phylogenetic tree-based (CNT and SET) methods, and the distance matrix-based (SDM and CPM) methods. A. GII.4 HuNoV VP1. B. H3N2 HuIAV HA.
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matrix”) method in the present study, the pair of nucleotide sequences
with the smallest distance in the distance matrix is identified and the
member of the pair associated with shorter average distance to other
sequences is eliminated repeatedly.

2.2. Sequence data

All the nucleotide sequences encoding the entire region (1617 sites)
of viral protein 1 (VP1) for genotype GII.4 HuNoV, provided with the
information on the isolation year, were retrieved from the International
Nucleotide Sequence Database (INSD) through the DNA Data Bank of
Japan (https://www.ddbj.nig.ac.jp/) on January 19, 2019 (Stevens,
2018). In addition, all the nucleotide sequences encoding the entire
region (1698 sites) of hemagglutinin (HA) for subtype H3N2 HuIAV
provided with the information on the isolation year, were retrieved
from the Influenza Research Database (https://www.fludb.org/) on
January 23, 2019 (Zhang et al., 2017). Reportedly, intra-genic re-
combination does not occur within these genes (Katayama et al., 2002;
Boni et al., 2008).

Multiple alignment of nucleotide sequences was made for each of

the datasets of GII.4 HuNoV VP1 and H3N2 HuIAV HA using the
computer program MAFFT (version 7.305b) (Katoh et al., 2002). From
each multiple alignment, the sequences including ambiguous nucleo-
tides or singleton gaps as well as the sequences identical to another
sequence with the same isolation year were excluded, and the codon
sites containing gaps in any sequence were omitted. Consequently, the
multiple alignments for GII.4 HuNoV VP1 consisting of 2113 sequences
with 1605 sites (Supplementary Table S1) and H3N2 HuIAV HA con-
sisting of 13,063 sequences with 1689 sites (Supplementary Table S2)
were used for the following analyses.

2.3. Data analysis

Computer programs were written for executing the REA, CNT, SET,
SDM, and CPM methods. In the REA method, each of the nucleotide
sequences in the multiple alignment was eliminated with equal prob-
ability using pseudo-random numbers. In the phylogenetic tree-based
methods, the distance matrix of the proportion of different sites (p
distance) (Nei and Kumar, 2000) was first generated from the multiple
alignment. Then, the phylogenetic tree was constructed from the
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Fig. 3. The trajectories of the π for the retained sequences along with the reduction of the number of nucleotide sequences in the random elimination (REA) method,
the phylogenetic tree-based (CNT and SET) methods, and the distance matrix-based (SDM and CPM) methods. A. GII.4 HuNoV VP1. B. H3N2 HuIAV HA.
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distance matrix by the neighbor-joining (NJ) method (Saitou and Nei,
1987) using MEGA (version 6.06) (Tamura et al., 2013), and was
adopted to reduce the number of nucleotide sequences. In the distance
matrix-based methods, the distance matrix generated above was di-
rectly used to reduce the number of nucleotide sequences.

In all methods, the number of nucleotide sequences for GII.4 HuNoV
VP1, which was originally 2113, was reduced one-by-one, and the
amount of evolutionary information contained in the retained se-
quences was monitored when the number of retained sequences
reached multiples of 100, that is, 2100, 2000, …, and 100. Similarly,
the number of nucleotide sequences for H3N2 HuIAV HA, which was
originally 13,063, was reduced one-by-one, and the amount of evolu-
tionary information contained in the retained sequences was monitored
when the number of retained sequences reached multiples of 500, that
is, 13,000, 12,500, …, and 500. The amount of evolutionary informa-
tion contained in the retained sequences was measured as the L, which
was obtained by summing the lengths of all branches in the phyloge-
netic tree constructed by the NJ method (Saitou and Nei, 1987) with the
p distance (Nei and Kumar, 2000) using MEGA (version 6.06) (Tamura
et al., 2013). The L was further decomposed into the interior branch
length (LI) and the exterior branch length (LE) to monitor the ratio of

the former to the latter (LI/LE) (Fu and Li, 1993).
In addition to the L, the π for the retained sequences was also

monitored using MEGA (version 6.06) (Tamura et al., 2013). The π was
further decomposed into the synonymous diversity (πS) and the non-
synonymous diversity (πN) to monitor the ratio of the latter to the
former (πN/πS) (Nei et al., 2010; Suzuki, 2010). The entire process was
iterated 20 times in the REA method.

3. Results

3.1. Total branch length of the phylogenetic tree (L)

The amount of evolutionary information contained in the original
dataset measured as the L was 10.198 for GII.4 HuNoV VP1 and 16.203
for H3N2 HuIAV HA (Fig. 1). As expected, the L decreased as the
number of nucleotide sequences was reduced in any of the random
elimination (REA) method, the phylogenetic tree-based (CNT and SET)
methods, and the distance matrix-based (SDM and CPM) methods
(Wakeley, 2009). The L varied according to the method. However, the
relative order of the L among the methods was similar between GII.4
HuNoV VP1 and H3N2 HuIAV HA.

Fig. 4. The trajectories of the πN/πS for the retained sequences along with the reduction of the number of nucleotide sequences in the random elimination (REA)
method, the phylogenetic tree-based (CNT and SET) methods, and the distance matrix-based (SDM and CPM) methods. A. GII.4 HuNoV VP1. B. H3N2 HuIAV HA.
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When nucleotide sequences were randomly eliminated in the REA
method, the trajectory of L along with the reduction of the number of
nucleotide sequences fluctuated to some extent among 20 iterations.
Overall, however, the L in the REA method appeared to be smaller than
that in other (CNT, SET, SDM, and CPM) methods (P < 0.05) (Fig. 1).
These results suggested that on average the nucleotide sequences as-
sociated with short exterior branches of the phylogenetic tree were
eliminated in the CNT, SET, SDM, and CPM methods, as designed
above.

In the phylogenetic tree-based methods, the nucleotide sequences
associated with short exterior branches were eliminated from the
phylogenetic tree constructed for the original dataset. The nucleotide
sequences to be eliminated were required to constitute neighbors with
another sequence in the CNT method, whereas no such restriction was
imposed in the SET method. In Fig. 1, the L in the SET method appeared
to be larger than that in the CNT method, suggesting that the nucleotide
sequences associated with short exterior branches did not necessarily
constitute neighbors in the phylogenetic tree.

In the distance matrix-based methods, the nucleotide sequences
with small average distances to other sequences were eliminated from
the distance matrix. The nucleotide sequences to be eliminated were
required to be closely related to another sequence in the CPM method,
whereas no such restriction was imposed in the SDM method. In Fig. 1,
the L in the SDM method was smaller than that in the CPM method as
well as the CNT and SET methods, suggesting that the nucleotide se-
quences associated with relatively long exterior branches were also
eliminated in the SDM method, as long as elimination of these se-
quences maximized the π. In contrast, the L in the CPM method was
similar to that in the SET method, which exhibited better performance
than the CNT method as described above, suggesting that the nucleo-
tide sequences associated with short exterior branches without con-
stituting neighbors in the phylogenetic tree could also be eliminated in
the CPM method.

When the L was decomposed into the LI and LE, it was observed that
the LI in the SDM method was greater than that in the CNT, SET, and
CPM methods, which was similar to that in the REA method
(Supplementary Fig. S1). In contrast, the LE in the CNT, SET, and CPM
methods was greater than that in the SDMmethod, which was similar to
that in the REA method (Supplementary Fig. S2). As a result, the LI/LE
in the SDM method was greater than that in the REA method
(P < 0.05), which in turn was greater than that in the CNT, SET, and
CPM methods (P < 0.05) (Fig. 2). These results suggested that the
nucleotide sequences associated with the exterior branches connected
to other exterior branches constituting neighbors tended to be elimi-
nated in the CNT, SET, and CPM methods, whereas those connected to
interior branches tended to be eliminated in the SDM method.

3.2. Nucleotide diversity (π)

The property of the retained sequences in each of the methods for
reducing the number of nucleotide sequences was further examined by
monitoring the π. In the REA method, the π of the retained sequences
fluctuated to some extent among 20 iterations. Overall, however, the π
was almost constant (Fig. 3). In contrast, the π appeared to increase in
other (CNT, SET, SDM, and CPM) methods (P < 0.05), because the
nucleotide sequences associated with short exterior branches of the
phylogenetic tree were eliminated in these methods, as described
above.

When the π of the retained sequences was decomposed into the πS

(Supplementary Fig. S3) and πN (Supplementary Fig. S4), they were
observed to behave in a similar manner to the π; i.e., they were almost
constant in the REA method, whereas they increased in other methods
(P < 0.05). Accordingly, the πN/πS was almost constant in the REA
method (Fig. 4). Notably, however, the πN/πS increased in other
methods particularly for GII.4 HuNoV VP1 (P < 0.05). Generally, in
the phylogenetic tree, advantageous and deleterious mutations are

accumulated more proximal and distal to the root, respectively, and
interior and exterior branches are located more proximal and distal to
the root, respectively (McDonald and Kreitman, 1991; Pybus et al.,
2007; Suzuki, 2011). In the above analysis, it was observed that the LI/
LE was lowered in the CNT, SET, and CPM methods and heightened in
the SDM method. Therefore, the increase in the πN/πS may represent
enrichment of deleterious mutations on distal branches in the CNT, SET,
and CPM methods and advantageous mutations on proximal branches
in the SDM method.

Although the trajectory of πN/πS was not clearly discriminated be-
tween 20 iterations of the REA method and other methods for H3N2
HuIAV HA, the πN/πS in the latter methods tended to be greater than
that in the former method, similarly to the case for GII.4 HuNoV VP1
(Fig. 4). However, the πN/πS in the SDM method fluctuated to a rela-
tively large extent. Reportedly, positive selection has operated on
multiple lineages for GII.4 HuNoV VP1 (Tohma et al., 2019) and on a
single trunk lineage for H3N2 HuIAV HA (Fitch et al., 1991; Wolf et al.,
2006; Suzuki, 2008). These observations suggested that the difference
in the trajectory of πN/πS in the SDM method between GII.4 HuNoV
VP1 and H3N2 IAV HA may reflect difference in the pattern of accu-
mulation of advantageous mutations on the phylogenetic tree.

4. Discussion

In the present study, performances of the random elimination (REA)
method, the phylogenetic tree-based (CNT and SET) methods, and the
distance matrix-based (SDM and CPM) methods for reducing the
number of nucleotide sequences were evaluated using the amount of
evolutionary information contained in the retained sequences measured
as the L. The results obtained from the analyses of 2113 sequences for
GII.4 HuNoV VP1 and 13,063 sequences for H3N2 HuIAV HA were
largely consistent with each other. The L for the retained sequences in
the CNT, SET, SDM, and CPM methods was greater than that in the REA
method. Although the SET and CPM methods exhibited better perfor-
mances than the CNT and SDM methods, the CPM method was con-
sidered to be the most useful to obtain large L for the retained se-
quences, because the amount of computation required in the CPM
method was smaller than that in the SET method.

From the comparison of LI and LE, it was suggested that the nu-
cleotide sequences associated with the exterior branches connected to
other exterior branches constituting neighbors tended to be eliminated
in the CNT, SET, and CPM methods to elongate the LE, whereas those
connected to interior branches tended to be eliminated in the SDM
method to elongate LI. It should be noted that the LI but the LE con-
tributes to resolving distinct clusters in the phylogenetic analysis (Nei
and Kumar, 2000). Therefore, in the phylogenetic analysis, the SDM
method may be suitable for reducing the number of nucleotide se-
quences, in which the amount of computation required was also rela-
tively small.

Along with the reduction of the number of nucleotide sequences, the
π, πS, and πN for the retained sequences increased in the CNT, SET,
SDM, and CPM methods, because the nucleotide sequences associated
with short exterior branches of the phylogenetic tree were eliminated in
these methods. Notably, however, the πN/πS also increased in the CNT,
SET, SDM, and CPM methods, although the increase in the πN/πS may
represent enrichment of deleterious mutations in the CNT, SET, and
CPM methods and advantageous mutations in the SDM method. In
contrast, the π, πS, πN, and πN/πS appeared to be almost constant in the
REA method. The π, πS, and πN can be used as indicators of the degree
of population diversity (Nei and Li, 1979; McDonald and Kreitman,
1991). In addition, the πN/πS can be used as an indicator of the di-
rection and magnitude of natural selection (Nei et al., 2010; Suzuki,
2010). These observations suggested that the REA method, in which the
amount of computation required was the smallest, may be appropriate
for reducing the number of nucleotide sequences in the analyses of
population diversity and natural selection.
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Supplementary data to this article can be found online at https://
doi.org/10.1016/j.mgene.2019.100629.
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