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Abstract. The problem of phylogenetic inference from datasets including incom-
plete characters is among the most relevant issues in systematic biology. In this
paper, we propose a new probabilistic method for estimating unknown nucleotides
before computing evolutionary distances. It is developed in the framework of the
Tamura-Nei evolutionary model (Tamura and Nei (1993)). The proposed strategy is
compared, through simulations, to existing methods ”Ignoring Missing Sites” (IMS)
and ”Proportional Distribution of Missing and Ambiguous Bases” (PDMAB) in-
cluded in the PAUP package (Swofford (2001)).

1 Introduction

Incomplete datasets can arise in a variety of practical situations. For example,
this is often the case in molecular biology, and more precisely in phylogenet-
ics, where an additive tree (i.e. phylogenetic tree) represents an intuitive
model of species evolution. The fear of missing data often deter systematists
from including in the analysis the sites with missing characters (Sanderson
et al. (1998), Wiens (1998)). Huelsenbeck (1991) and Makarenkov and La-
pointe (2004) pointed out that the presence of taxa comprising big percentage
of unknown nucleotides might considerably deteriorate the accuracy of the
phylogenetic analysis. To avoid this, some authors proposed to exclude char-
acters containing missing data (e.g. Hufford (1992) and Smith (1996)). In
contrast, Wiens (1998) argued against excluding characters and showed a
benefit of ”filling the holes” in a data matrix as much as possible. The pop-
ular PAUP software (Swofford (2001)) includes two methods for computing
evolutionary distances between species from incomplete sequence data. The
first method, called IMS (”Ignoring missing sites”), is the most commonly
used strategy. It proceeds by the elimination of incomplete sites while com-
puting evolutionary distances. According to Wiens (2003), such an approach
represents a viable solution only for long sequences because of the presence
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of a sufficient number of known nucleotides. The second method included in
PAUP, called PDMAB (”Proportional distribution of missing and ambiguous
bases”), computes evolutionary distances taking into account missing bases.
In this paper we propose a new method, called PEMV (”Probabilistic esti-
mation of missing values”), which estimates the identities of all missing bases
prior to computing pairwise distances between taxa. To estimate a missing
base, the new method proceeds by computing a similarity score between the
sequence comprising the missing base and all other sequences. A probabilistic
approach is used to determine the likelihood of an unknown base to be either
A, C, G or T for DNA sequences. We show how this method can be applied in
the framework of Tamura-Nei evolutionary model (Tamura and Nei (1993)).
This model is considered as a further extension of the Jukes-Cantor (Jukes
and Cantor (1969)), Kimura 2-parameter (Kimura, (1980)), HKY (Hasegawa
et al. (1985)), and F84 (Felsenstein and Churchill (1996)) models. In the
next section we introduce the new method for estimating missing entries in
sequence data. Then, we discuss the results provided by the methods IMS,
PDMAB and PEMV in a Monte Carlo simulation study carried out with
DNA sequences of various lengths, containing different percentages of miss-
ing bases.

2 Probabilistic estimation of missing values

The new method for estimating unknown bases in nucleotide sequences,
PEMYV, is described here in the framework of the Tamura-Nei (Tamura and
Nei (1993)) model of sequence evolution. This model assumes that the equi-
librium frequencies of nucleotides (74, 7¢, ¢ and 7r) are unequal and
substitutions are not equally likely. Furthermore, it allows for three types of
nucleotide substitutions: from purine (A or G) to purine, from pyrimidine
(C or T) to pyrimidine and from purine to pyrimidine (respectively, from
pyrimidine to purine). To compute the evolutionary distance between a pair
of sequences within this model, the following formula is used:
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where Pgr,Py and () are respectively the transitional difference between
purines, the transitional difference between pyrimidines and the transver-
sional difference involving pyrimidine and purine; m g and 7y are respectively
the frequencies of purines (w4 + 7¢) and pyrimidines (¢ + 77).

Assume that C is a matrix of aligned sequences, the base k,denoted as X,
in the sequence 74 is missing and X is either A, C, G or T. To compute the
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distance between the sequence i and all other considered sequences, PEMV
estimates, using Equation 2 below, the probabilities P;x(X), to have the nu-
cleotide X at site k of the sequence i. The probability that an unknown base
at site k of the sequence i is a specific nucleotide depends on the number of
sequences having this nucleotide at this site as well as on the distance (com-
puted ignoring the missing sites) between 7 and all other considered sequences
having known nucleotides at site k. First, we calculate the similarity score §
between all observed sequences while ignoring missing data. For any pair of
sequences, this score is equal to the number of matches between homologous
nucleotides divided by the number of comparable sites.

Pik(X):Nik > 5ij+% > =6y, (2)
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where Ny, is the number of known bases at site k (i.e. column k) of the consid-
ered aligned sequences, and d;; is the similarity score between the sequences
1 and j computed ignoring missing sites. The following theorem character-
izing the probabilities P;;(A), Pix(C), Pik(G) and Py (T), can be stated:

Theorem 1. For any sequence i, and any site k of the matriz C, such that
Cik s a missing nucleotide, the following equality holds: P (A) + Pi(C) +
Plk(G) + Pik(T) =1.

Due to space limitation the proof of this theorem is not presented here.

Once the different probabilities P;, are obtained, we can compute for
any pair of sequences i and j, the evolutionary distance using Equation 1.
First, we have to calculate the nucleotide frequencies (Equation 3), the tran-
sitional differences Pr and Py (Equation 4), and the transversional difference
@ (Equation 5). Let wx be the new frequency of the nucleotide X:

A+ Y=y P (X) + A + Y ihieye=r Pk (X)
X = 2L ) (3>

where X denotes the nucleotide A, C, G or T;A% is the number of nucleotides
X in the sequence 4; symbol 7 represents a missing nucleotide; L is the total
number of sites compared.
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where P’(4,j) is the number of transitions of the given type (either purine to
purine P’g, or pyrimidine to pyrimidine P’y ) between the sequences i and j
computed ignoring missing sites; P’(4,5,k) is the probability of transition of the
given type between the sequences ¢ and j at site £ when the nucleotide at site
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k is missing either in 7 or in j (e.g. if the nucleotide at site k of the sequence
1 is A and the corresponding nucleotide in j is missing, the probability of
transition between purines is the probability that the missing base of the
sequence j is G, whereas the probability of transition between pyrimidines is
0); @ (4,5) is the number of transversions between ¢ and j computed ignoring
missing sites; @’(4,5,k) is the probability of transversion between 4 and j at
site k when the nucleotide at site k is missing either in ¢ or in j.

When both nucleotides at site k of 7 and j are missing, we use similar for-
mulas as those described in Diallo et al. (2005). It is worth noting that PEMV
method can be used to compute the evolutionary distance independently of
the evolutionary model (Equation 6):

c m k
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where N} is the number of matches between homologous nucleotides in the
sequences ¢ and j; N{. is the number of comparable pairs of nucleotides in ¢
and j (i.e. when both nucleotides are known in the homologous sites of i and
7); Pfj is the probability to have a pair of identical nucleotides at site k of i
and j.

3 Simulation study

A Monte Carlo study has been conducted to test the ability of the new method
to compute accurate distances matrices that can be used as input of distance-
based methods of phylogenetic analysis. We examined how the new PEMV
method performed, compared to the PAUP strategies, testing them on ran-
dom phylogenetic data with different percentages of missing nucleotides. The
results were obtained from simulations carried out with 1000 random binary
phylogenetic trees with 16 and 24 leaves. In each case, a true tree topology, de-
noted T, was obtained using the random tree generation procedure proposed
by Kuhner and Felsenstein (1994). The branch lengths of the true tree were
computed using an exponential distribution. Following the approach of Guin-
don and Gascuel (2002), we added some noise to the branches of the true phy-
logeny to create a deviation from the molecular clock hypothesis. The source
code of our tree generation program, written in C, is available at the following
website: http://www.labunix.uqam.ca/ makarenv/tree_generation.cpp.

The random trees were then submitted to the SeqGen program (Rambault
and Grassly (1997)) to simulate sequence evolution along their branches. We
used SeqGen to obtain the aligned sequences of the length [ (with 250, 500,
750, and 1000 bases) generated according to the HKY evolutionary model
(Hasegwa, et al. (1985)) which is a submodel of Tamura-Nei. According to
Takashi and Nei (2000), the following equilibrium nucleotide frequencies were
chosen: m4 = 0.15, ¢ = 0.35, m¢ = 0.35, and w7 = 0.15. The transi-
tion/transversion rate was set to 4. To simulate missing data in the sequences,
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we used one of the two strategies described by Wiens (2003). This strategy
consists of the random elimination of blocks of nucleotides of different sizes.
This elimination is certainly more realistic from a biological point of view.
Here, we generated data with 0 to 50% of missing bases. The obtained se-
quences were submitted to the three methods for computing evolutionary
distances. For each distance matrix provided by IMS, PDMAB and PEMV,
we inferred a phylogeny 7" using the BioNJ algorithm (Gascuel (1997)). The
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Fig. 1. Improvement in topological recovery obtained for random phylogenetic trees
with 16 species. The percentage of missing bases varies from 0 to 50% (abscissa axis).
The curves represent the gain (in %) against the less accurate method of PAUP. The
difference was measured as the variation of the Robinson and Foulds topological
distance between the less accurate method of PAUP and the most accurate method
of PAUP (A) and PEMV (().The sequences with (a) 250 bases, (b) 500 bases, (c)
750 bases, and (d) 1000 bases are represented.

phylogeny T was then compared to the true phylogeny 7 using the Robinson
and Foulds (1981) topological distance. The Robinson and Foulds distance
between two phylogenies is the minimum number of operations, consisting of
merging and splitting internal nodes, which are necessary to transform one
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tree into another. This distance is reported as percentage of its maximum
value (2n-6 for a phylogeny with n leaves). The lower this value is, the closer
the obtained tree T” to the true tree 7.
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Fig. 2. Improvement in topological recovery obtained for random phylogenetic trees
with 24 species. The percentage of missing bases varies from 0 to 50% (abscissa axis).
The curves represent the gain (in %) against the less accurate method of PAUP. The
difference was measured as the variation of the Robinson and Foulds topological
distance between the less accurate method of PAUP and the most accurate method
of PAUP (A) and PEMV (Q). The sequences with (a) 250 bases, (b) 500 bases,
(c) 750 bases, and (d) 1000 bases are represented.

For each dataset, we tested the performance of the three methods depend-
ing on the sequence length. Figures 1 and 2 present the results given by the
three competing methods for the phylogenies with 16 and 24 leaves. First, for
the phylogenies of both sizes PEMV clearly outperformed the PAUP meth-
ods (IMS and PDMAB) when the percentage of missing data was large (30%
to 50%). Second, the results obtained with IMS were very similar to those
given by PDMAB. Third, the gain obtained by our method was decreasing
while the sequences length was increasing. At the same time, the following
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trend can be observed: the impact of missing data decreases when sequence
length increases. Note that the same tendency has been pointed out by Wiens
(2003).

4 Conclusion

The PEMV technique introduced in this article is a new efficient method
that can be applied to infer phylogenies from nucleotide sequences compris-
ing missing data. The simulations conducted in this study demonstrated the
usefulness of PEMV in estimating missing bases prior to phylogenetic recon-
struction. Tested in the framework of the Tamura-Nei model (Tamura and
Nei (1993)), the PEMV method provided very promising results. The deletion
of missing sites, as it is done in the IMS method, or their estimation using
PDMAB (two methods available in PAUP) can remove important features
of the data at hand. In this paper, we presented PEMYV in the framework
of the Tamura-Nei (Tamura and Nei (1993)) model which can be viewed as
a generalization of the popular F84 (Felsenstein and Churchill (1996) and
HKY85 (Hasegawa et al. (1985)) models. It would be interesting to extend
and test this probabilistic approach within Maximum Likelihood and Maxi-
mum Parsimony models. It is also important to compare the results provided
by BioNJ to those obtained using other distance-based methods of phylo-
genetic reconstruction, as for example, NJ (Saitou and Nei (1987)), FITCH
(Felsenstein (1997)) or MW (Makarenkov and Leclerc (1999)).
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