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a b s t r a c t

Phylogeneticists often design their studies to maximize the number of genes included but minimize the
overall amount of missing data. However, few studies have addressed the costs and benefits of adding
characters with missing data, especially for likelihood analyses of multiple loci. In this paper, we address
this topic using two empirical data sets (in yeast and plants) with well-resolved phylogenies. We intro-
duce varying amounts of missing data into varying numbers of genes and test whether the benefits of
excluding genes with missing data outweigh the costs of excluding the non-missing data that are asso-
ciated with them. We also test if there is a proportion of missing data in the incomplete genes at which
they cease to be beneficial or harmful, and whether missing data consistently bias branch length esti-
mates. Our results indicate that adding incomplete genes generally increases the accuracy of phyloge-
netic analyses relative to excluding them, especially when there is a high proportion of incomplete
genes in the overall dataset (and thus few complete genes). Detailed analyses suggest that adding incom-
plete genes is especially helpful for resolving poorly supported nodes. Given that we find that excluding
genes with missing data often decreases accuracy relative to including these genes (and that decreases
are generally of greater magnitude than increases), there is little basis for assuming that excluding these
genes is necessarily the safer or more conservative approach. We also find no evidence that missing data
consistently bias branch length estimates.

� 2014 Elsevier Inc. All rights reserved.

1. Introduction

The problem of missing data in phylogenetic analysis is an
important issue because missing data are common in many data
matrices (e.g., Philippe et al., 2004; Fulton and Strobeck, 2006;
Burleigh et al., 2009), and are only absent in many others because
taxa and genes are deliberately excluded in order to avoid them.
For example, the issue of missing data may arise because of gaps
in alignments, because data are unavailable for some species for
some genes, or because molecular data are lacking entirely (e.g.,
fossils). There has been extensive debate about whether missing
data should be included in phylogenetic analyses or not, and the
possible consequences of both approaches (e.g., Huelsenbeck,

1991; Wiens and Reeder, 1995; Wiens, 1998, 2003a,b, 2005;
Driskell et al., 2004; Philippe et al., 2004; Wiens et al., 2005,
2010; Wiens and Moen, 2008; Burleigh et al., 2009; Lemmon
et al., 2009; Sanderson et al., 2010, 2011; Wiens and Morrill,
2011; Wiens and Tiu, 2012; Roure et al., 2013). In this debate, it
is important to remember that missing data cells are only included
because excluding missing data also requires excluding some taxa
and/or characters from the analysis, which have non-missing data
(Wiens, 1998; Cho et al., 2011; Schaefer and Renner, 2011; Zwick
et al., 2011). The fundamental question is: when do the benefits
of excluding the missing data outweigh the costs of excluding
the non-missing data that are associated with them?

Missing data can be added to an analysis by two primary mech-
anisms: by adding incomplete taxa or by adding incomplete char-
acters (Wiens, 2003a). Many studies have shown that incomplete
taxa can often be included with relatively limited negative impacts,
especially when the number of characters is large (e.g., Wiens,
2003b; Driskell et al., 2004; Philippe et al., 2004; Wiens and
Moen, 2008; Cho et al., 2011; Wiens and Morrill, 2011; Wiens
and Tiu, 2012; Roure et al., 2013). Specifically, these studies show
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that incomplete taxa can be placed correctly in phylogenies (based
on simulations with a known true topology or based on concor-
dance with other empirical studies), when sufficient characters
have been sampled overall (review in Wiens and Morrill, 2011).
Some studies have also shown that adding incomplete taxa can
improve the accuracy of estimated relationships among the com-
plete taxa (by breaking up long branches), using both simulated
data (Wiens, 2005) and empirical data (Wiens and Tiu, 2012;
Roure et al., 2013). In other words, adding incomplete taxa can
potentially have similar benefits to adding complete taxa in these
cases.

Far fewer studies have addressed the costs and benefits of add-
ing characters with missing data. In a simulation study, Wiens
(1998) found that for parsimony analyses adding incomplete char-
acters was often beneficial, but became less beneficial with a
greater proportion of missing data. Although this study found little
evidence that adding characters with missing data generally
decreased accuracy, it also showed that some patterns of missing
data could create a problem of long-branch attraction among the
species with non-missing data. Lemmon et al. (2009) analyzed
simulations of the 4-taxon case and suggested that missing data
could cause misleading results in Bayesian analyses with missing
data in 2 of 4 taxa, especially when combining data from genes
with very low rates of change (approaching invariant data) and
very high rates (effectively randomized data). Wiens and Morrill
(2011) found that in simulations utilizing rates and numbers of
taxa more typical of empirical phylogenetic studies, adding charac-
ters with missing data tended to either increase or have little effect
on mean accuracy for Bayesian phylogenetics. However, all three of
these simulation studies were relatively simplistic. For example,
none explored more realistic situations with multiple genes where
gene topologies could potentially disagree. Nevertheless, discor-
dance among gene trees is pervasive in empirical multi-locus data-
sets (Rokas et al., 2003; Cranston et al., 2009), especially when the
underlying species topology includes one or more relatively short
branches (e.g., Wiens et al., 2008).

Thus, a critical but unresolved question for empirical systema-
tists is whether it is better to include or exclude genes that have
some missing data. Specifically, do the benefits of increasing the
number of genes outweigh the potential consequences of increas-
ing the overall amount of missing data? This question is particu-
larly relevant for short nodes that are difficult to resolve, nodes
which may require the addition of many genes to resolve (e.g.,
Rokas et al., 2003) but for which gene topologies are especially
likely to disagree (e.g., Wiens et al., 2008). Some empirical results
on this issue were obtained by Wiens et al. (2005) and Cho et al.
(2011), who both found that adding incomplete genes seemed to
give more well-supported results that were more consistent with
previous taxonomy and phylogenetic estimates (whereas exclud-
ing incomplete genes gave weaker support and/or relationships
inconsistent with previous taxonomy and phylogenetic hypothe-
ses). However, these authors did not perform detailed experiments
examining the impact of missing data in the added genes.

In this study, we use analyses of real datasets to explore the
consequences of including versus excluding genes with missing
data on the accuracy of concatenated likelihood analyses. We use
the similarity of the estimated trees to the phylogeny based on
the complete data as a proxy for accuracy (which we define as
the similarity of the estimated tree to the true phylogeny). We ana-
lyze data from yeast to represent datasets with many genes and
extensive genetic divergence among taxa (despite most taxa being
congeners in this case) and a dataset from plants representing
those with fewer genes and more limited genetic divergence
among taxa (despite many species being in different families).
We analyze these datasets to address the following questions: (1)
is accuracy of concatenated likelihood analyses increased or

decreased by adding genes with missing data? (2) If adding genes
with missing data is beneficial, is there a proportion of missing
data at which adding these incomplete genes ceases to be useful?
(3) If adding genes with missing data is detrimental, at what pro-
portion of missing data does this occur? (4) How do the advantages
and disadvantages of adding incomplete genes change with the
overall number of genes in the analysis?

We also test for potential biases in branch length estimation
caused by including versus excluding genes with missing data.
Accurate branch-length estimates may be critically important for
phylogenetic comparative analyses and for divergence-date esti-
mation. Some authors have suggested that missing data can lead
to strongly biased and inaccurate estimates of branch lengths
(i.e., Lemmon et al., 2009), whereas other authors have suggested
that those results may have been artifacts of the methods used
by those authors (e.g., Wiens and Morrill, 2011; Roure et al.,
2013). At least two recent studies have tested for biases in
branch-length estimation caused by missing data in empirical
datasets, and found no evidence for such biases (Pyron et al.,
2011; Wiens and Tiu, 2012). Here, we explicitly contrast the
impacts of including versus excluding genes with missing data
on branch-length estimation, comparing these estimated branch
lengths to those from the complete datasets with all sampled
genes.

2. Materials and methods

2.1. Yeast data

2.1.1. Basic information on the yeast dataset
We selected an empirical dataset consisting of 8 yeast species

(Rokas et al., 2003) and 106 orthologous genes. The dataset
includes seven species of Saccharomyces, with a more distant rela-
tive (Candida albicans) included as an outgroup. There are very few
missing data in the original data set (only 0.0063%). Separate anal-
yses of each gene revealed considerable discordance among the
estimated gene trees (Rokas et al., 2003). However, combining all
genes yielded a single tree with 100% likelihood bootstrap values
at every branch (Fig. 1; Rokas et al., 2003). The same topology
was also found using a coalescent-based species-tree approach
(BEST; Edwards et al., 2007). Therefore, we assumed that this tree
reflects the true phylogenetic relationships among these eight
species.

2.1.2. Design of missing data experiments
The overall design of the yeast experiments was as follows.

First, we estimated a phylogeny for the complete data (106 genes).
We then created smaller datasets by randomly sampling smaller
numbers of genes (5, 10, 20, and 50), creating 100 new data matri-

Fig. 1. Maximum likelihood estimate of phylogeny for 8 yeast species (seven
species of Saccharomyces and an outgroup, Candida albicans) based on concatenated
analysis of 106 genes (originally from Rokas et al., 2003), showing numbered nodes
(for assessing accuracy) and bootstrap support.
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