
Parsimony analysis of unaligned sequence data: maximization of
homology and minimization of homoplasy, not minimization of

operationally defined total cost or minimization of equally
weighted transformations

Jan De Laet*

G€oteborgs Botaniska Tr€adg�ard, Carl Skottsbergs Gata 22A, SE-413 19, G€oteborg, Sweden

Accepted 21 August 2014

Abstract

Wheeler (2012) stated that minimization of ad hoc hypotheses as emphasized by Farris (1983) always leads to a preference for
trivial optimizations when analysing unaligned sequence data, leaving no basis for tree choice. That is not correct. Farris’s
framework can be expressed as maximization of homology, a formulation that has been used to overcome the problems with in-
applicables (it leads to the notion of subcharacters as a quantity to be co-minimized in parsimony analysis) and that is known
not to lead to a preference for trivial optimizations when analysing unaligned sequence data. Maximization of homology, in
turn, can be formulated as a minimization of ad hoc hypotheses of homoplasy in the sense of Farris, as shown here. These issues
are not just theoretical but have empirical relevance. It is therefore also discussed how maximization of homology can be
approximated under various weighting schemes in heuristic tree alignment programs, such as POY, that do not take into
account subcharacters. Empirical analyses that use the so-called 3221 cost set (gap opening cost three, transversion and transi-
tion costs two, and gap extension cost one), the cost set that is known to be an optimal approximation under equally weighted
homology in POY, are briefly reviewed. From a theoretical point of view, maximization of homology provides the general
framework to understand such cost sets in terms that are biologically relevant and meaningful. Whether or not embedded in a
sensitivity analysis, this is not the case for minimization of a cost that is defined in operational terms only. Neither is it the case
for minimization of equally weighted transformations, a known problem that is not addressed by Kluge and Grant’s (2006) pro-
posal to invoke the anti-superfluity principle as a rationale for this minimization.
© The Willi Hennig Society 2014.

Introduction

Wheeler (2012) recently stated that minimization of
ad hoc hypotheses as emphasized by Farris (1983)
always leads to a preference for trivial optimizations
when analysing unaligned sequence data. In this, triv-
ial optimizations are optimizations with trivial implied
alignments. Trivial alignments, in turn, are alignments
that are obtained by simply juxtaposing all observed
sequences, as for example in Fig. 5c. Pointing out that
this leaves no basis for tree choice, Wheeler jumped to

the conclusion that parsimony must signify minimiza-
tion of total cost or steps instead.
Wheeler (2012, his Fig. 1; see Fig. 7 here) discussed

an example that he presented as a further elaboration of
an earlier example of Kluge and Grant (2006, their
Fig. 1; see also Fig. 1 of Grant and Kluge, 2009, and
Fig. 6 here). Similarly to Wheeler, they took their exam-
ple to mean that trivial alignments are optimal according
to Farris’ (1983) justification of parsimony in terms of
minimizing ad hoc hypotheses (Kluge and Grant, 2006,
p. 277). They argued that an alternative parsimony
rationale, in terms of the anti-superfluity principle, pro-
vides sufficient basis to conclude that explanatory power
in unweighted parsimony is maximized when equally
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weighted transformations are minimized (Kluge and
Grant, 2006, p. 284). Frost et al. (2001, p. 354) had ear-
lier argued for that same minimization directly on
grounds of descriptive efficiency and explanatory power.
This minimization, however, suffers from a problem that
seems to be insurmountable in the context of analyses of
unaligned sequence data (De Laet, 2005, pp. 111–114).
As discussed here, invoking the anti-superfluity principle
does not address let alone solve that problem. Through-
out, my discussion of Kluge and Grant (2006) applies
equally well to Grant and Kluge (2009). For brevity,
hereafter I refer only to Kluge and Grant (2006).
The examples of Kluge and Grant (2006) and Wheeler

(2012) are remarkably similar to one of the examples
that I discussed in an exploration of Farris’ (1983) con-
ceptual framework beyond the realm of independent
single-column characters (De Laet, 2005, p. 111, Fig.
6.13; see Fig. 5 here). There, I argued that Farris’ frame-
work can be formulated as a maximization of homol-
ogy, a point of view that provides the keys to solve the
problems with inapplicables (Maddison, 1993) and to
extend parsimony to the analysis of unaligned sequence
data. That example was included specifically to illustrate
that maximization of homology does not lead to a pref-
erence for trivial alignments when analysing unaligned
sequences. Kluge and Grant (2006) and Wheeler (2012)
do not seem to have been aware that this example and
its discussion are at odds with their analyses of trivial
alignments. The problems with their points of view are
best exposed by explicitly formulating maximization of
homology as a minimization of ad hoc hypotheses in the
sense of Farris (1983), as I will do here.
Kluge and Grant (2006, p. 277) correctly pointed

out that differences in justifications of parsimony—
effectively leading to different numerical criteria—have
empirical significance, making this an issue of general
interest and practical relevance. I will therefore also
provide some general background on maximization of
homology, recap and further discuss how it can be
best approximated in POY (Wheeler et al., 2003;
Var�on et al., 2010, 2013), and briefly review how the
approximation under equally weighted homology has
been performing with empirical data.

The discussion in this paper relies heavily on the
notion of a tree alignment (Sankoff, 1975; Sankoff and
Cedergren, 1983). A tree alignment for a set of observed
sequences on a given tree—a frame sequence in the ter-
minology of Sankoff (1975)—can be thought of as that
tree in which the nodes are labelled with the rows of a
multiple alignment that includes the observed sequences
(at the leaves) as well as reconstructed sequences (at
the inner nodes). The main focus of this paper is on dif-
ferent criteria than can be used to evaluate given tree
alignments and on how such criteria make sense from a
biological point of view, not on search algorithms given
a criterion. Algorithms such as optimization alignment
or direct optimization (Wheeler, 1996) and iterative
pass optimization (Wheeler, 2003b), both available in
POY, are best seen as heuristic approximations of
optimal tree alignments (De Laet, 2005, p. 105; see
also, e.g., Var�on et al., 2008; Var�on and Wheeler,
2012). They can be used with different criteria to evalu-
ate tree alignments and so do not require special con-
sideration from this point of view.
When discussing homology in sequence data, it is use-

ful to distinguish between subsequence homology on
the one hand and base-to-base or compositional homol-
ogy on the other (De Laet, 2005, p. 106), two compo-
nents of sequence homology that cannot be reduced to
one another. Subsequence homology refers to state-
ments of homology about presence or absence of entire
subsequences, compositional homology to homology of
bases in homologous positions of homologous subse-
quences. In a given tree alignment, whether or not a
shared absence1 or presence of a subsequence in two
nodes is homologous, or whether or not a shared iden-
tical base at an identical position in a homologous

(a) (b)

Fig. 1. A set of observed sequences (a) with a tree alignment (b), illustrating the difference between subsequence and compositional homology.
Single bars across branches indicate substitutions, double bars indel events. See text for further explanation.

1This does not lead to the almost infinite regress that Platnick

(2013) imagined: absence of a particular subsequence needs only to

be ascertained and can only be considered evidence down (up) to the

level where the context for its insertion arose (got lost). Below

(above) that level, its absence or presence are inapplicable. A discus-

sion of the status of its shared absence in, say, Platnick’s desk and

my desk is therefore as devoid of meaning as Platnick’s (2013, p. 10)

discussion of the status of the shared absence of spinnerets in his

desk and in scorpions.
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subsequence is homologous, is determined by checking
all nodes on the path through the tree that connects the
two nodes that are involved: only when all these nodes
have the same condition as the end nodes of that path
can a hypothesis of homology be made.
As an example, the tree alignment of Fig. 1b postu-

lates two indel events, both involving the subsequence
of length two that is found at positions two and three of
that given tree alignment. As a result, that subsequence
is homologous among terminals A–F on the one hand
and between G and H on the other. It is not homolo-
gous between those two groups of terminals. Absence of
that subsequence, in turn, is homologous among termi-
nals I–K. In general, indel events in different parts of a
tree can affect partially overlapping subsequences, and
subsequence homology is best thought of in the negative
and across single branches with indels: every indel on a
branch implies a case of subsequence non-homology
across that branch compared with the situation where
the indel would not have occurred. Either a subsequence
that was present before got lost or a subsequence that
was not present before was gained.
When looking at a given position of a tree align-

ment, the indels that involve that position set off dis-
tinct regions of applicability for that position in the
tree. In the example of Fig. 1b, positions 2 and 3 of
the tree alignment are applicable in the region of the
tree that connects terminals A–F and in the region of
the tree that connects terminals G and H. They are
not applicable outside these regions. Compositional or
base-to-base homology is restricted to within such
regions of applicability. Given the tree alignment, the
a’s in the second position of A and in the second posi-
tion of G, for example, cannot be homologous because
they are in different regions of applicability for that
position: the path through the tree that connects leaf
nodes A and G contains inner nodes that do not have
that position. This makes these two bases not compa-
rable in the sense of De Laet (2005, p. 107).
Within a region of applicability, observed bases at a

given position are comparable. Such comparable bases
are homologous when they are identical and when all
internal nodes that connect the leaf nodes that are
involved also have that same base at that position. As
an example, the t in the third position of A and the t in
the third position of F are homologous because all
intervening nodes have a t at that position as well. The
comparable a’s in the second position of these termi-
nals, on the other hand, are not homologous because
there are intervening nodes that do not have an a there.
In an extreme case, subsequences can be homologous
as subsequences and yet harbour no compositional
homology at all. In the example, this is the case for the
subsequence at positions 2 and 3 in terminals G and H.
Examples in the figures are presented as unrooted.

They can be rooted by selecting one or more appropri-

ate outgroups. Gap and indel terminology is as in De
Laet (2005, p. 98). As an example, a sequence as
g a - - - t t g c has one gap or indel, of length 3, that
extends over three unit gaps. The cost of a gap of length
n is the gap opening cost + (n � 1) times the gap exten-
sion cost. When gap opening cost and gap extension
cost are equal, the term unit gap cost refers to either.
This differs from usage as for example in Var�on et al.
(2010, 2013). Following existing usage (e.g. Schwikow-
ski and Vingron, 1997; Wheeler, 2003a), I refer to a mul-
tiple alignment for the observed sequences that is
obtained by removing the reconstructed sequences from
a tree alignment as an implied alignment.

Maximization of homology and inapplicables

In parsimony analysis, the problems with missing
characters or inapplicables (Maddison, 1993) can be
overcome by maximizing the amount of similarity that
can be interpreted as homology (De Laet, 2005). In
the case of inapplicables that arise in the analysis of
unaligned sequence data that are thought to be hierar-
chically related through indel events and base substitu-
tions, a computationally harder and more general
problem than what Maddison had in mind, equally
weighed homology on a given tree is maximized with
tree alignments that simultaneously minimize the total
number of indels, substitutions, and subcharacters (De
Laet, 2005, pp. 105–108). Trees that are minimal
according to this criterion are trees that maximize the
amount of similarity in observed sequences that can be
interpreted as homology (De Laet, 2005, p. 108). Such
trees, as hypotheses of genealogy, can be seen as
hypotheses of maximum explanatory power.
The number of subcharacters that appears in this

optimization, a new parameter both in the context of
parsimony analysis and in the context of tree align-
ments, provides the link with inapplicables: for each
position in a tree alignment, it is the number of dis-
tinct groups of comparable bases (De Laet, 2005,
p. 107; see Fig. 3 for some examples). This amounts to
the number of regions in the tree where that position
is applicable. When a given position of a given indel in
a given tree alignment has more than one subcharac-
ter, a tree alignment that is equivalent in terms of
homology can be obtained by replacing each position
of that indel with multiple positions that each have
one or more subcharacters, and such that the overall
number of indels does not increase (see, for example,
Figs. 5c and 5d). The resulting tree alignment has
more positions, but the number and identity of the
subcharacters as well as the numbers of indels and
substitutions remain the same. The order of the groups
of positions that replace the original positions has no
meaning.
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With sequence data, an indel by necessity comes
with one or more positions that are inapplicable in
some terminals.2 So in a sequence data set with no
inapplicable characters there are by definition no indel
events, and each position of the tree alignment has
exactly one subcharacter or region of applicability on
every possible tree. In addition, each such character
can in principle be scored for every terminal, and, to
the degree that there is no missing information, has so
been scored. In terms of tree alignments, this would be
a tree alignment in which all observed and recon-
structed sequences have the same length. This, in turn,
amounts to a multiple alignment without indels. Typi-
cal examples would be most rbcL datasets of the first
1428 positions of that gene (see Chase et al., 1993,
p. 531), each position specifying a positional character.
With such a dataset, minimization of the sum of

indels, subcharacters, and substitutions reduces to min-
imization of substitutions because there are no indels
and because the single subcharacter of each position
on any tree has no effect on the optimization. This is
numerically equivalent to a standard parsimony analy-
sis of independent single-column characters, which
directly demonstrates that minimization of the sum of
indels, subcharacters, and substitutions, to maximize
homology, is indeed a proper generalization of parsi-
mony beyond independent single-column characters,
and not some other criterion. As discussed below, the
equivalence extends in general to a rationale in terms
of minimization of ad hoc hypotheses of homoplasy in
the sense of Farris (1983).
Maddison (1993) examined the problems with inap-

plicables as they classically arise with morphological
data and with aligned nucleotide and protein sequence
data. It is useful to distinguish between morphological
data on the one hand and sequence data on the other,
however. The reason is that, in general, alignment and
tree evaluation cannot be properly separated with
sequence data (De Laet, 2005, pp. 99–1053), which is

precisely why this a harder problem than inapplicables
with (most) morphological data4 and why the general
solution for inapplicables with such data involves tree
alignments rather than static prior alignments. Maddi-
son (1993, p. 580) suggested development of algo-
rithms that would keep track of interactions among
characters and that would restrict counting of steps in
some characters to within regions of the tree where
they are applicable. This is different from maximiza-
tion of homology, which in the case of morphological
data reduces to keeping track of interactions among
characters and simultaneously minimizing the number
of subcharacters, the number of gains and losses of
morphological structures (the morphological counter-
part of indel events), and the number of transforma-
tions among states of coded aspects of these
morphological structures (the morphological counter-
part of substitutions). This is computationally less
complex than the case of sequence data (see De Laet,
2005, pp. 110–111) because there are more prior con-
straints on transformation series.
The difference between the approach that Maddison

suggested and maximization of homology is illustrated
in Fig. 2, using a subset of three characters and four
terminals from Friedemann et al.’s (2014) dataset on
Acercaria (Hexapoda). The first retained character,
character 19, describes absence or presence of a tegula
at the base of the forewings. The two other characters
code two aspects of tegulae when present: size and
shape (character 20) and attachment to the body wall
(character 21). Terminals in which no tegula is present
at the base of the forewings are scored as inapplicable
for these two characters. That these comparative data
are coded in this way conveys the idea that tegulae
should be considered homologous even when they dif-
fer in further described aspects. If, for example, there
would be prior grounds to reject homology of small
tegulae and tegulae that are enlarged, then the coding
that Friedemann et al. (2014) used is inadequate.
Under this alternative prior assumption, small tegulae
and enlarged tegulae should be coded in two different
absence/presence characters, each with their own sub-
ordinate character that describes attachment to the
body wall.
All terminals in this reduced data set have fore-

wings, so character 19 is applicable throughout and
as a result it functions as a single subcharacter on
any possible tree. Steps in that character are gains
and/or losses of a tegula at the base of the forewings.
Steps in characters 20 and 21 are transformations
between the states of the coded aspects of these tegu-
lae. Keeping track of interactions among characters

2This is different from morphological data because losses and/or

gains of morphological features do not necessarily imply presence of

inapplicable characters: even if some feature is absent in some termi-

nals and so coded in an absence/presence character, as long as that

feature has no further characters there are no inapplicables.
3Simmons et al. (2011, p. 413) correctly pointed out that the con-

clusion that I drew from the example of my Fig. 6.8 (De Laet, 2005,

p. 103) was worded too strongly: even if similarity alignment does not

properly deal with the local symmetries in the sequences of that exam-

ple (it assigns different scores to pairs of multiple alignments that are

identical up to that symmetry), it does allow to find both optimal trees

because of additional (pairs of) optimizations that I did not consider.

But it suffices to change the second sequence for the outgroup in that

example from tcca into ccca to rectify that. Doing so, only the first

alignment of Simmons et al.’s Fig. 3b is optimal under similarity align-

ment, and the example so modified is sufficient to demonstrate that

this alignment approach can indeed lead to rejection of a tree that the

data at hand cannot logically distinguish from a tree that it accepts.

4An exception would be morphological data that can be concep-

tualized as a sequence. An example can be found in Agolin and

D’Haese (2009).
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boils down to the requirement that the explanations
of the observed states on a tree should be internally
consistent.5 If, for example, an explanation of those
characters on a tree requires that an internal node of
that tree is optimized with absence of tegulae (charac-

ter 19), then that same node on that same tree in
that same explanation cannot at the same time be
optimized as having an enlarged tegula with a broad
extension encircling the entire margin (character 20).
When simultaneously minimizing gains and losses

(steps in character 20), transformations (steps in char-
acters 20 and 21), and subcharacters, the explanation
of Fig. 2b is optimal by one (six versus seven in Figs.
2c and 2d). That explanation on that tree allows both

(a)

(b)

(c)

(d)

Fig. 2. Friedemann et al.’s (2014) tegula characters for a subset of four terminals (a), two explanations of those characters on the tree that has a
split between the terminals with a tegula at the base of the forewing and those without (b, c), and one explanation on an alternative tree (d). A
dash indicates inapplicability of a character in a terminal or at a tree node. Single bars across branches indicate steps within subcharacters
(regions of applicability for a character), double bars boundaries of subcharacters. See text for further explanation.

5When analysing unaligned sequence data this requirement of

internal consistency is implicitly dealt with by using tree alignments

(De Laet, 2005, p. 106).
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Fig. 3. A sequence character (a) and four tree alignments with two indels (b–e). The tree alignments differ only in the number of subcharacters
(regions of applicability for observed residues) and steps within subcharacters for the second position of the alignment. Subs, subc, and indels
are total numbers of substitutions, subcharacters, and indel events, respectively. Single bars across branches indicate substitutions, double bars
indel events. See text for further explanation.
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the shared absence and the shared presence of a tegula
in the terminals to be explained by inheritance and
common descent. The alternative explanation on that
same tree that is presented in Fig. 2c only allows the
shared absence to be so explained. In this alternative
explanation, all steps and all boundaries of regions of
applicability are on terminal branches, leaving the
internal branch unsupported. As a result, the two
other unrooted trees for four terminals allow for an
explanation with the same number of steps and sub-
characters and with the same amount of explained
similarity, as illustrated for one of those trees in
Fig. 2d. The numerical difference between the optimal
score of Fig. 2b and the suboptimal scores of Figs. 2c
and 2d—one—exactly measures their difference in
independent statements of observed similarity that can
be explained by common descent and inheritance.
When ignoring subcharacters and minimizing just

steps in characters in regions of the tree where they
are applicable, the explanations of Figs. 2c and 2d are
optimal by one (two versus three in Fig. 2b). How this
shift in preference comes about can be understood by
comparing Figs. 2b and 2c, two alternative explana-
tions on the same tree. With one step in character 19,
the observed shared presence of tegulae in Fig. 2b is
homologous, and characters 20 and 21 each have one
region of applicability. In that region of applicability,
both require one transformation. If, on the other
hand, it is assumed that presence of tegulae on that
tree is not homologous (Fig. 2c), character 19 requires
two steps, resulting in two regions of applicability for
each of characters 20 and 21. Within those regions, no
steps are required, resulting in a decrease of total steps
by one compared with the explanation of Fig. 2b. The
net result is that, even if the tree allows for a homo-
plasy-free interpretation that tegulae are homologous,
their presence is considered non-homologous under
this criterion, and just minimizing steps within regions
of applicability leads to a conclusion that contradicts
the intended meaning of the coded comparative data.
This is not the case when counting total homology in
a logically correct way, which is achieved by simulta-
neous minimization of steps (gains/losses as well as
transformations) and subcharacters. As will be clear, a
similar distinction lies at the heart of Kluge and
Grant’s (2006) and Wheeler’s (2012) mistaken view on
the optimality of trivial alignments.
Such morphological character suites with inapplic-

ables are not uncommon. Recently published examples
in this journal include the characters of the embolic
membrane where applicable in the spider subfamily
Mynogleninae and relatives (Araneae: Linyphiidae;
Frick and Scharff, 2014; their characters 64–74); of the
ventromedian carina on segment V where applicable in
Hormuridae and relatives (Scorpiones: Scorpionoidea,
Monod and Prendini, 2014; their characters 109–111);

of the manidibular exopod and of the maxillular
exopod where applicable in Cambrian pancrustacean
larval fossils (Wolfe and Hegna, 2014; their characters
36–40 and 48–52); and of the lateral organs where
applicable in Protodrilidae and relatives (Annelida;
Mart�ınez et al., 2014; their characters 25–29). In the
current absence of a program that maximizes homol-
ogy for such morphological data,6 it remains an open
question if or to what degree this approach may affect
phylogenetic inference.

Ad hoc hypotheses of homoplasy

A feature that is observed to be shared by organisms
is so either because it can be explained by inheritance
from a common ancestor—homology—or because it is
a homoplasy (Farris, 1983, p. 18). So, given a tree
with optimized characters, a shared feature that can-
not be explained as a homology on that tree consti-
tutes a hypothesis of homoplasy relative to that tree.
If no external evidence can be found that supports this
hypothesis of homoplasy, the only indication for
homoplasy is in the structure of the tree itself, and the
hypothesis of homoplasy is required to defend that
tree as a genealogical hypothesis. Being required but
having no supporting evidence of its own, it is ad hoc
(Farris, 1983, p. 10). As Farris (2008, p. 826)
pointed out,

Ad hoc hypotheses of homoplasy, then, correspond to

observed similarities that are explained neither by inheritance

from a common ancestor, nor, so far as is known, by any-

thing else. They could simply be called unexplained similari-

ties, and indeed this would often be clearer, although

understanding “ad hoc hypotheses of homoplasy” is still nec-

essary when discussing earlier literature.

Consider an unordered character i with nsi states
and nobsi scored observations, and call ntij the number
of terminals that have been assigned state j of charac-
ter i (ordered characters can be dealt with by decom-
position into binary additive characters). In this way,
the sum of ntij over all states j equals nobsi. For each
state j of character i, there are ntij � 1 independent
shared observed similarities. Summed over all states j,
this amounts to nobsi � nsi independent shared simi-
larities in character i, a tree-independent value. When
the character has no homoplasy on a given tree, that
tree allows to explain all nobsi � nsi similarities as
homology, and it requires the minimal amount of
change or steps for that character. With every

6A program for tree searches under this criterion that can handle

nested levels of absences and presences of structures and substruc-

tures is under development (see De Laet, 2013). This includes the

restricted case of sequences with multiple alignments that do not

have partially overlapping gaps.
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additional step beyond this number comes a loss of an
independent shared feature that can be explained as
homology, an ad hoc hypothesis of homoplasy on the
tree involved. The amount of homoplasy in such a
character on that tree is then measured directly by the
number of such extra steps.
But a dataset of unaligned observed sequences has

no predefined positional characters and no predefined
coded similarities at that level. The coded similarity is
at a higher level: the hypothesis that the sequences at
hand are orthologues that are hierarchically related
through two kinds of transformations, indels and sub-
stitutions. Such a dataset can be viewed as a single
character, a sequence character, that can be optimized
on a tree as a tree alignment. In general, two tree
alignments for a sequence character have different
implied alignments. In terms of parsimony analysis of
independent single-column characters, this amounts to
comparing two different data sets. Datasets, moreover,
that may differ in the prior amounts of shared similar-
ities in base matches. But at the level of the sequence
character as a whole the underlying data are the same
observations that are coded and conceptualized in the
same way: sequences that can transform into each
other through indels and substitutions.7 That two tree
alignments—optimizations of a sequence character on
a tree—may come with different implied alignments is
then no more surprising than that different optimiza-
tions of single-column characters may come with dif-
ferent implied transformations.
Take, for example, an unordered multistate charac-

ter such as a single position of a regular multiple
alignment in a position that has no gaps. Prior to the
analysis it is not specified if, say, observed residues a
are transformations of, say, residues g or of residues t.
Such hypotheses are left open to optimization, and
once most parsimonious trees have been obtained, the
implied transformations are read from those trees.
These implied transformations, moreover, may differ
among different most parsimonious trees. The case of
sequence characters is not qualitatively different, it just
operates at a more general level where indel events are
taken into account as well. As a result, positional cor-

respondences within the putatitive orthologues are left
open to optimization. As above, implied positional
correspondences may then differ among different opti-
mal trees. There are, however, consequences for what
can be considered ad hoc hypotheses of homoplasy in
the sense of Farris (1983).
Strictly speaking, only optimal tree alignments are

optimizations of a sequence character, but here I use
the term optimization more loosely to apply to subop-
timal tree alignments as well. A suboptimal tree align-
ment can be considered an optimization of a sequence
character on a tree in the sense that it provides an
explanation of the observed sequences that is free from
internal contradictions. This ensures that expressions
for the two components of sequence homology in tree
alignments—subsequence and compositional homology
—can be derived independently and then added to get
an expression that can be used to compare levels of
total homology between different tree alignments
(De Laet, 2005, p. 106). As discussed below, these two
components of sequence homology or explained
sequence similarity have a corresponding component
of sequence homoplasy or unexplained sequence simi-
larity. As with homology, relative expressions for the
two components of sequence homoplasy in tree align-
ments can be calculated independently and then added
to get a relative measure of total homoplasy that can
be used to compare different tree alignments.
First consider subsequence homology. Each indel

event beyond the minimum number required by the
data at hand (one less than the number of different
lengths of observed sequences) can be considered an
ad hoc hypothesis in the above sense: there is no exter-
nal evidence supporting it, but it is required to defend
the tree alignment as a genealogical hypothesis. As
with parsimony of single column characters (Farris,
1983, p. 13), this need not imply that indel events are
rare.
The simple fact that putative orthologous sequences

of different lengths have been observed provides such
external evidence for the minimum number of indels
required. Similar external evidence may be present for
additional indel events, but this does not affect mini-
mization. As an example, consider a data set of a
coding region that is fully conserved except for a
missing triplet near the start in half of the observed
sequences, and a missing triplet near the end in the
other half. As there are no length differences, the
minimum number of indels is zero. But there are two
observable shifts in codon correspondences that can
be taken as evidence for the hypothesis that two in-
dels have occurred nevertheless—it is precisely these
shifts that warrant the expression that triplets are
missing. This is evidence that is external to any partic-
ular tree, so these two hypothesized indels are no
longer ad hoc in the sense discussed here, even if

7I have previously and wrongly suggested (De Laet, 2005, p. 96)

that maximization of homology might also provide sufficient basis to

select among competing conceptualizations of morphological data

when those different conceptualizations would involve different kinds

of transformations between different kinds of conceptualized struc-

tures, as for example when interpreting the vegetative region in some

species of the angiosperm genus Utricularia as a shoot-like leaf or as

a branched stem system without leaves. This is qualitatively different

from the case of sequence data: with sequence data, however (sub)

sequences are aligned, they remain conceptualized as (sub)sequences

that are related through indels and substitutions. Therefore, different

tree alignments are indeed just different optimizations of the same

character. That would not be the case with the Utricularia example.
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beyond the absolute minimum number required. But
an assessment up to a constant is sufficient for the
purpose of minimization. So when comparing two tree
alignments, it is the one with fewer indels that per-
forms best for this component of homoplasy, whether
or not there is external evidence for indels beyond the
minimum required.
The amount of compositional homology (indepen-

dent base matches) in a tree alignment is equal to the
sum of the lengths of the observed sequences minus
the number of substitutions within subcharacters
minus the number of subcharacters (De Laet, 2005,
p. 107). When comparing two tree alignments, every
match of two observed bases in the first tree alignment
that is not present in the second means that there are
two observed residues in the raw sequences that the
first tree alignment can explain as an identity through
common descent and inheritance but that cannot be so
explained in the second, where an independent origin
of these identical bases must be postulated, either
through an insertion or through a substitution. Every
such case amounts to an ad hoc hypothesis in the sense
of Farris (1983) that is required on the second tree
alignment but not on the first. This goes the other way
around as well. With this relative formulation of ad
hoc hypotheses in pairwise comparisons, minimization
can be achieved without needing an absolute count: to
decide which of both tree alignments comes with the
fewest, it is sufficient to know which one has fewer.
This can be done by looking at their difference in sub-
stitutions and subcharacters (the observed lengths can-
cel out), and maximizing homology amounts to
minimizing homoplasy in this component as well.
Some examples are presented in Fig. 3. The four tree

alignments shown all have two indel events, so they
have the same level of subsequence homoplasy. With
two different observed sequence lengths, the minimum
number of indels is one, so that level of homoplasy is
one. In simple examples like this, without partially
overlapping indel events, instances of subsequence
homoplasy are easily tracked to absence/presence of
specific subsequences over all observed sequences. In
this case, the single instance of homoplasy in Figs. 3b
and 3d is in the absence of a short subsequence of
length one in sequences E–H. In Figs. 3c and 3e it is
in the presence of that same subsequence in sequences
A–D.
When it comes to compositional homology, the four

tree alignments differ only in the second of the three
positons. The optimal tree alignments of Figs. 3b and
3c allow to explain the shared presence of residue a in
in the middle of the sequences of A and B and the
shared presence of residue g in the middle of C and D
as homology, albeit in different ways. In Fig. 3b these
four residues are in a single subcharacter, requiring
one substitution. In Fig. 3c they are in two subchar-

acters, with all observed residues a in the first and all
observed residues g in the other. In both cases, the
shared presences of those residues can be explained as
homology, and no homoplasy is present.
The tree alignment of Fig. 3d is suboptimal by one:

it cannot explain the shared occurrence of residue g in
the middle of the sequences of C and D. This consti-
tues an ad hoc hypothesis of homoplasy that is not
required on the optimal tree alignments of Figs. 3b
and 3c. The tree alignment of Fig. 3e, finally, is the
worse explanation. Compared with Fig. 3d, it has still
one more unexplained simlarity: the shared presence of
residue a in the middle of the sequences of A and B
can no longer be explained as homology. The instance
of homoplasy in Fig. 3d shows up as an extra step
within a subcharacter, very much as homoplasy in
independent single-column characters without inapplic-
ables. But when inapplicables are present, homoplasy
can also show up as extra subcharacters when compar-
ing two tree alignments. This is the case, for example,
for one of the instances of homoplasy in Fig. 3e rela-
tive to Fig. 3b, which illustrates that counting extra
steps in subcharacters indeed no longer suffices to
determine ad hoc hypotheses of homoplasy in the sense
of Farris (1983) when inapplicables are present.
This discussion also suggests an extension of the

parsimony criterion to accommodate inversions and
translocations. In general, all hypotheses of
translocations and inversions can be considered ad hoc
in the sense discussed here. And even if, as was the
case for indels, some hypotheses of translocations and
inversions could have evidence that is external to
particular trees, it would not make a difference for rel-
ative optimization of homology or homoplasy. Given
two tree alignments that may include inversions and/
or translocations, it is straighforward to check which
one performs better (an example under equal
weighting is presented in Fig. 4). Allowing inversions
and translocations, however, dramatically increases
computational complexity of finding optimal tree
alignments.

Equally weighted transformations

Before moving to a detailed analysis of trivial align-
ments in the next section, it is useful to have a closer
look at Kluge and Grant’s (2006) view of parsimony
analysis first. On theoretical grounds, they preferred
minimization of equally weighted evolutionary trans-
formations, including indels, a minimization that Frost
et al. (2001) had argued for before. According to Frost
et al. (2001, p. 354) it “renders the highest degree of
descriptive efficiency and maximizes the explanatory
power of all lines of evidence (i.e. characters)”. Kluge
and Grant (2006, p. 282) invoked the anti-superfluity
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principle as it arises from the views of Baker (2003), a
principle that in their opinion provides sufficient
grounds to conclude that “explanatory power is
maximized by minimizing the number of transforma-
tion events required to explain the character-states of
the terminal taxa as hypotheses of homology” (Kluge
and Grant, 2006, p. 285).
Both also took minimization of equally weighted

transformations to lead to a preference for setting the
unit gap and substitution costs to one in analyses of
unaligned sequence data, a step that they left unar-
gued. But this cost set assigns a cost of n to an indel
of a subsequence of n residues, the same cost as
assigned to n substitutions. It follows that their prefer-
ence for this cost set to minimize unweighted transfor-
mations implies the strong and unrealistic claim that
insertion/deletion events affect only single bases at a
time (see De Laet, 2005, pp. 111–114 for a discussion).
Under the more realistic view that indel events can

affect multiple residues at once, the hypothesized indel
of a subsequence of n residues across a branch of a
tree, however long, would get the same cost as a single
substitution. Clearly, this is not achieved by setting
substitution and unit gap costs equal. In addition, such
equal weighting of transformations would enable most
sequences to be explained best by trivial alignments
that, irrespective of the tree being considered, require
just as many insertions as there are terminals. So
under the realistic assumption that indels can affect
multiple residues at once, Frost et al.’s (2001) and
Kluge and Grant’s (2006) recommendation to assign
the same weight to all transformations, including in-
dels, leads to a methodological breakdown. To all
intent and purposes, it makes nucleotide-level phyloge-
netic analysis of unaligned sequence data impossible.

Baker (2003, p. 257) discusses the case where pertur-
bations in the orbit of some planet can be explained
by postulating a single hitherto unobserved planet. If
this is the case, those perturbations can also be
explained by postulating multiple unobserved planets.
Baker argues that the explanation with the least postu-
lated objects should be preferred. Applying Baker’s
theoretical framework to indels—as Kluge and Grant
do—it would seem then that it leads to a preference
for explaining an indel of length n by one indel event
of length n, rather than by n indel events of length one
as Kluge and Grant do. So their parsimony rationale
in terms of Baker’s (2003) theoretical framework is, at
best, also internally inconsistent.
This is not to say that one cannot use equal substi-

tution and unit gap costs in such analyses, and this
cost set clearly does not suffer from methodological
breakdown. But it implies either the unrealistic
assumption that indels affect only single bases at a
time, or giving up the notion that all transformations
should be weighted equally. What is weighted equally
instead are just the parameters being considered. Yet,
equal weighting of all transformations remains explic-
itly being invoked as the rationale for preferring equal
substitution and unit gap costs as the sole cost set used
in POY analyses of empirical data. Some recent exam-
ples are Peloso et al. (2012, p. 3), Faivovich et al.
(2012, p. 464), Blotto et al. (2013, p. 116), and Jungfer
et al. (2013, p. 355).

Trivial alignments

Figure 5 reproduces the example that I used in 2005
to illustrate that Farris’s (1983) framework, expressed

(a) (b)

(c)

Fig. 4. A sequence character (a) and two tree alignments (b, c). Extending the analysis of unaligned sequence data to translocation and inversion
events, the better of two tree alignments is the one with minimal (weighted) sum of indels, subcharacters, substitutions, translocations, and inver-
sions. Under equal weighting, (b) and (c) explain the data equally well. Subs, subc, indels, trans, and inv are total numbers of substitutions, sub-
characters, indel events, translocation events, and inversion events, respectively. Single bars across branches indicate substitutions, double bars
indel events, crossed boxes inversion events.
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as maximization of homology, does not lead to a pref-
erence for trivial alignments (De Laet, 2005, p. 111,
Fig. 6.13). The optimal tree alignment on the optimal
tree (Fig. 5b) has a total of 14 subcharacters, indels,
and substitutions. The trivial alignment (Fig. 5c), with
a total of 20, is suboptimal by six units. This is also
the number of additional ad hoc hypotheses of homo-
plasy that the trivial alignment requires relative to this
optimal solution. Four of these are the indel events of
the trivial alignment. The remaining two indicate that
the trivial alignment can explain two fewer similarities
in the base composition of the unaligned sequences
than the optimal solution. As the trivial alignment
does not explain any such similarity, it is the number
of similarities in base composition that the optimal
solution can explain as homology: the a in the third
position of raw sequences A and B; and the t in the
first position of raw sequences C and D. Direct mini-
mization of ad hoc hypotheses in the sense of Farris
(1983) clearly does not lead to a preference for the
trivial alignment either.
A trivial tree alignment as in Fig. 5c can be

represented in a more compact form, by packing
subcharacters more tightly where possible. As an
example, a most compact representation of that same
trivial alignment is shown in Fig. 5d, with four sub-
characters per position of the tree alignment. Numeri-
cally and biologically these two representations are
equivalent, and still many other equivalent representa-
tions exist. They can be seen to be equivalent because
tree alignments include the reconstructed sequences at

the inner nodes. As a result, their subcharacters and
the boundaries of their subcharacters are unambigu-
ously defined, and in these two representations they
are identical. Ambiguity does arise though when con-
sidering the implied alignment of just the observed
sequences. At that point, it is no longer possible to
check if a single column contains one or several sub-
characters.
Figure 6 provides a reanalysis of the example of

Kluge and Grant (2006, their Fig. 1). According to
Kluge and Grant, the optimizations of Figs. 6b and 6c
both require six transformations and so are equally
good explanations when minimizing unweighted trans-
formations. The trivial alignment (shown in Fig. 6d,
using a compact representation), in their view, requires
25 transformations (Kluge and Grant, 2006, pp. 276–
277) and is therefore highly suboptimal. But as dis-
cussed, they arrive at that conclusion by assuming that
an indel of length n arises by n transformations. Under
the more realistic assumption that single indel events
can affect multiple residues at once, the trivial align-
ment only requires five transformations (five indels of
a sequence of length five). So the trivial alignment of
their example is optimal under their own rationale of
minimizing unweighted transformations, illustrating
the methodological breakdown that comes with that
rationale.
Kluge and Grant’s second error is in their count of

ad hoc hypotheses of homoplasy. In their view, no
such hypotheses are present in the optimization of
Fig. 6c or in the trivial alignment of Fig. 6d. The only

(a)

(c)

(d)

(b)

Fig. 5. A sequence character (a) and three tree alignments (b–d) on its optimal tree (A B)(C D), after De Laet (2005, p. 111, Fig. 6.13). Tree
alignment (b) is optimal: it maximizes homology or, equivalently, it minimizes ad hoc hypotheses of homoplasy in the sense of Farris (1983). Tree
alignment (c), the trivial alignment that is obtained by juxtaposing all observed sequences, is suboptimal by six units. It has as many subcharact-
ers as there are positions in the alignment. Tree alignment (d) is an equivalent but more compact representation of the trivial alignment, obtained
by putting multiple subcharacters in single columns of the tree alignment. Subs, subc, and indels are total numbers of substitutions, subcharact-
ers, and indel events, respectively. Single bars across branches indicate substitutions, double bars indel events.
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instance of homoplasy that they do count is an
instance of an extra step within a subcharacter in the
optimization of Fig. 6b, making it suboptimal by one.
So, they conclude, trivial alignments are among opti-
mal explanations when minimizing ad hoc hypotheses
of homoplasy (Kluge and Grant, 2006, p. 277). That
conclusion, however, is based on their implicit and
erroneous assumption that extra steps within subchar-
acters is all there is to homoplasy when comparing
explanations with different alignments for the same set
of sequences. As seen above, this does not necessarily
account for all homoplasy in such cases.
When homoplasy is properly counted, the tree align-

ment of Fig. 6b is optimal (11 indels, subcharacters,
and substitutions) and that of Fig. 6c is suboptimal by
one (12 indels, subcharacters, and substitutions),
exactly the opposite of Kluge and Grant’s conclusion
with respect to ad hoc hypotheses of homoplasy in
these two tree alignments. This level of suboptimality
can be given a precise meaning. Compositional homol-
ogy in a tree alignment can be compared using the
sum of substitutions and subcharacters: the lower that
number, the higher the amount of compositional
homology. So the difference in compositional homol-
ogy between two tree alignments is their difference
in the sum of substitutions and subcharacters. On this

count, Fig. 6c is optimal, and Fig. 6b is suboptimal by
three. However, to get that relative gain in composi-
tional homology, the explanation of Fig. 6c has to
postulate four ad hoc indel events. The net result is
that it is suboptimal by one. Turning to the trivial tree
alignment (Fig. 6d), it is suboptimal by 19 units com-
pared with the optimal explanation of Fig. 6b. As
above, five of these are the five indel events that are
required. The other 14 measure the amount of compo-
sitional homology in that optimal explanation, none of
which is retained in the trivial alignment.
A reanalysis of Wheeler’s example (Wheeler, 2012;

his Fig. 1) is presented in Fig. 7. In this case, the puta-
tive orthologues that constitute the data are all exactly
one base long, and the issue of how to deal with indels
of length greater than one is evaded. But Wheeler’s fur-
ther analysis, just as Kluge and Grant’s, tacitly assumes
that extra steps within subcharacters is all there is to
homoplasy when comparing different alignments for
the same set of sequences. As a result, the only instance
of homoplasy that he counts is in the tree alignment
that has no indels (Fig. 7b), making it a worse explana-
tion than the two other alignments of his example,
including the trivial alignment. As with Kluge and
Grant’s example, when ad hoc hypotheses of homo-
plasy are properly counted by minimizing the sum of

Fig. 6. A reanalysis of Kluge and Grant’s (2006, their Fig. 1) example of alleged optimality of trivial alignments when minimizing ad hoc
hypotheses of homoplasy in the sense of Farris (1983). The three optimizations of their example are shown here as three tree alignments (b–d) of
a sequence character (a). The trivial alignment, in its most compact representation, is (d). Subs, subc, and indels are total numbers of substitu-
tions, subcharacters, and indel events, respectively. Single bars across branches indicate substitutions, double bars indel events. See text for fur-
ther explanation.
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subcharacters, substitutions, and indels (see Fig. 7), the
explanation without indels is the best of the three
explanations, the trivial solution the worst.
So it is not just that Wheeler’s (2012) conclusion

that parsimony must signify minimization of total cost
does not follow from his premise that minimization of
ad hoc hypotheses always leads to a preference for triv-
ial alignments. The premise itself is not correct to start
with. Wheeler (2012) did not provide other argumenta-
tion for his conclusion, so his preference for minimiza-
tion of total cost is, at best, an operational guideline
in search of deeper ground.

Approximations

Exact maximization of homology in an analysis of
unaligned sequence data involves tree alignment algo-
rithms that keep track of substitutions, indels, and
subcharacters (De Laet, 2005, p. 108). In general, the
computational complexity of finding an optimal tree
alignment on a given tree (see Jiang et al., 1994) is

such that heuristic approximations for tree evaluation
are unavoidable in practice. Heuristic tree alignment
programs such as POY (Wheeler et al., 2003; Var�on
et al., 2010, 2013) provide parameters for substitution
costs and gap opening and extension costs, but they
do not take into account subcharacters. It can be
shown that, in POY, an optimal approximation for
maximization of homology under equal weighting of
all instances of homology is obtained by setting the
gap opening cost to three, all substitution costs to
two, and the gap extension cost to one (De Laet, 2005,
p. 109). The approximation is optimal in the sense that
it cannot be improved with algorithms that are cur-
rently available in POY. The argument that leads to
this conclusion is straightforward.
Maximization of homology in tree alignments

amounts to minimizing loss of subsequence homology
due to indel events while simultaneously maximizing
compositional homology or base matches in positions
that remain homologous after these indels have been
taken into account (De Laet, 2005, p. 106). As to sub-
sequence homology, each indel event of a subsequence

(a) (b)

(c)

(d)

Fig. 7. A reanalysis of Wheeler’s (2012, his Fig. 1) example of alleged optimality of trivial alignments when minimizing ad hoc hypotheses of
homoplasy in the sense of Farris (1983). The three optimizations of his example are shown here as three tree alignments (b–d) of a sequence
character (a). The trivial alignment, in its most compact representation, is (d). Subs, subc, and indels are total numbers of substitutions, subchar-
acters, and indel events, respectively. Single bars across branches indicate substitutions, double bars indel events. See text for further explanation.
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across a branch of a tree constitutes a statement of
non-homology compared with the situation where the
indel event did not occur. Homology of subsequences
is then optimized relatively and indirectly by minimiz-
ing indel events or instances of such non-homology
across branches. Technically, the number of indel
events in a tree alignment is obtained by setting the
gap opening cost to one, the gap extension cost to
zero, and all substitution costs to zero.
Next consider compositional homology. In pairwise

comparisons of sequences, base matches can be
maximized by setting the unit gap cost to half the sub-
stitution cost in a cost minimization (Smith et al.,
1981, p. 39; equation 4b with wk = 0). This result also
holds for comparisons of three terminal sequences on
a tree, but it breaks down for four sequences related
by a (resolved) tree, as can be shown by example (De
Laet, 2005, Fig. 6.11: from four sequences on, sub-
characters have to be taken into account). With integer
costs, the simplest way to set the unit gap cost to half
the substitution cost is to set the substitution cost to
two and the unit gap cost to one. In terms of gap
opening and extension costs, a unit gap cost of one
amounts to setting both to one. So base matches for
up to three sequences related by a tree can be maxi-
mized by setting the gap opening cost and the gap
extension cost to one and the substitution cost to two.
To obtain equal weighting of subsequence homology

and compositional homology the loss or gain of a sub-
sequence, however long, across a branch of a tree must
be assigned the same cost as a substitution of a base.8

So if, as in the previous paragraph, a substitution is
assigned a cost of two, then indels—measured by the
gap opening cost—must be assigned a cost of two as
well. Adding it all up, for up to three sequences maxi-
mization of equally weighted sequence homology is
then obtained exactly by setting substitution costs to
two, gap opening cost to three, and gap extension cost
to one in a cost mimimization.9 For more than three
sequences, this cost set can be considered a heuristic

approximation for maximization of homology (sub-
characters would have to be factored in to get exact
results). As POY’s tree evaluation heuristics are all
based on simultaneous comparisons of up to three
sequences at a time at most, this approximation can
be considered optimal with currently available
algorithms.
Edgecombe and Giribet (2006, p. 515) were the first

to refer to the cost set that results from this argument
as 3221, short for gap opening cost three, transversion
cost two, transition cost two, and gap extension cost
one. Following my 2005 proposal they included 3221,
the only cost set with different values for gap opening
and extension costs that they applied, in a sensitivity
analysis with 16 cost sets. Using an ILD-derived index
to assess congruence among partitions, it performed
second best, after 111 (all parameters equal). Since
then, 3221 has become the name that stuck, to the
point of identification with the entire approach (see
e.g. Var�on et al., 2013, p. 165). This is somewhat
unfortunate, because emphasizing a technical imple-
mentation—values of parameters to be set in POY to
approximate the approach under equal weighting—
rather than the underlying rationale comes at the risk
of losing sight of that rationale. Parsimony by itself,
for example, does not prescribe that all parts of the
data should receive equal weight10 (Farris, 1983), and
maximization of homology in analyses of unaligned
sequence data lends itself to such differential weighting
(De Laet, 2005, p. 91).
As a simple example, compositional homology and

subsequence homology can be weighted differentially
by assigning the desired relative values to those com-
ponents of the cost set that determine either. If, for
example, loss of subsequence homology due to an
indel is to be downweighted by half relative to loss of
compositional homology due to a substitution, the
resulting cost set is 2221, not 3221.
Within compositional homology, differential weight-

ing can be achieved as follows. In a tree alignment one
can assign a similarity score of two to observed and
comparable identical bases (a-a, c-c, g-g, t-t), a similar-
ity score of one to paired non-identical purines (a-g)
and to paired non-identical pyrimidines (c-t), and a
similarity score of zero to purine–pyrimidine pairs.11

Using similar logic as above (the relevant equations
from Smith et al., 1981 are now 6a and 6b), and giving
equal weight to an instance of subsequence homology

8The same result is obtained when weighting sets of indel events

by the amount of total loss of equally weighted homology (subse-

quence and compositional) that they imply relative to explanations

that do not have them. Doing so amounts to equal weighting of

homology itself.
9For these two cases—two sequences and three sequences on a

star tree—Fredman (1984) provided algorithms that optimize the

same criterion directly as a maximization of a similarity measure, a

measure that he proposed precisely because of its biological rele-

vance. He pointed out that his technique can be generalized to more

than three sequences, but such a generalization would seem to involve

a star tree, not a resolved tree. Minimization of subcharacters, indels,

and substitutions in tree alignments can be seen as a generalization of

Fredman’s alignment approach to resolved trees with more than three

sequences. Or, the other way around, as a generalization of tree align-

ments to accommodate Fredman’s similarity metric.

10Sharma et al.’s (2011) recent case for exploring mixed parame-

ter sets in sensitivity analysis can be seen to exemplify this point at

the level of different sequences in analyses of unaligned sequence

data.
11This implies a concomitant breakdown of homology: two

observed and comparable bases can be non-homologous at the level

of base identity but homologous as purines or as pyrimidines.
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and a match between identical bases, the resulting
optimal approximation in terms of parameters avail-
able in POY is cost set 3211 (gap opening cost three,
transversion cost two, transition cost one, and gap
extension cost one), a cost set that recently started
being used successfully in sensitivity analyses using
POY (e.g. Andrade et al., 2012, p. 150; Vahtera et al.,
2012, p. 12). If subsequence homology were to be
downweighted by half, the resulting cost set would be
2211.
Two practical considerations are worth mentioning.

First, all costs in these cost sets have been multiplied
by two to keep costs integer. Therefore, if a match
between two identical states of a morphological char-
acter is to count as much as a match between two
identical bases, morphological characters have to be
assigned a prior weight of two in simultaneous analy-
ses of morphological data and unaligned sequences
with such cost sets for the sequence data. Assigning
prior weights of one to the morphological data in
such analyses amounts to downweighting morphology
by half relative to the sequence data. An example of
equal weighting, including a discussion of the issue,
can be found in Giannini and Simmons (2005,
p. 416).
Second, POY versions 4 (Var�on et al., 2010) and 5

(Var�on et al., 2013) use a different definition of gap
opening cost than both POY version 3 (Wheeler
et al., 2003) and De Laet (2005). In the latter two, as
in this paper, the cost of the first unit gap of a gap
of a given length is the opening cost, whereas in POY
versions 4 and 5 it is the opening cost plus the exten-
sion cost.12 So to have the desired effect in terms of
maximization of equally weighted homology, the
opening cost in POY versions 4 and 5 should be set
to two, not to three. Failure to point out this differ-
ence may lead to problems of interpretation. So it is
best, as for example in Giribet et al. (2010, p. 411),
to be explicit about it. In this particular case, they
did so by mapping my 2005 cost set to the command
invocation that they used to set the parameters in
POY 4.

Empirical data

Together with equal costs according to the rationale
of Frost et al. (2001) and parameter sensitivity analysis
as proposed by Wheeler (1995), maximization of
homology following my 2005 rationale for using 3221
is among the three general approaches that POY prac-
titioners most commonly use to select cost regimes in

nucleotide-level analyses (Var�on et al., 2013, p. 165).
To a degree, it seems that the rationale for using that
cost set is often no longer cited. Edgecombe et al.
(2012, pp. 772–773), for example, included 3221 in
their sensitivity analysis of six cost sets because it is
among parameter sets that are “routinely used in other
similar studies” (it minimized incongruence between
morphology and the six genes that they studied). Akti-
pis and Giribet (2012, p. 17), as another example, cite
Var�on and Wheeler (2008) when discussing 3221 as
one of the ten cost sets that they included in their sen-
sitivity analysis (it minimized incongruence among five
molecular datasets). Var�on and Wheeler, however, did
not discuss rationales for using cost sets, they reported
a bug with gap opening and extension costs in POY
version 3 and early builds of POY version 4.
Giannini and Simmons (2005) and Faivovich et al.

(2005), both referring to and discussing the theoretical
appeal of the underlying rationale, were the first to use
3221 in analyses of empirical data. Giannini and Sim-
mons compared results obtained with 3221 and equal
cost set 111 (transition and transversion costs one, unit
gap cost one) and found that “overall congruence
favored the maximization of homology by a narrow
margin” (Giannini and Simmons, 2005, p. 411). Faivo-
vich et al. (2005, p. 47) performed a two-step analysis
in which they first applied equal costs, leading to a sin-
gle tree. To examine the effect of gap treatment, they
then submitted that tree to TBR using cost set 3221
for the sequences and prior weights two for the mor-
phological data, thus effectively giving equal weight to
all homologies. They found that the resulting tree dif-
fered in the position of two small clades (Faivovich
et al., 2005, p. 49).
Other early papers that followed my 2005 proposal

to use 3221 are Lindqvist et al. (2006; on theoretical
grounds they only used 3221) and Edgecombe and
Giribet (2006; see above). Giribet et al. (2006), an
exception until recently, were the first to use 3221 with-
out mentioning its theoretical underpinnings. Referring
to papers on sensitivity analysis, their methods section
just mentions that the POY analyses were done “under
different analytical parameter sets” (Giribet et al.,
2006, p. 7728). That 3221 was among those is only
clear from the tree they included, the strict consensus
of two trees obtained with 3221 (Giribet et al., 2006,
p. 7724, legend of their Fig. 2).
These were also among the first papers that used

the parameters for gap opening and extension costs
after they first became available in POY (version 3,
Wheeler et al., 2003). The very first to explore these
parameters in POY were Petersen et al. (2004). Based
on a sensitivity analysis in which the gap opening cost
was kept equal to the substitution costs while the
extension cost was successively lowered, they suggested
that lower extension costs decreased incongruence and

12Strictly, usage as in Var�on et al. (2010, 2013) applies the gap

opening cost for an indel to that indel as a whole. Tying it to the

first unit gap of that indel is a way to achieve this.
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that a ratio of four to one might be optimal in Triti-
ceae grasses (Petersen et al., 2004, p. 739). Aagesen
(2005) and Aagesen et al. (2005a) performed sensitiv-
ity analyses that in addition also explored the effect of
varying gap opening costs relative to substitution costs
and extension cost. Both discussed my approach but
neither included 3221 in the analyses that they per-
formed. Other papers in that time frame that applied
different gap opening and extension costs in POY, a
list that is probably not exhaustive, are Aagesen et al.
(2005b), Arnedo and Gillespie (2006), and Pons and
Vogler (2006). All three performed extensive sensitivity
analyses but none included 3221, and none of the cost
sets with different gap opening and extension costs
that they did include got as widely adopted later as
3221.
For a systematic and detailed assessment of results

with empirical data, one would have to consider sev-
eral and potentially confounding factors. For example,
the early applications of the approach used POY ver-
sion 3, a version that suffered from the bug that Var�on
and Wheeler (2008) reported. In analyses using POY
versions 4 and 5, on the other hand, it is not always
clear which definition of gap opening cost authors are
adhering to. There are also methodological concerns
to be dealt with when assessing topological congruence
among partitions (see, for example, Sharma et al.,
2011 and references therein for some discussion), or
more generally how well one cost set behaves relative
to another with empirical data. But as exemplified by
the studies cited in this brief review, there is little rea-
son to go into that level of detail at this point because
the overall picture that is emerging is clear enough:
when assessing congruence among partitions, cost
regime 3221, the optimal approximation to maximize
equally weighted homology in POY, performs in gen-
eral quite well with empirical data.

Sensitivity analysis

The underlying rationale makes that cost set a natu-
ral starting point or base of comparison when explor-
ing other cost sets, as done in sensitivity analysis.
Reasons for such exploration may be several. For one,
it is never harmful to find out how stable results are
when parameters are slightly perturbed, especially
because 3221 is only a heuristic approximation to max-
imize equally weighted homology. In addition, as
pointed out above, parsimony by itself does not
require that all parts of the data should be assigned
the same weight. Based on empirical findings such as
molecular mechanisms that lead to point mutations, or
prior studies in related groups, one may well choose to
explore the direction in which a-g and c-t matches
across a branch get a non-zero similarity score, espe-

cially in coding sequences, leading to cost sets such as
3211, as discussed.
Similarly, one can explore cost sets that assign

length-dependent penalties to subsequence homology
losses that come with indel events. Under equal
weighting, every indel event, however long the subse-
quence involved, is assigned the same penalty on the
subsequence homology score as a single substitution.
It is feasible, however, to weight the loss of subse-
quence homology that comes with an indel event that
involves fewer positions less than the loss of subse-
quence homology that comes with an indel event that
involves more positions, and there may be empirical
grounds for doing so. One way to achieve this is to
give the same weight to a single substitution and to an
indel that involves just a single position, and to
increase the indel penalty linearly with that same
amount as the indel gets longer. Using similar logic as
above, this results in best approximation cost set 322
for use in POY (unit gap cost three, transition and
transversion cost two).
That logic can be applied the other way around as

well: given a cost set used in POY, what is the underly-
ing weighting scheme? As an example, consider cost set
111, the same cost for a unit gap, a transition, and a
transversion. To avoid non-integer costs later on, this
can also be expressed as 222. As pointed out, homolo-
gies in base matches are maximized by setting the unit
gap cost to half the substitution cost. The simplest way
to achieve this with integer costs is cost regime 122. The
complement of 122 to achieve 222 (the part of 222 not
explained by 122) is 100, or a unit gap cost equal to one
and no additional costs for substitutions. Because there
are no additional costs for substitutions, 100 is the part
of cost regime 222 that describes penalties assigned to
indels. In terms of gap opening and extension costs, a
unit gap weight of one amounts to a gap extension and
opening cost that are both set to one. Considering that a
substitution is assigned a cost of two, this amounts to
the following length-dependent gap penalty when maxi-
mizing homology: an indel that involves a single posi-
tion gets half the cost of the loss of homology that
comes with a single substitution; from there on, the
indel cost linearly increases with that same amount as
the indel gets longer. So with 111, a single substitution
has the same effect on the homology score as an indel
that involves two positions, or as two indels of only a
single position.
Such examples illustrate how maximization of

homology can be embedded in a sensitivity analysis.
One does not preclude the other. Maximization of
homology rather provides the general framework to
understand cost sets used in sensitivity analyses in
terms that are biologically relevant and meaningful:
homology, base substitutions, and indel events that
are not restricted to single residues at a time. No
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such integrated and coherent view of the parameters
that determine cost is apparent in Wheeler’s
(2012) operationalist stance on minimization of total
cost.
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