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Molecular systematists generally rely on computer al-
gorithms to establish the alignment of DNA sequences.
However, when alignment regions are characterized
by multiple insertions and deletions, these gap-filled
stretches of DNA are often excised before phylogenetic
reconstruction. This exclusion of systematic data is
generally determined by subjective criteria. We explore
a replicable methodology in which the comparison of
several multiple sequence alignments can be used to
eliminate regions of unstable sequence alignment. Us-
ing crocodilian and insect mitochondrial (mt) ribosomal
(r) DNA as examples, we caution against the removal
of sequence data prior to phylogenetic reconstruc-

tion. ¢ 1993 Academic Press, Inc.

INTRODUCTION

Molecular systematists commonly delete blocks of
multiple sequence alignments that are deemed too di-
vergent to be phylogenetically useful (e.g., Berbee and
Taylor, 1992; Bowman et al., 1992; Turbeville et al.,
1991). A common justification for this exclusion of data
is that “positions exhibiting high variability or length
variation could not be reliably aligned” (Turbeville et
al., 1992). However, in most cases, subjective criteria
are used to distinguish regions of excessive variation
from regions of acceptable variation.

What constitutes a reliable alignment is not readily
apparent. In principle, any series of DNA sequences,
no matter how divergent, can be aligned. However, the
nature of the alignment is dictated by the values as-
signed to different alignment parameters and by the
assumptions of the alignment algorithm.

We explore a replicable data exclusion method in
which nucleotide positions whose states vary de-
pending on alignment are discarded. Through the com-
parison of several minimum cost multiple sequence
alignments, stable alignment positions can be identi-
fied and retained for phylogenetic analysis. Using the
mt rDNA of crocodilians and insects as examples, the
implications of this method and data exclusion in gen-
eral are considered.
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MATERIALS AND METHODS

Sequences

Sequence data were collected by standard PCR pro-
tocols (DeSalle, 1992; Gatesy and Amato, 1992) using
12S mt rDNA universal vertebrate primers (Kocher et
al., 1989; Simon et al., 1991) and 16S mt rDNA insect
primers (DeSalle, 1992). 12S mt rDNA fragments from
crocodilian taxa (Caiman crocodilus, Melanosuchus ni-
ger, Paleosuchus palpebrosus, P. trigonatus, Alligator
sinensis, and A. mississippiensis) were combined with
four published sequences (Crocodylus rhombifer, Tom-
istoma schlegelii, C. latirostris, and Gavialis gangeti-
cus; (ratesy and Amato, 1992). This data set samples
all extant species in the clade Alligatoridae and three
outgroup taxa. 16S mt rDNA fragments from Blaberus
cranifer (Blattaria), Heptagenia sp. (Ephemerida),
Schistocerca americana (Orthoptera), Dorocordula lep-
ida (Odonata), and Cerastipsocus venosus (Psocoptera)
were combined with the published Drosophila yakuba
(Diptera; Clary and Wolstenholme, 1985), Aedes sub-
pictus (Diptera; Hsu Chen et al., 1984), Cicindella dor-
salis (Coleoptera; Vogler et al., 1993), and Apis melif-
era (Hymenoptera; Vlasek et al., 1987) sequences to
form the insect data set.

Alignment

An optimal alignment for a group of nucleotide se-
quences is determined by the assumptions of the align-
ment algorithm and by the values that are assigned
to critical alignment parameters (gap cost, nucleotide
substitution cost, alignment order, etc.). Radically dif-
ferent. optimal alignments may be favored if these pa-
rameters are changed (Fitch and Smith, 1983; Lake,
1991; Mindell, 1991; Wheeler and Gladstein, 1991). Al-
ternatively, a fixed set of parameters may favor several
optimal alignments (Wheeler and Gladstein, 1991).

In this study, MALIGN, the parsimony-based align-
ment procedure of Wheeler and Gladstein (1991), was
used to estimate minimum cost multiple taxon align-
ments for a variety of alignment parameter values.
This program allows the specification of alignment
costs for different sequence change events such as
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insertions/deletions and nucleotide substitutions and
builds alignments through multiple pairwise opera-
tions arranged in a tree topology fashion. By evaluat-
ing many possible alignment order topologies, MA-
LIGN chooses those alignments that yield the shortest
cladograms.

Each data set was aligned 15 times with gap weight
increasing from two-thirds to 300 (2/3, 1, 2, 3, 4, 5,
6,7, 8,9, 10, 20, 50, 100, and 300) while nucleotide
substitution cost was kept constant at one (transition
and transversion costs were equal). Each single-base
insertion/deletion was treated as an independent evo-
lutionary event. Other MALIGN options were: score 4,
build, alignswap, treeswap, keepaligns 20, keeptrees
100, and iter.

Removal of Data

We suspect that molecular systematists choose to re-
move data because they have visualized many equally
viable sequence alignments, with a computer algo-
rithm or by eye, and are unable to recognize one align-
ment as significantly better than another. When there
are several alignments for a data set, nucleotide posi-
tions can be classified as either alignment-ambiguous
or alignment-invariant. Alignment-invariant nucleo-
tide positions are those that are constant across all
alignments for all taxa (Fig. 1). Alighment-ambiguous
positions do not remain constant for all taxa when dif-
ferent alignments are compared (Fig. 1).

In this study, alignment-ambiguous positions were

123456
GGTCRG

GGCCAR
AGCCAA
AG-CAR !

AG-CAA 1,6

taxon hg fed

H taxon
taxon
taxon

TGO - o A

taxaon

taxon
B taxon
taxon
taxon

T W - 0 O
D
(g
©
(wd
D
D
-

taxon

C taxon
taxon
taxon

@“@a - o o
D
(72}
u ol
pus)

taxon
taxon h

F1G. 1. Two equally costly alignments, A and B, and alignment-
invariant sites, C, for hypothetical taxa (d—h). Nucleotide positions
are labeled 1-6 in each alignment. Cladograms derived from each
alignment are shown to the right with character changes numbered
by position. The alignment-ambiguous sites, 3 and 4, support the
clade g+h in the initial alignments. Support for g+h is lost by
excluding the alignment-ambiguous positions.
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determined by the comparison of optimal alignments
for gap to substitution cost ratios ranging from 2/3 to
300. The removal of these alignment-ambiguous posi-
tions leaves sites that are alignment-invariant across
a broad range of gap to substitution cost ratios (e.g.,
Fig. 2).

The above procedure is analogous to that described
by Lake (1991), where ambiguous nucleotide positions
were eliminated through the comparison of suboptimal
and optimal alignment orders for a single set of align-
ment parameters. However, we eliminated alignment-
ambiguous sites through the comparison of optimal
alignment orders for each of several different sets of
alignment parameters.

Examination of all gap to substitution cost ratios is
an impossible task, but there are minimum and maxi-
mum limits to these ratios. At some point all data sets
“asymptote.” That is, as gap to substitution cost ratio is
increased during alignment, a point is reached where a
further increase of this ratio does not alter the favored
alignment or alignments. For the crocodile 12S rDNA
data, alignments at gap to substitution cost ratios of
100:1 and 300:1 are identical, suggesting that align-
ment stabilizes somewhere between ratios of 50:1 and
100:1. The insect data set apparently asymptotes be-
tween ratios of 20:1 and 50:1.

At the other end of the spectrum, the minimum gap
cost must be greater than one-half of the substitu-
tion cost. This follows from the triangle inequality
(Wheeler, 1993). If the gap cost is set less than 1/2, the
transformation matrix is nonsensical. For example, if
the gap to substitution cost ratio were 1/3:1, a change
from an adenine to a gap to a guanine would be less
costly than a direct change from an adenine to a
guanine.

Even given these limits, many optimal alignments
may not be discovered in a reasonable amount of time.
Nevertheless, with each new set of parameters that is
tested, more ambiguous characters can be eliminated.
Ultimately, the assumptions of the alignment program
and the range of parameters that are explored will de-
termine the number of nucleotide positions that are
considered alignment-ambiguous.

Phylogenetic Analysis

Each initial alignment and each set of alignment-
invariant sites was analyzed individually. All nu-
cleotide substitutions were weighted equally, and in-
dividual insertions and deletions were weighted
proportional to their cost assigned during alignment
(from 2/3:1 to 300:1). The branch and bound algorithm
in PAUP (Swofford, 1990) was used to find minimum
length cladograms. Crocodile cladograms were rooted
with non-alligatorid crocodilians (7. schlegelii, G.
gangeticus, and C. rhombifer), and insect cladograms
were rooted with the mayfly (Heptagenia sp).
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FIG. 2. One optimal alignment of the crocodile 12S mt rDNA data for a gap to substitution cost ratio of 1:1. Blocks above the alignment
show the gap to substitution cost ratios where nucleotide positions in the given alignment become alignment-ambiguous. For example, the
boxes containing ones indicate regions that are alignment-ambiguous for equally parsimonious alignments at a gap to substitution cost
ratio of 1:1. Further increases in ratio effect an increase in the number of ambiguous sites. Ambiguous positions derived from gap to

substitution cost ratios of 1:1 to 50:1 are shown.

RESULTS AND DISCUSSION

Crocodilians

Two recent studies have supported a single hypothe-
sis of relationships for alligatorids (caimans + alliga-
tors). Allozymes and immunodiffusion similarities
(Densmore, 1983) as well as skull characters {Norell,
1988) favor a well-supported monophyletic Alligator,
a natural Paleosuchus that is the sister group of the
remaining caimanoids, and a M. niger + C. latisrostris
clade that renders Caiman paraphyletic (Fig. 3A).

Between two and four components (clades) are
shared between the corroborated phylogeny of Fig. 3A
and each cladogram derived from the initial 128S align-
ments (Fig. 4A). Ten of fifteen sequence alignments
favor the topology in Fig. 3B. This suggests that the
data are stable over a wide range of alignment parame-
ters (gap:substitution cost ratios from 1:1 to 10:1).
For all 15 initial alignments, a paraphyletic Alligator
(Fig. 4A) seems especially out of line considering the

12 unambiguous skull characters that are shared by
the two extant Alligator species (Norell, 1988).

In the crocodile data set, 91 of approximately 250
nucleotide sites were alignment-invariant over the pa-
rameters tested, and none of the alignment-invariant
sites were characterized by gaps. When alignment-
ambiguous sites were removed, phylogenetic results
were less definitive with eight equally parsimonious
minimum length cladograms (Fig. 5A). Alligator is
moncphyletic in three of these cladograms, but no
other components are shared with the corroborated
phylogeny of Fig. 3A. Most of the phylogenetically in-
formative characters that were not coincidentally
nested within the more variable regions of sequence
were discarded. In this case, the removal of data de-
creased taxonomic congruence and resolution.

Insects

While higher level insect phylogeny is controversial
(Boudreaux, 1979; Kristensen, 1975, 1981; Wheeler,
1989), the groups shown in Fig. 3C (Neoptera, Eu-
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FIG. 3. The independent corroborated phylogeny for alligatorids, A, and the hypothesis favored by the majority of 12S rDNA sequence

alignments, B. Twelve unambiguous morphological synapomorphies (

Norell, 1988) support the monophyly of Alligator in A. (C) Insect

clades supported by previous studies: white bar, Diptera; gray bar, Eumetabola; black bar, Neoptera. (Dros, Drosophila yakuba; Aede,
Aedes subpictus; Blab, Blaberus cranifer; Schi, Schistocerca americana; Cici, Cicindella dorsalis; Hept, Heptagenia sp., Doro, Dorocordula

lepida; Cera, Cerastipsocus venosus, Apis, Apis melifera).

metabola, and Diptera) are supported by both molecu-
lar and morphological characters and will be used to
judge our results. All cladograms derived from the ini-
tial 15 alignments retain Neoptera, the majority re-
trieve a monophyletic Diptera, and one of the clado-
grams favors Eumetabola monophyly (Fig. 4B).
Cladogram topology changes with only minor alter-
ations in alignment parameters.

Admittedly, the 16S mt rDNA segment is probably
inappropriate for this level of analysis. All alignhments
were riddled with gaps, but we hoped that reliable phy-
logenetic information could be extracted from this data
set if confounding alignment ambiguity was excluded.
Unfortunately, when the data set is trimmed using the
criteria established here, only 12 of approximately 250
sites are alignment-invariant, no positions character-
ized by gaps were alignment-invariant, and only two
phylogenetically informative characters remain. The
cladogram that is based on the alignment-invariant
sites i1s contrary to prior evidence and not well resolved
(Fig. 5B).

Data Exclusion

The exclusion of sequence data before phylogenetic
reconstruction can be seen as an extreme form of char-
acter weighting. That is, regions of aligned sequences
that are thought to be hopelessly scrambled by multi-
ple nucleotide substitutions and insertions/deletions

are given a weight of zero in phylogenetic reconstruc-
tion. Such harsh character weights should not be deter-
mined by the whim of each individual investigator.

If DNA sequence data must be removed before test-
ing for character congruence, positions should be elimi-
nated according to a repeatable objective protocol. The
method presented here is based on the following logic:
nucleotide positions that do not align consistently over
a variety of alignment parameters are seen as unrelia-
ble positional homologies relative to sites that are
alignment-invariant. This argumentation takes Pat-
terson’s original (1982) concept of similarity, as the
initial criterion for homology, to an extreme. Align-
ment-ambiguous sites are removed from the pool of
potential homologies (synapomorphies).

The range of alignment parameters explored in this
paper may seem unreasonable (e.g., gap to substitution
cost ratios of 2/3:1 or 300:1) especially considering
the proportion of alignment-ambiguous positions that
were identified. A more limited range of parameters
could be used to score fewer sites as alignment-
ambiguous. However, the problem then becomes how
to justify this range of parameters.

No matter how many alignment parameters are
tested, the exclusion of alignment-ambiguous sites
does not guarantee the elimination of all bad data and
the retention of all good data. This is not surprising,
given that a group of alignment-invariant sequences
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FIG. 4. Cladograms derived from initial alignments of the crocodile 12S mt rDNA data, A, and the insect 16S mt rDNA data, B. Gap
to substitution cost ratios of alignments are shown beneath each minimum length cladogram. Letters that follow gap to substitution cost
ratios represent multiple equally costly alighments for a given ratio. Numbers above the columns of trees indicate the number of clades
that are strictly congruent with the corroborated hypotheses of Fig. 3A and C. (R.r., Crocedylus rhombifer; M.n., Melanosuchus niger; C.c.,
Caiman crocodilus; C.)., Caiman latirostris; P.t., Paleosuchus trigonatus; P.p., Paleosuchus palpebrosus, A.m., Alligator mississippiensis;
A.s., Alligator sinensis; G.g., Gavialis gangeticus; T.s., Tomistoma schlegelii). Abbreviations for insect taxa as in Fig. 3.

may be well stricken in multiple substitution events
and that insertions/deletions may be unambiguous
phylogenetic indicators in spite of alignment ambigu-
ity (Fig. 1).

The removal of problematic alignment regions has
had wideranging influence. Much of our knowledge of
deep branches in the tree of life is based on rDNA
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A.é = Blab

- remceeen DO O

Am. b—— Schi

Ts. Cici

Rr. Hept
e ..

A B

FIG. 5. Trees for the two sets of alignment-invariant sites:
(A) Strict consensus tree for the crocodile data derived from eight
equally parsimonious cladograms. (B) The most parsimonious clado-
gram for the insect data.

sequences that have been trimmed prior to phyloge-
netic analysis (Elwood et al., 1985; Gouy and Li, 1989;
Gunderson et al., 1987; Hedges et al., 1990; Lake, 1987;
Olsen, 1987; Perasso et al., 1989). These basic biologi-
cal subdivisions as well as phylogenetic relationships
at lower taxonomic levels may be radically rearranged
by the inclusion or exclusion of various blocks of data.
Therefore, researchers should define and strictly jus-
tify their personal protocol for the exclusion of data.
The method presented here is objective and replicable,
but often entails an undesirable loss of information. In
order to assess the effects of this and other data exclu-
sion methods, Kluge’s (1989) notion of “total evidence”
should be extended to the use of scambled alignment
regions in phylogenetic reconstruction.
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