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The reconstruction of phylogenetic history is predicated on being able to accurately establish hypotheses of character
homology, which involves sequence alignment for studies based on molecular sequence data. In an empirical study
investigating nucleotide sequence alignment, we inferred phylogenetic trees for 43 species of the Apicomplexa and
3 of Dinozoa based on complete small-subunit rDNA sequences, using six different multiple-alignment procedures:
manual alignment based on the secondary structure of the 18S rRNA molecule, and automated similarity-based
alignment algorithms using the PileUp, ClustalW, TreeAlign, MALIGN, and SAM computer programs. Trees were
constructed using neighbor-joining, weighted-parsimony, and maximum-likelihood methods. All of the multiple
sequence alignment procedures yielded the same basic structure for the estimate of the phylogenetic relationship
among the taxa, which presumably represents the underlying phylogenetic signal. However, the placement of many
of the taxa was sensitive to the alignment procedure used; and the different alignments produced trees that were
on average more dissimilar from each other than did the different tree-building methods used. The multiple align-
ments from the different procedures varied greatly in length, but aligned sequence length was not a good predictor
of the similarity of the resulting phylogenetic trees. We also systematically varied the gap weights (the relative cost
of inserting a new gap into a sequence or extending an already-existing gap) for the ClustalW program, and this
produced alignments that were at least as different from each other as those produced by the different alignment
algorithms. Furthermore, there was no combination of gap weights that produced the same tree as that from the
structure alignment, in spite of the fact that many of the alignments were similar in length to the structure alignment.
We also investigated the phylogenetic information content of the helical and nonhelical regions of the rDNA, and
conclude that the helical regions are the most informative. We therefore conclude that many of the literature
disagreements concerning the phylogeny of the Apicomplexa are probably based on differences in sequence align-

ment strategies rather than differences in data or tree-building methods.

Introduction

One of the essential steps in the reconstruction of
phylogenetic history is establishing hypotheses of char-
acter and character-state homology among the taxa be-
ing studied, and mistaken hypotheses of homology are
thus a primary source of error in evolutionary studies.
Concepts of homology are often intuitively obvious
when dealing with phenotypic data. For example, char-
acters and their states can be postulated as homologous
on the basis of their structural, positional, ontogenetic,
compositional, and/or functional correspondences, and
they can be postulated between different taxa so as to
maximize the number of one-to-one correspondences of
their parts (Stevens 1984). For analyses using molecular
sequence data, the assessment of homology involves
alignment of the nucleotides or amino acids. Alignment
of molecular sequences thus consists of a series of hy-
potheses of homology among the taxa, with one hy-
pothesis of homology for each position (nucleotide or
amino acid) in the sequences (i.e., we hypothesize that
the nucleotides or amino acids at each position are de-
scended from the same residue in a common ancestral
sequence). The concepts of homology in molecular and
in morphological studies are thus fundamentally the
same (de Pinna 1991; Williams 1993). However, for mo-
lecular data it seems that there is little possibility of
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further investigations (such as ontogeny) to assess ho-
mology, and so in practice homology assessment is very
different for molecular studies (Mindell 1991). In this
paper, we investigate some of the consequences for phy-
logeny reconstruction of using different strategies for
aligning nucleotide sequences, based on a specific em-
pirical example.

Sequence Alignment

Positional homology in orthologous sequences can
be represented by either identical character states (nu-
cleotides or amino acids) in all of the sequences, sub-
stitutions in one or more of the sequences (representing
point mutations), or insertions/deletions (indels) in one
or more of the sequences. The most problematic aspect
of sequence alignment is the positioning of indels, and
this problem becomes more acute for more divergent
taxa. It is worthwhile in this context to distinguish be-
tween gaps, which are introduced into the sequences
during the alignment process, and indels, which are ac-
tual mutation events (Olsen 1988); clearly, the objective
is to introduce into the sequences only gaps that truly
represent indels (and this might almost be taken as a
definition of the sequence alignment procedure).

There are two possible processes for sequence
alignment. First, the alignment can be constructed by
hand. This is possible, for instance, when there are ap-
parently relatively few indels needed to align the se-
quences. This situation is shown, for example, by pro-
tein-coding parts of mtDNA (Miyamoto and Cracraft
1991) and the plastid rbcL gene (Chase et al. 1993).
Alternatively, the sequences may have as their product
a molecule for which there is an a priori biological mod-



el of secondary structure or function in which certain
active sites must be maintained; the alignment can then
be constrained by the model (Olsen 1988; Olsen and
Woese 1993). Such a situation is shown, for example,
by rRNA genes (Kjer 1995; Hickson et al. 1996).

Second, it may not be possible to produce a robust
alignment by hand, usually due to the low percent iden-
tity between the sequences (<50%; Schulze-Kremer
1996). Under these circumstances, it is usual to use a
mathematical algorithm to produce the alignment. These
algorithms attempt to produce a sequence alignment that
optimizes some chosen criterion of match between the
individual sequences (cost). That is, the sequences are
compared using a pattern-matching process that searches
for correspondence between the elements of the se-
quences, introducing gaps into the sequences as required
to optimize some criterion for correspondence (usually
minimizing the cost). There are many algorithms cur-
rently available (see Waterman 1989; Doolittle 1990;
Chan, Wong, and Chiu 1992; McClure, Vasi, and Fitch
1994) which optimize a variety of mathematical func-
tions measuring the overall alignment cost. When there
are more than two sequences, most of these algorithms
use exact procedures (which are guaranteed to find the
optimal solution) to align the sequences pairwise but
then use heuristic procedures (computationally efficient
strategies that should produce a solution that is at least
close to the optimal one) to braid these pairwise align-
ments into a multiple alignment (Hirosawa et al. 1995).
Thus, not all of these procedures are guaranteed to pro-
duce the globally optimal alignment. Furthermore, they
do not guarantee that the optimal alignment (even if they
could find it) represents the true alignment (Thorne and
Kishino 1992), as their procedures are based on maxi-
mizing sequence similarity, which is not necessarily the
same as sequence homology (similarity can be the result
either of common ancestry or of chance convergence,
parallelism, or reversal).

Irrespective of the alignment procedure used, when
dealing with the problematic nature of sequence align-
ment, molecular biologists often delete parts of their se-
quences from the phylogenetic analysis (Olsen and
Woese 1993). The rationale for this is that those parts
of the sequences that cannot be reliably aligned should
be excluded from the estimation of the phylogeny (Ol-
sen 1988), as they are likely to be phylogenetically un-
informative (Olsen and Woese 1993). This particularly
occurs when alignment regions contain many gaps. Un-
fortunately, there are few objective criteria for deciding
which parts of the alignment are ambiguous (Gatesy,
DeSalle, and Wheeler 1993), and traditionally the ex-
clusion of sequence regions has been done by hand (Ol-
sen and Woese 1993).

Empirical Study

In the study presented here, we address the follow-
ing specific questions regarding the effects of different
sequence alignment procedures on molecular phyloge-
netic analysis. How sensitive are the phylogenetic trees
to different sequence alignment strategies? How sensi-
tive are the phylogenetic trees to different sequence
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alignment parameters? How sensitive are the phyloge-
netic trees to the exclusion of parts of the sequences?
The use of an empirical data set to examine these ques-
tions can provide a valuable complement to simulation
studies, as the data set exemplifies the real world (Cra-
craft and Helm-Bychowski 1991; Allard and Miyamoto
1992; Cummings, Otto, and Wakeley 1995; Wheeler
1995; Russo, Takezaki, and Nei 1996).

To address these questions, we analyzed complete
18S ribosomal RNA (rRNA) gene sequences from 43
taxa of the phylum Apicomplexa. The Apicomplexa is
a group of diverse parasitic protozoa, characterized by
the presence of an apical complex at the anterior end of
their invasive life cycle stage (L.evine 1988). This group-
ing is the apparently monophyletic remains of the once
much larger phylum Sporozoa, which has had several
recently erected phyla excised from it (Cox 1994). The
phylogenetic relationships among the Apicomplexa are
still the subject of considerable debate (Corliss 1994;
Cox 1994), with several competing hypotheses. Thus, it
is an appropriate group for testing how sensitive the
different phylogenetic conclusions are to variation in
alignment procedures. Note that our objective here is not
necessarily to produce a definitive estimate of the phy-
logeny of the Apicomplexa, but to test how sensitive the
phylogenetic estimates are to the alignment process (see
Cracraft and Helm-Bychowski 1991).

Small-subunit rRNA has been widely used to infer
the phylogeny of a broad range of organisms, as it is
universal and abundant (Hillis and Dixon 1991; Olsen
and Woese 1993). The rRNA molecule has a specific
secondary structure necessary for the formation and
functioning of ribosomes (Gutell, Larsen, and Woese
1994), and the primary and secondary structures are
conserved even among very divergent taxa (Hillis and
Dixon 1991). So, the sequences of the rRNA genes
(rDNA) are constrained by the secondary structures of
their products, and this allows knowledge of the sec-
ondary structure to be used for the alignment of the
rDNA sequences (Kjer 1995; Hickson et al. 1996). Fur-
thermore, the helix (or stem) and loop regions can be
treated as a major division of nucleotide site change
(Vawter and Brown 1993; Muse 1995), as the paired
bases of the helices must result from compensatory mu-
tations. This leads to an objective criterion for assessing
the cladistic informativeness of different regions within
the sequences (Wheeler and Honeycutt 1988; Smith
1989; Dixon and Hillis 1993; Ellis and Morrison 1995;
Kjer 1995; Hickson et al. 1996). Therefore, the 18S
rRNA data are also appropriate for testing how sensitive
the different phylogenetic conclusions are to different
parts of the sequences.

Our primary objective was to test whether (under
realistic circumstances) variability in cladogram esti-
mation as a result of differences in alignment procedure
can be as large as variability resulting from differences
in tree-building procedure. To do this, it is only neces-
sary to find some combination of circumstances where
this is true, rather than to test every theoretical possi-
bility. Our analyses thus sample only part of the ex-
tremely large number of possible variations in the align-
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ment procedure. Furthermore, it is important to recog-
nize that the objective of phylogenetic analysis is to pro-
duce a phylogenetic tree (cf. Feng and Doolittle 1996),
and thus it is necessary to compare the different align-
ment procedures by testing the robustness of the result-
ing phylogenetic hypotheses rather than by simply com-
paring the alignments directly (e.g., by computing av-
erage pairwise percent similarity).

Variation in the sequence alignment process can be
achieved in a number of ways, and, consequently we
tried two different strategies. First, a single alignment
algorithm could be chosen and the values of the avail-
able parameters could be varied (e.g., Fitch and Smith
1983; Lake 1991; Mindell 1991; Gatesy, DeSalle, and
Wheeler 1993). Probably the most important of these
parameters are the alignment gap cost ratios or ‘“‘gap
weights” (Tyson 1992; Vingron and Waterman 1994;
Wheeler 1995), which refer to the relative cost of in-
serting a new gap into a sequence or extending an al-
ready-existing gap. For each gap these parameters are
usually in the form:

Gap penalty = gap opening penalty
+ (gap extension penalty X gap length)

where the penalties are relative to the cost of a substi-
tution. There is no way of determining analytically what
these weights should be (Rinsma-Melchert 1993), and
the computer programs that implement the alignment
algorithms usually have default values for the weights
that are designed to produce ‘‘biologically interesting”
results. To asses the effects of this type of variation, we
varied the gap penalties in a systematic manner for the
commonly used ClustalW computer program.

Alternatively, a number of different alignment al-
gorithms could be chosen, with only one set of param-
eter values employed for each of these algorithms. In
using this strategy for six different algorithms, our ob-
jective was not to provide a rigorous comparison of the
different alignment methods (and their associated com-
puter programs), and so no special attempt was made to
optimize the performance of any of the mathematical
methods. The default values (or those suggested in the
instruction manual) were used for all of the parameters,
as these are the ones that are most likely to be employed
in practice.

For the phylogenetic analyses we employed three
commonly used methods of cladistic inference that cov-
er the range of available possibilities: neighbor joining,
weighted parsimony, and maximum likelihood (Morri-
son 1996). This was to determine whether the sensitivity
of the alignments depended on the choice of a phylog-
eny inference method, rather than for the purpose of
comparing the effectiveness of these different tree-con-
struction methods (cf. Cummings, Otto, and Wakeley
1995). So, little attempt was made to optimize the per-
formance of these methods, but a similar model of char-
acter-state transformations (transversion/transition cost
ratio) was used for each analysis (see Wheeler 1995).
For the measurement of sensitivity we were only inter-
ested in the branching order of the phylogenetic trees,
rather than in the branch lengths. Also, we made little

attempt to estimate the support for any of the clades
within each analysis, as we were interested solely in
sensitivity to different alignments rather than robustness
within an alignment.

Materials and Methods
Data Set

The data set consisted of the complete 18S rDNA
sequences of all Apicomplexa lodged with GenBank (72
sequences covering 43 taxa; table 1). Recent morpho-
logical and molecular data suggest that the sister group
to the Apicomplexa is likely to be found among the
dinoflagellates (phylum Dinozoa) (e.g., Levine 1988;
Barta, Jenkins, and Danforth 1991; Gajadhar et al. 1991;
Schlegel 1991; Wolters 1991; Sadler et al. 1992; Cav-
alier-Smith 1993; Goggin and Barker 1993; Rodrigo,
Bergquist, and Bergquist 1994; Escalante and Ayala
1995; Siddall, Stokes, and Burreson 1995); so, sequenc-
es of three divergent taxa (one symbiotic, two nonsym-
biotic) from this phylum were used to root the clado-
grams (see Smith 1994).

Sequence Alignment Algorithms

Six different multiple-alignment procedures were
used: manual alignment according to secondary struc-
ture, and computer-alignment using five mathematical
procedures that cover the range of available possibilities.

The manual sequence alignment used was that de-
scribed by Van de Peer et al. (1994), which defines the
complete secondary structure of the 18S rRNA mole-
cule. The alignment process is iterative, beginning with
the juxtaposition of regions of extensive primary struc-
tural similarity, and then refinement by invoking higher-
order structural constraints; higher-order structures are
inferred by comparative analysis, relying on the search
for compensatory base substitutions or positional co-
variance (Gutell 1996). This alignment is available from
The SSU rRNA Database (contactable at hitp://www-
rrna.uia.ac.be/), maintained by Y. Van de Peer, P De
Rijk, and R. De Wachter (Departement Biochemie,
Universiteit Antwerpen). The aligned sequence length
was 2,704 nucleotides, of which 1,229 positions (45%)
were invariant across all taxa (a position with a single
nucleotide aligned against a gap in the other sequences
is treated as invariant, as are positions with identical
nucleotides in all of the sequences).

The first computer alignment program used was
PileUp, in the GCG 8.1 package (Genetics Computer
Group; Devereux, Haeberli, and Smithers 1985). This
method produces the final multiple alignment from a
series of progressive pairwise alignments between se-
quences and clusters of sequences. The pairwise align-
ments use the method of Needleman and Wunsch
(1970), while the clustering order of progressive se-
quence alignment (Feng and Doolittle 1987) is deter-
mined from a UPGMA guide tree. All of the program
default values were used. The aligned sequence length
was 2,509 nucleotides, of which 953 positions (38%)
were invariant across all taxa.

The second computer alignment program used was
ClustalW 1.5 (Thompson, Higgins, and Gibson 1994).
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Table 1
The 18S rDNA Sequences Used in the Phylogenetic Analyses

Taxonomic Arrangement? GenBank Accession Number(s) Length(s)

Phylum Apicomplexa
Class Perkinsidea

Perkinsus marinus. ................ X75762 1,793
Perkinsus Sp. . .........ooveiiiiin. L07375 1,795
Class Coccidea
Cryptosporidium baileyi. ........... L19068 1,733
Cryptosporidium muris. ............ L.19069, X64342,X64343 1,743-1,748
Cryptosporidium parvum . ... ....... L16996, 116997, X64340, 1,740-1,750
X64341, 125642
Eimeria acervulina . . .............. Anderson et al. 1,795
Eimeria brunetti .................. Anderson et al.b 1,791
Eimeria maxima .................. Anderson et al.b 1,796
Eimeriamitis. . ................... Anderson et al.® 1,796
Eimeria necatrix . ................. Anderson et al.P 1,796
Eimeria praecox .................. Anderson et al.b 1,794
Eimeriatenella ................... Anderson et al.® 1,803
Neospora caninum . ............... L.24380, U03069 1,789-1,792
Sarcocystis arieticanis ............. 124382 1,892
Sarcocystis fusiformis.............. U03071 1,881
Sarcocystis gigantea. . ............. 1.24384 1,900
Sarcocystis muris . ................ M64244 1,809
Sarcocystis neurona ............... U07812 1,803
Sarcocystis tenella . ............... 1.24383 1,837
Toxoplasma gondii . ............... M97703, X68523, X75453, 1,784-1,795

X75429, X75430, U00458,
U03070, L24381, X65508

Class Hematozoea
Order Haemosporida

Plasmodium berghei. .............. M14599, M19712 2,059
Plasmodium cynomolgi............. L07559, L08241, L.08242 2,065-2,167
Plasmodium falciparum . ........... M19172, M19173 2,090-2,237
Plasmodium fragile. . .............. M61722 2,082
Plasmodium gallinaceum . . . ........ M61723 2,120
Plasmodium knowlesi.............. L07560 2,111
Plasmodium lophurae. . ............ X13706, M14821 2,118
Plasmodium malariae. . ............ M54897 2,147
Plasmodium mexicanum. . . ......... L11716 2,200
Plasmodium reichenowi . ........... 725819 2,093
Plasmodium vivax. ................ X13926, U03079, U03080, 2,032-2,147

U07367, U07368
Order Piroplasmida

Babesia bigemina . ................ X59604, X59605, X59607 1,693
Babesia bovis .................... L19077, L19078, M87566 1,574-1,653
Babesiacaballi ................... Z15104 1,694
Babesiacanis .............c...... L19079 1,711
Babesia divergens................. U16370, U07885 1,721-1,724
Babesiaequi ..................... 715105 1,748
Babesia rodhaini. ................. M87565 1,745
Cytauxzoon felis .................. L.19080 1,774
Theileria annulata. . . .............. M64243, M34845 1,744
Theileria buffeli. . ................. 715106 1,740
Theileriaparva . .................. L02366, 1.28999 1,742
Theileria taurotragi ............... L19082 1,736

Phylum Dinozoa
Class Dinoflagellata

Crypthecodinium cohnii . ........... M64245, M34847 1,796
Prorocentrum micans . ............. M14649 1,800
Symbiodinium pilosum ............. X62650 1,796

2 Taxonomic arrangement follows Corliss (1994).
bJ. W. Anderson, A. Elbrecht, M. Dashkevicz, S. D. Feighner, P. R. Chakraborty, P. A. Liberator, H. P-Juchelka, and A. Perkins-Barrow.
1992. Species-specific method for identifying infectivity of Eimeria species. European Patent Application 0-516-381-A2.
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The algorithm used is very similar to that of PileUp,
except that the guide tree is produced by neighbor join-
ing. All of the program default values were used. The
aligned sequence length was 2,529 nucleotides, of which
1,236 positions (49%) were invariant across all taxa.

The third computer alignment program used was
TreeAlign (Nov. 90) (Hein 1990). The algorithm pro-
duces a phylogenetic tree as it aligns the sequences, us-
ing a combination of distance matrix and heuristic par-
simony methods. Pairwise distances between sequences
are used to construct a guide tree (Hein 1989b), which
is optimized by rearrangements; a parsimony tree is then
produced during the alignment (Hein 1989a), which is
also optimized by rearrangements. All of the program
default values were used, with gap weights set to 8+3k
(as suggested in the manual). The aligned sequence
length was 2,834 nucleotides, of which 1,562 positions
(55%) were invariant across all taxa.

The fourth computer alighment program used was
MALIGN 2.5 (Wheeler and Gladstein 1994). This pro-
gram also produces a phylogenetic tree as it aligns the
sequences. The algorithm uses a wide range of heuristic
procedures to search for the combination of multiple
alignment and phylogenetic tree that minimizes the total
alignment score along the tree (i.e., there is a specified
criterion for global optimality of the solution but no sin-
gle specified search procedure for finding this solution).
The following parameters were set (as suggested in the
manual): internal 3, extragaps 1, leading 2, trailing 2,
changecost 1, score 3, contig, iter, quick, alignswap,
treeswap. The aligned sequence length was 3,549 nucle-
otides, of which 1,829 positions (52%) were invariant
across all taxa.

The fifth computer alignment program used was
SAM 1.1a (Hughey and Krogh 1996). The algorithm
uses a linear hidden Markov model that estimates the
probabilities of nucleotide change, which are then used
as penalties in the alignment cost (Krogh et al. 1994).
The model is trained (i.e., the probabilities calculated)
using an expectation-maximization procedure, and the
trained model is then used to create the multiple align-
ment. All of the program default values were used, the
buildmodel module being trained on a representative se-
lection of 22 of the sequences, followed by the addfims
module. The aligned sequence length was 2,732 nucle-
otides, of which 1,288 positions (47%) were invariant
across all taxa.

Due to computer memory constraints, it was not
possible to use all 75 of the sequences in the alignment
process. So, a consensus sequence (based on the sec-
ondary structure alignment) was derived from the indi-
vidual sequences for each of those species with more
then one sequence, using the MacClade 3.04 computer
program (Maddison and Maddison 1992). The standard
TUPAC ambiguity codes were used for those few nucle-
otide positions with more than one possible character
state in a consensus sequence. This resulted in a data
set of 46 sequences (one for each taxon), which were
used for the alignments.

Sequence Gap Penalties

For the investigation of the relative effect of the
alignment gap cost ratios (gap penalties), the multiple-
sequence alignment parameters were varied for the
ClustalW computer alignment program. The values of
the gap opening penalty (GOP) and the gap extension
penalty (GEP) were both varied in a logarithmic fashion
(Wheeler 1995), testing all orthogonal combinations of
these values. The gap opening penalty was varied from
0.5 to 64 times the cost of a substitution (log,GOP =
-1,0, 1, 2, 3, 4, 5, 6), and the gap extension penalty
was varied from 0.031 to 8 times the cost of a substi-
tution (log,GEP = -5, -4, =3, =2, —1, 0, 1, 2, 3).
The PileUp, TreeAlign, and MALIGN programs were
not investigated because of technical computer difficul-
ties in running the required number of analyses, while
the SAM program uses the hidden Markov model to
estimate the gap penalties (which thus cannot be spec-
ified a priori). The phylogenetic trees were inferred us-
ing maximum likelihood (see below).

Sequence Subsets

For the investigation of subdivision of the sequenc-
es, all of the currently recognized helical regions within
the 18S rRNA were identified from the alignment ac-
cording to secondary structure (Van de Peer et al. 1994).
Two separate data files were then created, one contain-
ing all of the helical (whether double- or single-strand-
ed) positions (49% of the aligned sequence length) and
one containing all of the nonhelical (single-stranded) po-
sitions (51% of the aligned sequence length), using the
DCSE sequence editor (De Rijk and De Wachter 1993).
These data sets were then analyzed separately.

Cladistic Analyses

Neighbor-joining analyses were performed using
the TREECON 3.0 program (Van de Peer and De Wach-
ter 1993). Distances were calculated using the Kimura
two-parameter model, as modified by Jin and Nei to
allow the nucleotide substitution rate to vary across sites
as a gamma distribution with a = 0.5. Gaps were in-
cluded in the distance calculations as described by Van
de Peer, Neefs, and De Wachter (1990). Weighted-par-
simony analyses were performed using the PAUP 3.1.1
program (Swofford 1993). A stepmatrix was used to
give transversions twice the weight of transitions, and
gaps were treated as missing data. Two heuristic search
strategies were used for each analysis, the first with add-
seq=simple, and the second with addseq=random and
10 replicates. Branch swapping was by tree bisection-
reconnection. Maximum-likelihood analyses were per-
formed using the fastDNAml 1.0.6 program (Olsen et
al. 1994). A transition: transversion ratio of 2:1 was
used, with empirical base frequencies, and one rate class
for nucleotide substitutions across sites. The heuristic
search strategy used the quickadd option followed by
local branch swapping. Adams consensus trees (which
include all of the nested relationships that occur in all
of the set of trees) and symmetric-difference distances
between trees (which indicate how many nonshared



200 rpeiteria (4)
71

C. fells

95 B. equi

B. rodhaini

Babesia (5)
200

h]

di (11)
200

T. gondil

158
B N. caninum

S. muris

197 S. neurona

Sarcocystis (4,
500 ystis (4)

199 Elmeria (7)

200

Cryptosporidium (3)
Perkinsus (2)
200

S. pilosum

P. micans

C. cohnii

FiG. 1.—Phylogenetic relationships among the Apicomplexa as
inferred from the structure alignment of the SSU rRNA and the neigh-
bor-joining tree-building method. Only 17 of the 46 taxa analyzed are
shown in the cladogram, the numbers in parentheses indicating how
many species of each genus form a monophyletic group on that branch.
Species names are as in table 1. The branch lengths are proportional
to the amount of inferred evolutionary change; and the numbers on the
branches are the number of times that the branch was supported in 200
bootstrap replicates.

clades there are for two trees) were calculated using the
PAUP program.

Results
Sequence Alignment Algorithms

In total, 18 phylogenetic analyses were performed
(three cladistic methods for each of six alignment meth-
ods). Most of the analyses produced only one phylo-
genetic tree, but some of the weighted-parsimony anal-
yses produced several equally parsimonious trees: 3 for
the structure alignment, 18 for the PileUp alignment, 2
for the Malign alignment, and 3 for the SAM alignment.
In each of these cases, a 50% majority-rule consensus
tree (which includes all of the clades that occur in >50%
of the set of trees) was calculated using the PAUP pro-
gram. Most of the variations among the multiple trees
were due to local rearrangements of taxa (i.e., near the
tips of the trees). Consequently, we ignored the minor
rearrangements in comparing the results of the analyses,
focusing instead on the basal parts of the trees as shown
in the example neighbor-joining tree in figure 1.

The 18 final trees from these analyses showed a
great deal of similarity, with their Adams consensus tree
having considerable structure (fig. 2). This indicates that
the underlying phylogenetic signal is present in all of
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FiG. 2.—Adams consensus tree of the 18 trees inferred from SSU
rRNA by different combinations of alignment procedure and cladistic
method. Only 17 of the 46 taxa analyzed are shown in the cladogram,
the numbers in parentheses indicating how many species of each genus
form a monophyletic group on that branch. Species names are as in
table 1.

the alignments, and that the phylogeny of the Apicom-
plexa is thus relatively robust to variation in the se-
quence alignment process. In particular, the coccidia (Ei-
meria + Sarcocystis + Neospora + Toxoplasma) al-
ways formed a monophyletic group, as did the piro-
plasms (Babesia + Cytoauxzoon + Theileria) (fig. 2).
Furthermore, most of those genera represented by se-
quences from several species always formed monophy-
letic groups, notably Cryptosporidium, Plasmodium,
Theileria, and Eimeria.

However, there were also prominent differences
among the cladograms in the placement of particular
species (table 2), indicating that both the sequence align-
ment process and the cladistic procedure do influence
the phylogenetic inference. The 18 trees were compared
using the symmetric-difference distance, with the dis-
tances ranging from O to 14 (the most dissimilar trees
being those from the structure alignment with maximum
likelihood and the MALIGN alignment with neighbor
joining).

The alignments that were most sensitive to the tree-
building method were the structure and MALIGN align-
ments, with average symmetric-difference distances
among their three trees of 8.0 and 6.7 respectively, fol-
lowed by the PileUp (average distance 3.0), TreeAlign
(3.0), and SAM (2.7) alignments, and then the ClustalW
(0.0) alignment. For example, the three trees from the
structure alignment placed B. rodhaini in three different
positions (table 2), while the ClustalW alignment pro-
duced three identical trees (which were also identical to
the tree from the PileUp alignment with neighbor join-
ing).

The alignment that produced trees that were on av-
erage most different from those of the other alignments
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Table 2

Major Taxon Placements that Differ Among the Phylogenetic Trees Produced by the Different Combinations of

Sequence Alignment and Cladistic Method

STRUCTURE PiLEUP

ALIGNMENT

ALIGNMENT

TREEALIGN
ALIGNMENT

SAM
ALIGNMENT

MALIGN
ALIGNMENT

CLUSTAL
ALIGNMENT

TAXON PLACEMENT N-j W-p M-l

N-j W-p M-

N-j W-p M1 Nj W-p Ml N-j W-p Ml Nj Wp M

Perkinsus

Sister to Apicomplexa............... * ok X
Within dinoflagellates ............... * %

Cryptosporidium
Sister to rest of Apicomplexa......... *ooox % * ok

Sister to piroplasms + Plasmodium. . ..
Sister to Plasmodium. ...............

Babesia rodhaini
Sister to Babesia + C. felis + * * Ok
Theileria ........................
Sister to B. equi + C. felis +
Theileria ........................ *
Sister to Plasmodium. ............... *

Babesia equi
Sisterto C. felis.................... *
Sister to Theileria .................. *
Sister to C. felis + Theileria ......... * *
Sister to Babesia ................... *

Cytauxzoon felis
Sisterto B. equi . ................... *
Sister to Theileria .................. ¥ o
Sister to B. equi + Theileria ......... *
Sister to B. equi + Theileria +
Babesia ......................... *

Sarcocystis neurona and Sarcocystis muris

Sister to T. gondii + N. caninum. . . ... * * %
Monophyletic sister to Sarcocystis. .. ..
Paraphyletic sisters to Sarcocystis . .. .. L

NoTe.—N-j: neighbor joining; W-p: weighted parsimony; M-1: maximum likelihood.

(when compared using the same tree-building methods)
was the structure alignment, with average symmetric-
difference distance to the other trees of 7.5, followed by
the TreeAlign and MALIGN alignments (average dis-
tances 6.1), then the ClustalW alignment (5.9), and the
PileUp and SAM alignments (4.7). For example, all
three trees from the structure alignment placed B. equi
in positions that do not appear in the trees from any of
the other alignments (table 2), and for two of these three
trees the placements of B. rodhaini and C. felis were
similarly nonconformist (table 2). The two alignments
that produced trees that were most similar were the
PileUp and ClustalW alignments (average distance 2.0).

The computer alignment that produced trees that
were most similar to those of the structure alignment
(when compared using the same tree-building methods)
was the MALIGN alignment, with average symmetric-
difference distance of 6.0, followed by the PileUp (av-
erage distance 7.3), SAM (7.3), TreeAlign (8.0), and
ClustalW (8.7) alignments. For example, the trees from
the MALIGN alignment are the only ones that consis-
tently placed S. muris and S. neurona in the same po-
sition as did the equivalent trees from the structure
alignment (table 2).

The tree-building method that was least sensitive
to the alignment procedure was the neighbor-joining
method, with average symmetric-difference distance
among its six trees of 4.1, followed by the weighted-
parsimony (average distance 6.7) and maximum-likeli-
hood (6.7) methods. The tree-building method that pro-
duced trees that were most similar to the other methods
(when compared using the same alignments) was the
weighted-parsimony method, with average symmetric-
difference distance among trees of 3.5, followed by the
maximum-likelihood (average distance 4.3) and neigh-
bor-joining (4.8) methods.

Finally, and most importantly, the sequence align-
ments were responsible for more of the variation among
the 18 trees than were the tree-building methods, as the
average symmetric-difference distance among the trees
when compared using the same tree-building method
was 5.8, as opposed to 3.9 when compared using the
same alignment.

Sequence Gap Penalties

In total, 72 alignment and subsequent phylogenetic
analyses were performed (nine gap extension penalties
for each of eight gap opening penalties). As expected,
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FiG. 3.—Lengths (number of nucleotide positions) of the aligned
sequences produced by varying the values of the gap opening and gap
extension penalties in the ClustalW alignment program. Each line rep-
resents a value for the gap opening penalty (as indicated). The ap-
proximate position of the alignment produced by the default penalty
values is indicated by the asterisk.

increasing the gap opening and extension penalties rel-
ative to the cost of a substitution decreased the resulting
aligned sequence length, and there was convergence for
this data set to an aligned length of ca. 2,500 nucleotide
positions (fig. 3). The effect on aligned sequence length
of varying the GEP decreased with increasing GOP, and
the GEP had little effect below a value of 0.1 for all
GOPs (fig. 3).

The maximum-likelihood cladograms from these
alignments showed considerable similarity; however,
there were prominent differences among the trees in the
placement of particular species, indicating that the gap
penalties do influence the phylogenetic inference. The
symmetric-difference distances among the 72 trees
ranged from O to 16, with the most divergent tree being
that produced from the alignment with a GOP of 64 and
a GEP of 0.031 (symmetric-difference distances to the
other trees of 8-16).

The symmetric-difference distances of the 72 trees
from the tree produced by the default penalty values
ranged from O to 8 (fig. 4). The penalty values that pro-
duced trees that were identical to the default tree form
several noninterconnected “‘islands” that are widely dis-
persed (fig. 4), and, consequently, there is no apparent
means of predicting the similarity of the cladograms
from the gap penalty values. Aligned sequence length
was also not a good predictor of tree topology, as (for
example) the GOP of 64 produced alignments of almost
identical length irrespective of GEP (fig. 3) but, in turn,
produced trees that differed by symmetric-difference
distances of 0-8 (fig. 4).

The symmetric-difference distances of the 72 trees
from the tree produced by the structure alignment
ranged from 4 to 14, and so none of the gap penalties
resulted in a cladogram that was close to that from the
secondary structure considerations. The trees that were
most similar to that of the structure alignment were pro-
duced from the alignments with GOPs of 4 (average
distance 7.3), 8 (7.8), and 16 (7.3), while the most dif-
ferent trees were produced from the alignment with a
GOP of 0.5 (average distance 12.2).
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FiG. 4.—Symmetric-difference distances among the 72 maximum-
likelihood cladograms produced by varying the values of the gap open-
ing and gap extension penalties in the ClustalW alignment program.
Increasing shading represents distances of 0, 2, 4, 6, and 8 from the
tree produced by the default penalty values, the approximate position
of which is indicated by the asterisk.

Sequence Subsets

In total, six phylogenetic analyses were performed
(three cladistic methods for each of two sequence sub-
sets). The helical positions produced four equally par-
simonious trees for the weighted-parsimony analysis,
while the nonhelical positions produced 14 equally par-
simonious trees. In each of these cases, a 50% majority-
rule consensus tree was calculated. Most of the varia-
tions among the multiple trees were due to local rear-
rangements of taxa, and so the only consensus tree
shown in figure 5 that is not fully resolved is that for
the nonhelical positions.

The analyses based on the helical positions were
more similar to the equivalent full-structure alignment
analyses, with average symmetric-difference distance
among the trees of 4.7, compared to the analyses based
on the nonhelical positions (average distance of 6.7).
Indeed, the maximum-likelihood analyses of the struc-
ture data and the helical subset were almost identical
(symmetric-difference distance 2). For the analyses of
helical positions, the weighted-parsimony and maxi-
mum-likelihood analyses produced trees that were iden-
tical, while the neighbor-joining analysis was very dif-
ferent (both symmetric-difference distances 16). For the
analyses of nonhelical positions, the trees were as dif-
ferent from each other as they were for the structure
analyses (average distance of 6.7). Furthermore, several
taxa were placed in positions that did not occur in any
of the other analyses, notably the placement of B. equi
and B. rodhaini as sisters, which occurred in all three
trees, and the placement of Cryptosporidium within the
dinoflagellates, which occurred in the weighted-parsi-
mony tree.

Discussion
Sequence Alignment

All of the multiple-sequence alignment procedures
investigated in this study yielded the same basic struc-
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T. gondit

A N. caninum B
S. neurona
S. muris
Sarcocystis (4)
Eimeria (7}
Theileria (4)
C. felis
B. equi
B. rodhaini
Babesia (5)
Cryptosporidium (3)
Plasmodium (11)
Perkinsus (2)
C. cohnii
S. piosum

P. micans

T. gondii

D N. caninum E
S. neurona
S. muris
Sarcocystis (4)
Eimeria {7)
Theileria (4)
C. felis
Babesia (S)
B. equi
B. rodhaini
Plasmodium (11)
Cryptosporidium (3)
Perkinsus (2)
C. cohnii
S. pilosum

P. micans

T. gondil 7. gondii
N. caninum C N. caninum
S. murls S. muris
S. neurona S. newona
Sarcocystis (4) Sarcocystis (4)
Elmera (7) Eimeria (7)
Thelleria (4) Theileria (4)
B. equl B. equi
Babesia (S) Babesia (5)
C. telis C. felis
B. rodhainl B. rodhaini
Plasmodium (11) Plasmodium (11)
Cryptosporidium (3) Cryptosporidium (3)
Perkinsus (2} Perkinsus (2)
C. cohni C. cobnit
S. pilosum S. pilosum
P. micans P. micans
7. gondii T. gondil
N. caninum F N. caninum
S. neuwrona S. neurona
S. muris S. muris
Sarcocystis (4) Sarcocysts (4)
Eimeria (7) Eimeria (7)
Theileria (4) Theileria {(4)
C. lelis C. felis
Babesia (5) Babesia (5)
B. equi 8. equl
8. rodhaini B. rodhaini
Ptasmodium (11) Ptasmodium (11)
Perkinsus (2) Cryptosporidium (3)
C. cohnit Perkinsus (2)
Cryptosporidium (3) C. cohnil
S. pilosum S. pilosum
P. micans P. micans

FiG. 5.—Phylogenetic relationships among the Apicomplexa as inferred from different subsets of the SSU rRNA sequence (using the
structure alignment) and different cladistic methods. Species names are as in table 1. Only 17 of the 46 taxa analyzed are shown in each
cladogram, the numbers in parentheses indicating how many species of each genus form a monophyletic group on that branch. Branch lengths
are arbitrary. A, Helical positions, neighbor-joining analysis. B, Helical positions, weighted-parsimony analysis. C, Helical positions, maximum-
likelihood analysis. D, Nonhelical positions, neighbor-joining analysis. E, Nonhelical positions, weighted-parsimony analysis. ¥, Nonhelical

positions, maximum-likelihood analysis.

ture for the estimate of the phylogenetic relationship
among the members of the Apicomplexa, which presum-
ably represents the underlying phylogenetic signal. This
implies that there are phylogenetically informative
regions of the SSU rDNA that are relatively robust to
different strategies for aligning homologous nucleotides.

Nevertheless, it is clear that the placement of many
of the taxa is sensitive to the alignment procedure used;
indeed, the variations among the alignments produced
trees that were on average more different from each oth-
er than did the variations among the tree-building meth-
ods used. This is an important conclusion, because al-
though it has long been recognized that differences in

both alignment and tree-building methods can influence
phylogenetic inference, it is only the latter aspect that
has received considerable attention in the literature
(Morrison 1996).

The extent to which this conclusion can be gener-
alized to other taxa and genes is unknown. For example,
we have only considered rRNA genes, for which an a
priori biological model exists; a different situation might
exist for protein-coding genes, where a priori models of
function may be less clear (Taylor 1987). Nevertheless,
it is likely that many other data sets will show the same
degree of sensitivity to alignment procedures as does
ours; other specific examples where adjusted alignments



of SSU rDNA sequences produced different trees are
discussed by Eernisse and Kluge (1993) (for verte-
brates), Rodrigo, Bergquist, and Bergquist (1994) (for
eukaryotes), and Ellis and Morrison (1995) (for apicom-
plexans). Furthermore, McClure, Vasi, and Fitch (1994)
have shown that there is considerable variation in the
relative success (at detecting motifs) among several
computerized procedures for aligning multiple protein
sequences, and protein-coding DNA sequences are often
aligned by first translating them into the equivalent pro-
tein sequences and then aligning these protein sequences
(Hein 1994; Russo, Takezaki, and Nei 1996). Conse-
quently, we suggest that our conclusions from this em-
pirical study probably have a more universal validity.

We thus emphasize that considerable attention
needs to be paid to alignment problems in phylogenetic
studies, as they are at least as important for phylogenetic
studies as are the other well-known problems associated
with sequence length (e.g., Cummings, Otto, and Wake-
ley 1995; Russo, Takezaki, and Nei 1996) and tree-in-
ference methods (e.g., Huelsenbeck 1995; Russo, Tak-
ezaki, and Nei 1996). Further comparative studies need
to be undertaken to refine our understanding of the ram-
ifications of different alignment procedures. In particu-
lar, we need to understand more about the effects of
different parameter values on the alignments. Some
comparisons have been reported of the relative effects
of varying gap costs and substitution costs for proteins
(e.g., Henneke 1989; Taylor 1996) and nucleotides (e.g.,
Wheeler 1995), but the relative effects of varying gap
opening and gap extension penalties have previously
been reported only for proteins (e.g., Tyson 1992).

We expect that the putative secondary-structure
model that we employed is likely to have produced a
multiple-sequence alignment that is closer to the true
alignment (in the sense of having aligned homologous
nucleotides) than is the output from any of the comput-
erized algorithms (Kjer 1995; Hickson et al. 1996; Tay-
lor 1996), since the higher-order structures inferred from
comparative analyses are now quite refined, and the
method provides a powerful way of identifying func-
tionally important elements in a molecular structure (Ol-
sen and Woese 1993; Gutell, Larson, and Woese 1994;
Gutell 1996). This thus represents our preferred set of
hypotheses concerning the homology of the SSU rDNA
sequences. We emphasize, however, that all multiple
alignments are only hypotheses, and are thus open to
further testing as new information or other structure
models (e.g., Gutell, Larson, and Woese 1994; Kjer
1995; Gutell 1996; Hickson et al. 1996) become avail-
able.

The main limitation of the computerized algorithms
is that they attempt to maximize sequence similarity
rather than sequence homology, the difference being that
similarity can be the product of several evolutionary
processes, including homology, reversal, convergence,
and parallelism. Thus, these algorithms can only suc-
ceed to the extent that similarity is the result of homol-
ogy rather than these alternatives in the particular set of
sequences being aligned. Since there is no objective way
of assessing this situation, each of the programs imple-
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ments a different stratagem for producing the multiple
alignment. The algorithms employed in the ClustalW
and PileUp programs use sequence similarity as the
global optimality criterion for the alignments, and so
cannot guarantee optimum sequence homology. Fur-
thermore, these programs have to use heuristic proce-
dures, and so they cannot even guarantee achievement
of the global optimum of similarity. In a similar manner,
the algorithm in the SAM program uses a maximum-
likelihood model to maximize sequence similarity, and
so cannot guarantee optimum sequence homology. On
the other hand, the algorithms in the MALIGN and
TreeAlign programs use parsimony of the resulting phy-
logenetic tree (i.e., the fewer nucleotide changes there
are on the tree the better) as their global optimality cri-
terion, thus uniting alignment and tree-building. They
thus attempt to minimize homoplasies on the phyloge-
netic tree, these homoplasies being inferred to be the
result of reversals, convergences, and parallelisms; and
they thus try to take into account nonhomologous sim-
ilarities. However, they only use approximate or heuris-
tic methods, and so cannot guarantee achievement of the
global optimum (unless an exhaustive search is imple-
mented in MALIGN, which is only practical for ex-
tremely small data sets).

It is not straightforward for us to make a direct
comparison of the various computerized alignment pro-
cedures that we used, because we made no attempt to
optimize the performance of most of these methods
(e.g., by varying the available parameters). However,
there are several general points that can be made about
the output from these programs, at least as far as our
particular data set is concerned.

First, the ClustalW and PileUp programs produced
alignments that are very similar to each other, as would
be expected from the similarity of their algorithms, and
the trees resulting from these alignments are also quite
similar. The TreeAlign and MALIGN programs, al-
though similar to each other in intent, produced align-
ments and trees that are quite different from each other.
In many ways, the alignment and trees from the SAM
program represent a compromise among those produced
by the other programs.

Second, compared to the structure alignment, the
aligned sequence lengths from the PileUp and ClustalW
programs are very much shorter (93% and 94%, respec-
tively), while those from the TreeAlign and MALIGN
programs are much longer (105% and 131%, respec-
tively). In the latter two cases, this is because there are
lengthy parts of the alignment where the nucleotide po-
sitions are unique (i.e., there is a contiguous group of
nucleotides in one sequence aligned against a gap in all
of the other sequences), while in the former two cases
these parts have been compressed so that the sequences
overlap, along with many of the similarly organized
parts of the structure alignment (i.e., some parts of the
sequence that the secondary-structure model indicates
should be unique also overlap). The SAM program pro-
duced an alignment that was very similar in length to
that of the structure alignment.
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It is these two opposing tendencies (i.€., compres-
sion vs. tension of sequence length) that account for
many of the differences among the alignments. Their
relative strengths are, presumably, a result of the differ-
ent gap and substitution weights set as the defaults in
the programs (i.e., by default some of the programs
weight gaps sufficiently heavily that substitutions are
preferred over gaps, while others do the reverse). Our
analyses show that varying these weights can potentially
produce alignments that are at least as different from
each other as those produced by the different algorithms.
Furthermore, for the ClustalW program there was no
combination of gap weights that produced a tree that
was the same as that from the structure alignment, in
spite of the fact that many of the alignments were sim-
ilar in length to that of the structure alignment. Clearly,
published studies need to be specific about the program
parameter values that were used to create the align-
ments, rather than simply mentioning which program
was used, if their alignments are to be repeatable.

This issue is clouded by the fact that in phyloge-
netic studies manual “improvements” are often carried
out on the computer-produced alignment in order to fur-
ther maximize the apparent similarities among the
aligned sequences. For the TreeAlign and MALIGN
alignments that we carried out, these post hoc modifi-
cations would presumably have resulted in much shorter
multiple alignments, overlapping many of the unique se-
quence regions and thus making the lengths much closer
to that of the structure alignment. We did not attempt to
do this, however, because there is no objective criterion
for carrying out the procedure, it relying instead on the
subjective judgment of each individual phylogeneticist.
Furthermore, it is unclear whether these improvements
actually increase sequence homology, as opposed to
merely increasing sequence similarity.

The third general point that can be made is that
aligned sequence length is not necessarily a good pre-
dictor of how similar the resulting phylogenetic trees
will be. In particular, the MALIGN alignment produced
trees that were generally more similar to those from the
structure alignment than did the alignments from the
other programs, in spite of being the one that was most
dissimilar in length. Furthermore, the PileUp and
ClustalW alignments are very similar to each other, but
the resulting trees are quite different when compared to
the trees from the structure alignment (and, indeed, the
ClustalW program, which appears to be the most pop-
ular alignment program in the literature, produced the
alignment that was least similar to the structure align-
ment for our data set). Moreover, we produced many
alignments of approximately the same length when
varying the gap penalties for ClustalW, but these often
resulted in very different trees. It is thus clear that sim-
ple similarity of alignment is not the same as similarity
of phylogenetic inference. This is an important conclu-
sion, because there appears to be a tacit assumption in
the literature that similar alignments should produce
similar trees; this assumption is refuted by our analyses.
It is for this reason that we chose to compare the dif-
ferent alignment procedures by testing the robustness of

the resulting phylogenetic trees (cf. Feng and Doolittle
1996) rather than by simply comparing the alignments
directly.

On a more positive note, we emphasize the under-
lying similarity between the trees produced by the var-
ious computerized algorithms and by the structure mod-
el. There are thus well-defined regions in the rDNA se-
quences which are relatively robust to variation in the
alignment procedures, which form a backbone for the
more variable regions. In the absence of an a priori mod-
el, the computerized algorithms can therefore be effec-
tively used as heuristic procedures to produce a good
first approximation for the final multiple alignment (cf.
Higgins, Thompson, and Gibson 1996). The variable
regions can then be dealt with as a separate issue. For
example, it is common in the literature (when using
computerized algorithms) for those regions where the
sequence alignment was problematic to be deleted.

These problematic regions are usually associated
with gaps in most of the sequences (gaps in only a few
of the sequences are usually not problematic to align),
as it is the relative placement of the gaps that creates
the problems (Higgins, Thompson, and Gibson 1996).
However, few objective methods have been proposed for
subdividing nucleotide sequences into regions where
alignment is problematic and where it is unambiguous.
Rodrigo, Bergquist, and Bergquist (1994) describe a re-
peatable manual method based on finding invariant po-
sitions on each side of the gaps; Fernandes, Nelson, and
Beverley (1993) describe a repeatable computerized
method based on pairwise percent similarity; and Ga-
tesy, DeSalle, and Wheeler (1993) suggest that regions
where the alignment is sensitive to the gap weights in
the computerized algorithm are the most ambiguous.

The problem with the deletion of the regions of
ambiguous alignment around gaps is that phylogeneti-
cally informative characters are being ignored when
these gaps represent indels. So, a more useful approach
is to determine which regions are phylogenetically in-
formative, rather than which are ambiguously aligned
(Olsen and Woese 1993). For rDNA sequences, the a
priori model indicates that there could be different phy-
logenetic information in the helical and nonhelical
regions, and our data confirm this, with most of the in-
formation being in the helical positions for our data set.
A similar conclusion has been reached by Smith (1989)
and Ellis and Morrison (1995) for 18S rRNA, and by
Dixon and Hillis (1993) for 28S rRNA genes, although
Wheeler and Honeycutt (1988) arrived at the opposite
conclusion for 5S and 5.8S rRNA. It is thus clear that
nucleotide positions in helical and nonhelical regions
should be given different weights in phylogenetic anal-
yses of rDNA sequences, although complete exclusion
of either region is not recommended (Dixon and Hillis
1993).

It should also be noted that if ambiguous alignment
is associated with gaps, then for our data set this is
strongly correlated with a subdivision into helical and
nonhelical sets, as 64% of the positions in the nonhelical
regions have a gap in at least one of the sequences,
while this is true of only 19% of the positions in the



helical regions. It has often been suggested in the lit-
erature that indels preferentially occur in nonconserved
regions between helices, both for proteins and for nu-
cleotide sequences. Consequently, computerized align-
ment algorithms need to take this into account by having
position-specific gap penalties rather than having an
““average” value that is applied throughout the se-
quence. Attempts have been made to automate this idea
for protein sequences (e.g., Barton and Sternberg 1987,
Henneke 1989; Bell, Coggins, and Milner-White 1993;
Higgins, Thompson, and Gibson 1996), but it does not
yet appear to have been implemented for nucleotide se-
quences.

Phylogeny of the Apicomplexa

Although our intention has not been to produce a
definitive estimate of the phylogeny of the Apicomplexa
based on SSU rDNA, there are several general obser-
vations that can be made which are sensitive to neither
alignment nor tree-building method.

First, the phylum Apicomplexa is monophyletic if
Perkinsus is excluded. Several of the analyses place Per-
kinsus within the phylum Dinozoa clade, while the
structure alignment places it as the sister to either the
Apicomplexa or the Dinozoa, depending on where the
tree is rooted. The placement of Perkinsus can only fi-
nally be resolved by including in the analysis more di-
noflagellate taxa, as well as including the sister to the
Apicomplexa + Dinozoa clade, which is probably the
phylum Ciliophora (e.g., Levine 1988; Barta, Jenkins,
and Danforth 1991; Gajadhar et al. 1991; Schlegel 1991;
Wolters 1991; Sadler et al. 1992; Cavalier-Smith 1993;
Goggin and Barker 1993; Rodrigo, Bergquist, and Be-
rgquist 1994; Escalante and Ayala 1995; Siddall, Stokes,
and Burreson 1995). The analysis of Escalante and Ay-
ala (1995), based on a ClustalV alignment with post hoc
adjustments, suggests that the root of our trees should
actually be on the branch between Perkinsus and the
Apicomplexa. That Perkinsus should be placed with the
Dinozoa is also suggested by the analyses of Goggin
and Barker (1993) and Siddall, Stokes, and Burreson
(1995), based on Clustal alignments. Sleigh (1989) sum-
marizes the phenotypic evidence in favor of excluding
Perkinsus from the Apicomplexa.

Second, the class Coccidia is monophyletic if Cryp-
tosporidium is excluded, as also suggested by Barta,
Jenkins, and Danforth (1991), based on an alignment by
eye. Eimeria is the sister to the Sarcocystis + Toxo-
plasma + Neospora clade, in agreement with the taxo-
nomic schemes of Levine (1985, 1988) and Vivier and
Desportes (1990). However, the monophyly of Sarco-
cystis is sensitive to the tree-building method.

Third, Cryptosporidium is the sister to the rest of
the Apicomplexa in most of our analyses, as suggested
by Escalante and Ayala (1995), although some of the
alignments do place it as the sister to the class Hema-
tozoea, as suggested by Barta, Jenkins, and Danforth
(1991). Either of these placements of Cryptosporidium
conflicts with both the phenotypically based phylogeny
(Barta 1989) and the recent taxonomic schemes (Levine
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1985, 1988; Vivier and Desportes 1990; Corliss 1994),
and thus deserves further molecular studies.

Fourth, the class Hematozoea is monophyletic. This
confirms the taxonomic schemes of Vivier and Des-
portes (1990), Cavalier-Smith (1993), and Corliss
(1994), rather than that of Levine (1985, 1988), although
the phylogenetic tree of Levine (1985) does place the
piroplasms and haemosporidians as sister taxa. Cox
(1991, 1994) treats the coccidia, piroplasms and hae-
mosporidians as equal taxonomic groups. Within the
Hematozoea, the order Piroplasmida is monophyletic,
but the genus Babesia is not monophyletic, as is also
suggested by Ellis et al. (1992) and Mackenstedt et al.
(1994), based on ClustalV alignments.

Finally, we point out that many of the literature
disagreements concerning the phylogeny of the apicom-
plexans are probably based on differences in sequence
alignment strategies rather than on differences in data
(or even in tree-building methods). The phylogenetic
placement of the taxa in our data set was sensitive to
the alignment used; and in many cases the alternative
relationships among the taxa that have been suggested
in the literature are no more different than are the re-
lationships suggested by trees derived from the various
alignments that we used.
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