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Abstract

Opinions split when it comes to the significance and thus the weighting of indel characters as phylogenetic markers. This paper attempts to test
the phylogenetic information content of indels and nucleotide substitutions by proposing an a priori weighting system of non-protein-coding
genes. Theoretically, the system rests on a weighting scheme which is based on a falsificationist approach to cladistic inference. It provides in-
sertions, deletions and nucleotide substitutions weights according to their specific number of identical classes of potential falsifiers, resulting in
the following system: nucleotide substitutions weight = 3, deletions of n nucleotides weight = (2n–1), and insertions of n nucleotides 
weight = (5n–1). This weighting system and the utility of indels as phylogenetic markers are tested against a suitable data set of 18S rDNA se-
quences of Diptera and Strepsiptera taxa together with other Metazoa species. The indels support the same clades as the nucleotide substitu-
tion data, and the application of the weighting system increases the corresponding consistency indices of the differentially weighted character
types. As a consequence, applying the weighting system seems to be reasonable, and indels appear to be good phylogenetic markers.
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Introduction

In most phylogenetic analyses of molecular data sets it
is customary that only nucleotide substitution positions
are utilized for cladistic analyses (e.g., Aguinaldo et al.
1997, Aleshin et al. 1998, Zrzavy et al. 1998, Canapa et
al. 2000). However, nucleotide substitution characters
have the disadvantage of exhibiting frequent paral-
lelisms and reversions due to their low information con-
tent (e.g., Lloyd & Calder 1991, Wägele 1996). Inser-
tions and deletions are usually not used as characters,
although their potential value as phylogenetic markers
has been repeatedly pointed out by some authors (Hix-
son & Brown 1986, Meyer et al. 1986, Williams &
Goodman 1989, Giribet & Wheeler 1999, Mitchison
1999). This potential value is assigned due to the com-
plex mutational mechanism which causes indels (e.g.,
Van Dijk et al. 1999) as well as to their comparatively
high immunity against reversals and parallelisms. This

immunity is ascribed to the dependence of those pro-
cesses on the position and length of the indel and, as in
the case of insertions, also on their specific nucleotide
sequence (Lloyd & Calder 1991). Excluding indels
from the cladistic analysis could thus reduce the ex-
planatory power of cladistic hypotheses, since inser-
tions and deletions represent phylogenetically signifi-
cant historical information (Giribet & Wheeler 1999).
In a few analyses indels are included in the data matrix,
but their usage is diverse, reaching from coding them as
a fifth character state (e.g., Swofford 1998) to recoding
them to presence/absence characters (e.g., Baum et al.
1998, Simmons & Ochoterena 2000, Lutzoni et al.
2000), and their weightings are also comparatively di-
verse.

In the following a weighting system will be proposed
and the utilization of indels as phylogenetic markers will
be tested with a suitable data set consisting of 18S rDNA
sequences of 14 Diptera species and of several other In-
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secta and Metazoa taxa. Many other sequences serve as
an outgroup. The inference focuses particularly on inser-
tions and deletions that have taken place within the
Diptera and the Strepsiptera clade. The data set appears
suitable since it exhibits a comparatively high amount of
gaps within its alignment, which indicates a multitude of
indel events that must have taken place within this
clade’s evolution. Moreover, the analysis of the nu-
cleotide substitution data in itself provides a phylogeny
with a high resolution and, when taking the correspond-
ing bootstrap frequencies into consideration, also stable
internal nodes, thereby providing a suitable basis for the
test.

Weighting cladistic characters
of 18S rDNA sequences

This paper proposes a weighting system which weights
all nucleotide substitutions equally, while weighting all
insertions and deletions differently according to their
length. It is based on the theoretical and methodological
arguments presented in Vogt (2002, this volume), fol-
lowing Popper’s falsificationism (Popper 1983, 1994).
The basic idea is that when the results of the character
analysis are coded for the data matrix, the stated hy-
potheses of synapomorphy have already passed a first
empirical test (identity test, see Vogt 2002). Consequent-
ly, there are differences in the severity of the passed test
on the amount of possible classes of identical falsifiers
of each hypothesis of synapomorphy, and this resembles
the basis for differentially weighting the corresponding
character states. When considering this for sequence
data, one has to take a look at the different types of
cladistic characters as well as the range of possible char-
acter states corresponding with each of these types, both
being entailed in sequences of non-protein-coding
genes.

Under the premise that the alignment is correct, one
can easily distinguish nucleotide substitution characters
from indel characters. All columns in an alignment that
have no gaps can be referred to as representing charac-
ters of the type ‘nucleotide substitution’. Indels are rep-
resented by those columns in an alignment that exhibit
gaps. They differ from one another by their length of di-
rectly neighboring gap sites. To be able to separate gap
columns into deletions and insertions, an outgroup com-
parison with an adequate outgroup has to be applied.

In a next step the number of different types of possi-
ble falsifiers for each character type is evaluated. Differ-
ential weights are given corresponding to the number of
different types of possible falsifiers of every character
type.

Nucleotide substitution characters

All nucleotide substitution characters belong to the same
character type. A nucleotide substitution event can have
four different results – adenine, guanine, thymine or cy-
tosine. As a consequence, for every hypothesis of a
synapomorphic nucleotide substitution there are four
types of possible character states according to the four
different nucleotide types. Thus, three different classes
of identical falsifiers exist, all of which would falsify a
hypothesis of a synapomorphic nucleotide substitution
of a specific nucleotide in the identity test.

Deletion characters

The problem with deletion events – as with insertion
events – is that, theoretically, they have no concrete
upper limit according to their possible nucleotide length.
As a consequence, for a hypothesis of a synapomorphic
deletion of a given length one would get an almost infi-
nite number of different classes of identical falsifiers.
The number would be independent of the actual length
of the hypothesized deletion. This does not seem plausi-
ble and therefore, as a convention, the use of an opera-
tional approach to interpreting the alignment is proposed
which is derived from the inference of the topographical
correspondence. Only those positions of the alignment
that potentially represent the character states of a single
cladistic character serve as the basis for the classifica-
tion of their corresponding character type. They also set
a limit to what could potentially serve as a falsifier of
this hypothesis within the alignment. In practice, accord-
ing to the proposed approach, the position of the ‘win-
dow’ in the alignment, which is considered when evalu-
ating the amount of potential falsifiers for the corre-
sponding hypothesis, is set by the longest uninterrupted
row of gaps. Hence, if a deletion of n nucleotides is hy-
pothesized, only those n corresponding positions of the
alignment serve as empirical evidence and the source for
potential falsifiers.

Considering deletions, there are two possible states
for every alignment position in question: presence or ab-
sence of the result of a nucleotide deletion. This means
that every position with a gap is understood as indicating
the presence, and every position that has a nucleotide as
indicating the absence of the result of a deletion. Thus,
for a given hypothesis of a synapomorphic deletion of n
nucleotides, one gets 2n possible patterns of different
combinations of presence and absence that could poten-
tially be observed in the alignment. Therefore, there are
2n–1 different classes of identical falsifiers of such a hy-
pothesis.

This is why such a hypothesis is not only falsified by
all non-deletion sites but also by every deletion which is
smaller in length than the hypothesized one.
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Within the suggested system, sites of multiple neigh-
boring gaps are understood as one single character state
that has to be hypothesized most parsimoniously as the
result of one single event, rather than multiple indepen-
dent events (contradicting Giribet & Wheeler 1999). Al-
though each sequence position represents an observa-
tionally distinguishable unit, it does not necessarily rep-
resent an evolutionarily independent unit of mutational
processes, hence does not necessarily represent many
single character states.

Insertion characters

The problem with deletions also holds true for inser-
tions, and the same operational approach is applied. Be-
cause, in an insertion, nucleotides are inserted into an
existing sequence there are 5 possible states for every
position: the four possible types of inserted nucleotides
and the absence of any nucleotide, a gap. As a conse-
quence, for a given hypothesis of a synapomorphic in-
sertion of n nucleotides, one gets 5n possible patterns of
different combinations of those 5 states that could poten-
tially be observed in the alignment. And, as a conse-
quence, one receives 5n–1 different classes of identical
falsifiers of that hypothesis.

When this classification of classes of identical falsi-
fiers is applied and one wishes to weight the received
classes equally – which would correspond to the con-
ventional interpretation of Popper’s falsificationist ap-
proach for phylogenetic research, as it disregards pro-
cess probabilities – one receives the following differen-
tial character weights:

A) nucleotide substitutions: 3
B) deletions of n nucleotides: 2n–1
C) insertions of n nucleotides: 5n–1

The proposed weighting system is only applicable to
insertions that exhibit a specific quality. Due to the con-
ditions set by the identity criterion, only directly neigh-
boring positions of an insertion are considered, recoded
and weighted as an insertion character of a specific
length, that is identical throughout all sequences which
possess the insertion (for details see Discussion below).
An example of some insertions and deletions and their
corresponding weights is given in Figure 1.

Materials and methods

Species examined

166 18S rDNA sequences were taken from NCBI/GenBank
via the internet. The full species names and GenBank acces-
sion numbers for the sequences used in the alignments, spec-
tral and parsimony analyses are given in the Appendix.

Alignment and cladistic analysis

Two data sets were analyzed. A “large data set” consisting of
all 166 sequences was aligned and analyzed with spectral anal-
ysis, parsimony jackknifing and parsimony analysis. The re-
sults of these analyses were used for determining the taxon
composition of the “small data set” consisting of 14 Diptera
and 4 Strepsiptera sequences and a smaller sample of 48 close-
ly related outgroup sequences. This small data set was aligned
and analyzed in the same way as the large one. In some cases,
outgroup comparison of the small data set facilitated a differ-
entiation of indel events into insertion and deletion events
within the Diptera and Strepsiptera ingroup. With a subset of
the small alignment, consisting of the 18S rDNA sequences of
Diptera species together with 4 Strepsiptera and 2 Hy-
menoptera species only, another spectral, parsimony jackknif-
ing and parsimony analysis was performed. The hypothesized
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Fig. 1. Example of five indels in an alignment. In ac-
cordance with the outgroup comparison, A, B and E
resemble deletions, C and D insertions. Following the
weighting scheme proposed here, the weights for
these five character states are as follows: A = 3, B =
1, C = 4, D = 4, E = 7; all nucleotide substitution
character states receive a weight of 3.



insertion and deletion events were mapped onto the parsimony
jackknifing tree, and their degree of consistency in relation to
the nucleotide substitution data and the effect of the specific
weights were assessed.

Multiple alignments of the two data sets were performed
using ClustalW (Thompson et al. 1994) and corrected by hand.
The alignment of the large data set consists of 4,007 positions,
the alignment of the smaller data set of 3,857 positions.

For the spectral analysis of split-supporting positions, the
parsimony jackknifing analysis and the parsimony analysis of
the nucleotide substitution characters only, sequence areas that
contained indels or that could not be aligned unambiguously
were excluded before writing the data matrix. From the large
alignment 2,447 positions were excluded, while 1,560 posi-
tions remained. From the small alignment 2,212 positions
were excluded, 1,645 positions remained.

Spectral analysis of split-supporting positions was per-
formed with PHYSID (Wägele & Rödding 1998a). The results
are presented according to Wägele & Rödding (1998a, b), al-
lowing 15% of noisy positions in every row and column of in-
group and outgroup sequences, respectively. Only those splits
with the highest number of split-supporting positions are
shown in Figure 2.

Parsimony jackknifing analysis and parsimony analysis
were performed with PAUP*4.0 (Swofford 1998). Parsimony
jackknifing analysis of the large data set was performed with
500 replicates, a deletion percentage of 50%, and a heuristic
search option with nearest-neighbor interchange. Analyses of
the small data set were performed with 1,000 replicates, keep-
ing the other parameters, of the subset also with 1,000 repli-
cates and with the tree bisection-reconnection heuristic search
option. The parsimony analysis of the subset was performed
under branch and bound search settings.

Results

The large alignment consists of 799 parsimony-informa-
tive positions, the small alignment of 713, and the subset
of 574 parsimony-informative positions.

The results of the spectral analyses of the data sets
show patterns of split support that can hardly be ex-
plained by what one would expect as a pattern resulting
from random processes. One has to assume that the data
contains relevant phylogenetic information – at least for
some cladistic hypotheses. The spectral analysis of the
large data set assigns a high degree of support to three
split groupings in particular. Besides the two
choanoflagellate sequences with 15, the Culicoidea (a
subgroup of the Diptera) with 14 and the Diptera them-
selves with 7 split-supporting positions receive a high
degree of support. As a consequence, they or the respec-
tive corresponding group of the splits are supported as
monophyletic groups. All other splits have only 3 or less
supporting positions. The same analysis of the small
data set leads to similar results with an even stronger sig-
nal. Not only the Culicoidea (45 supporting positions)
and the Diptera (32) receive the highest support in this
analysis, but also the Strepsiptera (11) and Tipuloidea
(7) are supported as split groupings (Fig. 2).

The parsimony jackknifing analyses of the three data
sets assign jackknifing frequencies of 100.00 to the
groups that are also highly supported by the results of
the spectral analyses: Strepsiptera, Diptera, Culicoidea
and Tipuloidea (Figs. 3 and 6).
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Fig. 2. Spectrum of conserved
putative synapomorphies (split-
supporting positions) for
groups of taxa for the small
data set. The splits with the
highest number of split-sup-
porting positions are represent-
ed out of over 2,800 splits of
the complete spectrum. Sym.
pos.: symmetrical supporting
positions; asym. pos.: asym-
metrical supporting positions;
noisy pos. (15%): split-support-
ing positions with deviations in
up to 15% of the sequences.
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Fig. 3. A) 50% majority-rule consensus tree based on 500 maximum parsimony jackknifing replicates of the large 18S rDNA alignment using
PAUP* 4.0.The jackknifing frequencies are labeled onto the corresponding branches.The tree was rooted a posteriori with the choanoflagellate
sequence. B) 50% majority-rule consensus tree based on 1,000 maximum parsimony jackknifing replicates of the small 18S rDNA alignment
using PAUP* 4.0. The jackknifing frequencies are labeled onto the corresponding branches. The tree was rooted a posteriori with the echino-
derm sequence. For clarity of representation not all of the resolved nodes are shown.



In the following analysis, the Strepsiptera and the
Diptera are hypothesized as monophyletic groups in re-
lation to the other taxa of the data sets, which represent
their respective outgroups. This assumption is supported
by the results of the spectral and the parsimony jackknif-
ing analyses.

Comparison of indel characters
and nucleotide substitution characters

Based on the assumption that Strepsiptera and Diptera
represent groups of monophyletic origin, it is possible to
differentiate indel events that took place within these
clades into insertions and deletions by applying an out-
group comparison. This comparison is performed on the
basis of the alignment of the small data set. All the other
taxa of the alignment serve as the outgroup. As a result
of this comparison a sum of 74 such indels were hypoth-
esized, 40 insertions and 34 deletions. Insertions and
deletions that could not be unambiguously hypothesized
are not included in this statistic (Table 1).

From the subset a spectral analysis, a parsimony jack-
knifing analysis and a parsimony analysis were per-
formed. The number of split-supporting positions, the

jackknifing indices and the number of putative apomor-
phies of the maximally parsimonious tree are drawn
onto the resulting tree for every monophylum. Those in-
sertions and deletions that are congruent with this tree
are mapped onto it (Fig. 6). The number of congruent
and incongruent insertions and deletions are summa-
rized in Table 1 and illustrated in Figure 4.

23% of all hypothesized indels are incongruent, as are
35% of all deletions and 12.5% of all insertions. It is in-
teresting to note that the observed rate of inconsistency
decreases with the length of the hypothesized indel
event.

The ensemble consistency index (CI) for the sum of
all the hypothesized insertion and deletion events was
calculated on the basis of the tree shown in Figure 6. In
addition, the CI was calculated for every character type
and compared to the CI of only the nucleotide substitu-
tion data which was obtained by the parsimony analy-
sis. Furthermore, the CIs for the sum of all indels, the
sum of all insertions and the sum of all deletions were
determined separately and compared to the correspond-
ing modified CIs obtained by the application of the
weighting system proposed in this paper (Table 2 and
Fig. 5).
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Fig. 4. Number of hypothesized insertion and deletion events. Insertions and deletions are differentiated with regard to their nucleotide
length and to whether they are consistent with the most parsimonious tree obtained from the analysis of the nucleotide substitution data of
the subset.



All determined CIs of the different indel character
types are higher than 0.65, the CI of the nucleotide sub-
stitution characters. The lowest CI of the indel charac-
ters is found with deletions, with a CI of 0.71, compared
to a CI of 0.89 for the insertions. All insertions of a
length higher than one nucleotide possess a CI of 1.00.

When applying the proposed weighting system, the
calculated CIs of the now weighted indels are constantly
higher than those of the unweighted indels. This holds
true for the insertions, the deletions, and all indels to-
gether.

The distribution of the congruent indel characters is
clustered. Those groups that gain high support from the
substitution data (high jackknifing frequencies of 100.00
and high split support) also exhibit a high number of ob-
served indels (Fig. 6).

The cladistic distribution of the incongruent indels in
comparison to the congruent ones is quite homoge-
neous (Table 3). There are 14 different, contradicting
cladistic hypotheses that are supported by the 17 incon-
gruent indels. None of those 14 hypotheses is supported
by more than two indels. And none of those contradict-
ing hypotheses is supported by a sum of weights higher
than 4.

All the different parameters that were calculated on
the basis of this data set correlate very well with each
other and show a clear pattern of strongly and less
strongly supported cladistic relationships. This also ap-
plies to the indel characters. The distribution of consis-
tent versus inconsistent indels can hardly be explained by
the result one would expect from a plain random process.
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Table 1. Number of hypothesized indel events within the Diptera and
Strepsiptera clade counted in the small alignment of 18S rDNA se-
quences.

Nucleotide  Inconsistent Consistent Inconsistent Consistent 
length insertion insertion deletion deletion
of the indels characters characters characters characters

1 nucleotide 5 25 9 17
2 nucleotides – 5 3 3
3 nucleotides – – – 2
4 nucleotides – 2 – –
5 nucleotides – 2 – –

15 nucleotides – 1 – –
Σ of all events 5 35 12 22

Fig. 5. Weighted and unweighted ensemble consistency indices (CI) of the different types of insertion and deletion characters. The CIs were
calculated on the basis of the most parsimonious tree obtained from the analysis of the nucleotide substitution data of the subset.The CI of the
nucleotide substitution characters was calculated by this parsimony analysis with PAUP* 4.0 using the branch and bound search option. For the
calculation of the weighted CIs the weighing system proposed in this paper was applied.
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Fig. 6. 50% majority-rule consensus tree based on 1,000 maximum
parsimony jackknifing replicates of the subset of the small 18S rDNA
alignment using PAUP* 4.0. Jackknifing frequencies, the number of
putative apomorphies which were calculated by the branch and
bound search option, and the number of split-supporting positions,
which were computed using PHYSID, are labeled onto the corre-
sponding branches. The hypothesized insertion and deletion events
that are congruent with this tree are also drawn onto the correspond-
ing branches depending on their specific nucleotide length. The rela-
tionships within the Strepsiptera are not shown. The tree is rooted a
posteriori with Hymenoptera sequences.



Discussion

Since testing the utility of indel characters is the aim of
this paper, distance and maximum likelihood methods of
cladistic analysis were not applied. The underlying evo-
lutionary processes are too diverse and have, so far, not
been understood well enough to be incorporated in a
stochastical model of sequence evolution. This and the
problems of assessing hypotheses of topographical cor-
respondence in highly variable regions of the alignment
that have a substantial number of gaps have also been
stated as general arguments against the use of insertions
and deletions as informative phylogenetic characters in
cladistic analyses (Swofford et al. 1996). In spite of this
argument, Van Dijk et al. (1999) use deletions by modi-
fying the maximum likelihood procedure of Kishino et
al. (1990) by not allowing the occurrence of reversals
(back mutations) of deletion events. Moreover, Mitchi-
son (1999) uses insertions and deletions in a probabilis-
tic approach of combining alignment and cladistic anal-
ysis by means of sampling.

However, if one wants to test the proposed weighting
scheme which rests on a refutationist approach to phy-
logeny, these two types of cladistic methods – distance
and Maximum Likelihood – seem to be problematic.
This speaks in favor of choosing maximum parsimony
as the method of cladistic analysis in this paper. Maxi-
mum parsimony allows the combined use of all kinds of
different data (insertions and deletions, and even mor-
phological and other data).

Some papers present results employing indels as
cladistic characters in parsimony analyses. In addition to
the substitution data, the indels are coded as
presence/absence characters and are analyzed in an
equally weighted parsimony analysis (e.g., Baum et al.
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Table 2. Weighted and unweighted ensemble consistency indices
(CI) of insertion, deletion and nucleotide substitution events at vari-
ous nucleotide lengths. CIs were calculated on the basis of a most
parsimonious tree obtained from the subset, and insertion and dele-
tion events hypothesized by outgroup comparison on the basis of the
small alignment of 18S rDNA sequences. The 15 nucleotides long in-
sertion is not included in the calculation of the CI of the sum of all in-
dels, since its weight at 3.05 × 1010 is extraordinarily high and would
suppress the effects of all the other indels in this comparison.

Character state Nucleotide CI of CI of 
type length unweighted data weighted data

Insertions 1 0.8571 –
2 1 –
4 1 –
5 1 –

15 1 –

Σ insertions – 0.8864 0.9974
(without
15-nucleotide
insertion)

Deletions 1 0.7027 –
2 0.6667 –
3 1 –

Σ deletions 0.7083 0.7436

Σ of all indels  – 0.7957 0.9949
(without
15–nucleotide
insertion)

Nucleotide – 0.6305 –
substitutions

Table 3. Distribution of the incongruent indels on contradicting cladistic hypotheses. Incongruent insertions and deletions and their nucleotide
lengths are differentiated, and the minimum number of required steps are inferred for their distribution on the most parsimonious tree obtained
from the analysis of the subset.The respective total weight of every observed set of incongruent character states that support a contradicting cladis-
tic hypothesis is summed up. The incongruent insertion and deletion events were hypothesized by outgroup comparison on the basis of the align-
ment of the small data set.

Insertion of a Deletion of Deletion of Number of cladistic Minimum steps of  Σ of weights of 
single a single two nucleotides hypotheses supported character states on the indel events
nucleotide nucleotide this way most parsimonious tree

– 1 – 2 3 1
1 – – 5 2 4
– 1 1 2 2 4
– – 1 1 2 3
– 2 – 1 2 2
– 1 – 3 2 1



1998; for more sophisticated coding see Barriel 1994
and Simmons & Ochoterena 2000). Giving all types of
characters equal weights, these procedures have the im-
plicit assumption – without giving any empirical or
methodological reasons – that the phylogenetic informa-
tion content of insertion, deletion and nucleotide substi-
tution characters is the same.

Lloyd & Calder (1991) apply the same coding, dis-
cuss the process probabilities of indel events and claim
to be able to evaluate the reliability of such character
types with respect to their length, position and frequen-
cy. They also receive remarkably high consistency in-
dices for the indel characters utilized in their study.

Gatesy et al. (1993), Wheeler (1995) and Giribet &
Wheeler (1999) use insertion and deletion characters in
parsimony analyses and give them weights proportional
to the costs assigned during their alignment. This proce-
dure is based on the application of different models of
sequence evolution in the alignment. Lutzoni et al.
(2000) presented an interesting procedure of recoding

and weighting of gaps. Here, unambiguously aligned
sites are weighted by a step matrix which is calculated
from relative frequencies of each possible transforma-
tion, and ambiguously aligned sites undergo a sophisti-
cated method of recoding and “optimal weighting”, re-
sulting in a single character for each ambiguous region
with its own step matrix. However, they give insertions
of a specific length the same weight as deletions of the
same length.

Another procedure that has been suggested is to code
the gaps as a fifth character state (e.g., Swofford 1998,
Titus & Frost 1996). However, since it is more parsimo-
nious to hypothesize that one indel event with more than
one nucleotide has taken place rather than several such
events with only a single nucleotide independently, this
fifth-character-state coding neglects the dependence of
those gap positions that are direct neighbors in an align-
ment. This procedure would therefore result in an artifi-
cial weighting of gaps relative to the number of sites
(Barriel 1994, Simmons & Ochoterena 2000). Further-
more, insertion and deletion events are not differentiated.

Thus, all these analyses either apply weighting
schemes that represent methodological proposals not
consistent with a falsificationist approach, neglect the
evolutionary dependence of directly neighboring gap
positions within an alignment, or ignore the different in-
formation content of indels by not discriminating inser-
tions and deletions.

One problem that complicates the application of in-
dels as phylogenetic markers concerns insertion charac-
ters in particular:

As long as insertions are altogether identical in their
nucleotide sequence it is unproblematic to state a hy-
pothesis of synapomorphy in the light of the assumed
background knowledge. Figure 7 shows an example of
such a clearly recognizable, altogether identical inser-
tion of the length of 6 nucleotides in three of ten se-
quences. Given this number of nucleotides there are po-
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Fig. 7. Example of an identical insertion element of 6 nucleotides
present in three of ten sequences. Darker sequence represents the
outgroup. Ins = insertion.

Fig. 8. Three examples of non-identical insertions.
Darker sequences represent outgroups. A) For this
alignment one could hypothesize an insertion event,
Ins1, followed by two independent nucleotide substi-
tutions. B) Here one could hypothesize an insertion
event, Ins2, followed by subsequent independent nu-
cleotide substitutions. The nucleotide sequence of
the original insertion is not unambiguously recon-
structable. C) What actually happened here is not
unequivocally interpretable, and hypotheses of spe-
cific mutation events gain only weak empirical sup-
port. Ins1 = insertion of 6 nucleotides, Ins2 = inser-
tion of 4 nucleotides, Ins3 = insertion(s) of 2 nu-
cleotides.



tentially 15,624 different classes of identical falsifiers.
Hence, if one would like to weight this cladistic charac-
ter (insertion of six nucleotides present or absent) it
would get a weight of 15,624 compared to 3 for any nu-
cleotide substitution character.

However, when the nucleotide sequence of the inser-
tion is not identical within the taxa under consideration,
the hypothesis of a single synapomorphic insertion is,
following the identity criterion, already falsified 
(Fig. 8). The perceivable empirical evidence does not
represent a single insertion event only. In some cases
one might still think of combined events of an insertion
followed by some independent substitutions as the most
parsimonious hypothesis (Fig. 8A and B). But this is not
always possible (Fig. 8C) and thus confronts one with
problems of continuity. Furthermore, the empirical evi-
dence would be explained by ad hoc hypotheses of sub-
sequent events which probably followed the insertion
and thus might have caused the data. However, the more
ad hoc hypotheses are endeavoured, the weaker is the
explanatory power of the stated hypothesis, and thus the
smaller is the information content of the corresponding
cladistic character.

At the moment there is no theoretical foundation to
weight these non-identical insertions completely. That is
why only the identical neighboring positions within the
insertions are appropriate for the proposed weighting
system.

One is still confronted with an irresolvable problem: a
large insertion could subsequently be followed by a
large deletion which deletes all the previously inserted
nucleotides or even more. If this deletion occurs in one
line of descent after speciation events have taken place,
the approach proposed here unfortunately would not be
immune against an artificial coding of the results of such
a combined event. This problem of possible reversals,
however, is not limited to insertion and deletion charac-
ters only but affects almost any cladistic character. Its in-
fluence on the outcome of the analysis increases with in-
creasing character weight, of course.

The severity of the described test depends on the
quality of the data set. Especially the available 18S
rDNA sequences of Diptera and Strepsiptera species
seem to provide a proper basis for such a test, since they
exhibit an extensive amount of gaps when aligned with
other insects and metazoan taxa. This phenomenon can
be explained by assuming that many insertion and dele-
tion events took place within these clades. Furthermore,
their nucleotide substitution data also seems to provide a
comparatively highly informative data set as far as the
spectral and the parsimony-jackknifing analyses are
concerned.

The hypothesis of a monophyletic position of the
Diptera and of the Strepsiptera in relation to all other

Metazoa taxa of the data set is also highly corroborated
by the nucleotide substitution data, as shown by the
spectral and parsimony-jackknife analyses. All this en-
ables one to choose an adequate sample of outgroup taxa
for an outgroup comparison to differentiate the indel
events within the Strepsiptera and within the Diptera
into insertions and deletions. The distribution of those
events in relation to the result of the analysis of the nu-
cleotide substitution data allows one to compare the pat-
terns of cladistic distribution of the different types of
characters.

The result of this test does not contradict the hy-
potheses that are tested. The cladistic distribution of the
insertions and deletions reflects the conditions inferred
by the nucleotide substitution data, since most of the ob-
served indels are congruent with the most parsimonious
tree (Fig. 6). Those insertions and deletions that are in-
congruent with this tree exhibit a rather coincidental
distribution. Thus, there is no contradicting cladistic hy-
pothesis that is supported by more than two indel
events. In comparison, the consistent indels show a
clear hierarchical distribution, and some of the cladistic
hypotheses are supported by 5 or even more hypothe-
sized indel events. These findings are also supported by
the obtained ensemble consistency indices (CI) of the
different types of insertions and deletions. The CI is
taken as the basis of comparison, as it counts the re-
quirements for ad hoc hypotheses of homoplasy. The
higher the CI, the fewer ad hoc hypotheses are required
to explain the data (Kluge 1997). All of the CIs of the
indels exhibit a higher value than the CI of the nu-
cleotide substitution data. This is in accordance with the
results of the inference of Lloyd & Calder (1991). It
thus appears that some insertions and deletions repre-
sent phylogenetically highly informative character
types. Therefore, they seem to be comparatively good
phylogenetic markers.

Furthermore, the suggested weighting system with-
stood the test. None of the 14 contradicting cladistic hy-
potheses that are supported by indels are corroborated
by a weight higher than 4. Among the most parsimo-
nious clades in Figure 6 there are 8 cladistic hypotheses
with a sum of weights each far exceeding the value of 4.

The sum of weights of all consistent indel character
states is strikingly higher (Σ of weights = 7,756) than the
sum of weights of all the inconsistent indel character
states (Σ of weights = 38). The ratio of consistent to in-
consistent indel characters changes from 57:17 (22.97%
inconsistency rate) when weighted equally to 3,878:19
(0.005% inconsistency rate) when weighted according
to the proposed weighting system.

The application of the weighting system also leads to
higher CIs. Looking at the composition of the inconsis-
tent indels it is obvious that none of the insertion and
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deletion character state types that receive a weight high-
er than 4 are represented. This also supports the suggest-
ed weighting system.

So far, the proposed a priori differential weighting
system for nucleotide sequence data of non-protein-cod-
ing genes all passed the empirical test. But especially the
concrete quantification, which in the case of long inser-
tions leads to tremendously high weights, is open to cri-
tique and resembles a methodological proposal. This
proposal rests on the conventional interpretation of Pop-
per’s falsificationism in phylogenetic inference, which
disregards the necessity of taking different process prob-
abilities for different types of transformations into con-
sideration when analyzing the data. Whether this is the
only possible and proper interpretation of falsification-
ism is still open to discussion (de Queiroz & Poe 2001,
Faith & Trueman 2001, Kluge 2001). By following this
proposal, one does not consider the actual pattern of the
nucleotides of given insertions of a specific length be-
cause one does not consider their process probabilities.
Especially when comparing two insertions with, e.g.,
AGGCCCGCGATAGT and AAAAAAAAAAAATA it
seems counterintuitive to weight them equally since we
know that AT-rich insertions evolve more frequently
than other insertions.

Anyway, whether taking process probabilities into ac-
count or not, it still seems reasonable to record that the
phylogenetic information content of indels tends to in-
crease with their length, and to decrease from insertions
to deletions and to nucleotide substitutions. Thus, the
application of such relative weights should be consid-
ered, especially in cases where the nucleotide substitu-
tion data alone does not give strong support for any
cladistic hypothesis. Also in terms of a total evidence ap-
proach all available empirical data should be considered
(Kluge & Wolf 1993) and a maximally corroborated
cladistic hypothesis inferred. If alignment gaps are the
result of a particular indel mutation event, then they in-
evitably bear phylogenetic information. Ignoring this
type of cladistic character would mean ignoring empiri-
cal evidence, and this could lead to cladistic hypotheses
which are not maximally corroborated and therefore less
explanatory (Giribet & Wheeler 1999).
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Appendix

Inclusion of any given sequence in a particular alignment and data
matrix is indicated by a ‘+’ in the corresponding column.

Species name GenBank Large Small Subset
accession align- align- of the
number ment ment small

align-
ment

1. Choanoflagellata
Diaphanoeca grandis L10824 + – –
Ichthyophonus hoferi U25637 + – –

2. Metazoa
2. 1 Acanthocephala

Corynosoma enhydri AF001837 + – –
2. 2 Acoela

Paratomella rubra AF102892 + – –
2. 3 Annelida

Stylaria sp. U95946 + + –
2. 4 Chelicerata

Carcinoscorpius U91491 + – –
rotundicaudatus

Stylocellus sp. U91485 + + –
2. 5 Crustacea

Derocheilocaris typicus L81937 + – –
Rutiderma sp. L81942 + + –

2. 6 Echinodermata
Amphipholis squamata X97156 + + –

Appendix (continued).

Species name GenBank Large Small Subset
accession align- align- of the
number ment ment small

align-
ment

2. 7 Insecta
Coleoptera
Agonum extensicolle AF002775 + – –
Amara apricaria AF002774 + + –
Amarotypus edwardsi AF012506 + – –
Amblytelus curtus AF012484 + – –
Antarctonomus AF012504 + + –

complanatus
Apotomus rufithorax AF012497 + – –
Aptinus displosor AF012480 + + –
Arthropterus sp. AF012516 + – –
Asaphidion curtum AF002792 + – –
Batesiana hilaris AF012489 + – –
Bembidion levettei AF002791 + + –
Bembidion mexicanum AF012490 + – –
Blethisa multipunctata AF002803 + + –

aurata
Brachinus hirsutus AF012478 + – –
Brachinus armiger AF012479 + – –
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Appendix (continued).

Species name GenBank Large Small Subset
accession align- align- of the
number ment ment small

align-
ment

Broscosoma relictum AF012502 + – –
Calosoma scrutator AF002800 + + –
Calybe laetula AF002772 + – –
Carabus nemoralis AF012507 + – –
Carenum interruptum AF012491 + + +
Catapiesis brasiliensis AF012476 + – –
Ceroglossus chilensis AF012509 + + –
Chlaenius ruficauda AF012473 + – –
Cicindela AF012518 + – –

sedecimpunctata
Clambus arnetti AF012526 + – –
Clinidium calcaratum AF012521 + – –
Clivina ferrea AF002796 + – –
Cnemalobus sulciferus AF012474 + – –
Copelatus chevrolati AF012524 + – –

renovatus
Creobius eydouxi AF012498 + – –
Cychrus italicus AF012510 + – –
Cymbionotum pictulum AF012496 + + +
Cymbionotum AF012495 + – –

semelederi
Cymindis punctigera AF002773 + – –
Diplochaetus planatus AF002789 + – –
Diplous californicus AF002785 + – –
Discoderus cordicollis AF012472 + + –
Dynastes granti AF002809 + – –
Dyschirius sphaericollis AF002798 + + –
Elaphrus californicus AF012514 + – –
Elaphrus clairvillei AF002802 + – –
Galerita lecontei lecontei AF002780 + – –
Gehringia olympica AF012512 + – –
Hydroscapha natans AF012525 + – –
Laccocenus ambiguus AF012486 + + –
Leistus ferruginosus AF002806 + + –
Loricera foveata AF012503 + – –
Loricera pilicornis AF002799 + – –

pilicornis
Loxandrus n. sp. nr. AF002778 + – –

amplithorax
Mecodema fulgidum AF012501 + – –
Mecyclothorax vulcans AF012482 + – –
Melisodera picipennis AF012481 + – –
Merizodus angusticollis AF012487 + + –
Metius sp. AF012475 + + –
Metrius contractus AF012515 + – –
Monolobus ovalipennis AF012505 + – –
Morion aridus AF002783 + + –
Nebria hudsonica AF002805 + – –
Notiophilus semiopacus AF002804 + + –
Omoglymmius hamatus AF012520 + – –
Omophron obliteratum AF012513 + – –
Omus californicus AF012519 + – –

Appendix (continued).

Species name GenBank Large Small Subset
accession align- align- of the
number ment ment small

align-
ment

Oopterus sp. AF012488 + – –
Opisthius richardsoni AF012511 + – –
Oregus aereus AF012500 + – –
Pachyteles striola AF012517 + – –
Pamborus guerinii AF012508 + – –
Pasimachus atronitens AF002794 + – –
Patrobus longicornis AF002786 + – –
Pericompsus laetulus AF002790 + – –
Pheropsophus AF012477 + – –

aequinoctialis
Promecoderus sp. AF012499 + – –
Promecognathus crassus AF012492 + – –
Pseudaptinus rufulus AF002781 + – –
Pseudomorpha sp. AF002782 + + –
Psydrus piceus AF002784 + – –
Pterostichus melanarius AF002779 + – –
Scaphinotus petersi AF002801 + – –

catalinae
Scarites subterraneus AF002795 + – –
Schizogenius falli AF002797 + – –
Siagona europaea AF012493 + – –
Siagona jennisoni AF012494 + – –
Sloaneana tasmaniae AF002788 + – –
Suphis inflatus AF012523 + – –
Systolosoma lateritium AF012522 + – –
Tenebrio molitor X07801 + – –
Tetragonoderus AF012471 + – –

latipennis
Trachypachus gibbsii AF002808 + + –
Trachypachus holmbergi AF002807 + – –
Trechus sp. AF002793 + – –
Tropopterus sp. AF012483 + – –
Xanthopyga cacti AF002810 + – –
Zolus helmsi AF002787 + – –
Collembola
Crossodonthina koreana Z36893 + – –
Hypogastrura dolsana Z26765 + – –
Podura aquatica AF005452 + + –
Diptera
Brachycera
Ceratitis capitata AF096450 + + +
Chrysops niger AF073889 + + +
Drosophila M21017 + + +

melanogaster
Ornithoica vicina AF073888 + + +
Culicoidea
Aedes aegypti U65375 + + +
Aedes albopictus X57172 + + +
Aedes punctor U48378 + + +
Anopheles albimanus L78065 + + +
Corethrella wirthi U49736 + + +
Culex tritaeniorhynchus U48385 + + +
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Appendix (continued).

Species name GenBank Large Small Subset
accession align- align- of the
number ment ment small

align-
ment

Toxorhynchites U48377 + + +
ambionensis

Psychodoidea
Lutzomyia shannoni U48382 + + +
Tipuloidea
Nephrotoma altissima U48379 + + +
Tipula sp. X89496 + + +
Hemiptera
Acyrthosiphon pisum U27819 + – –
Aonidiella aurantii U06475 + + –
Lygus hesperus U06476 + + –
Mindarus kinseyi U27821 + – –
Okanagana utahensis U06478 + – –
Pealius kelloggii U06479 + – –
Philaenus spumarius U06480 + – –
Prokelisia marginata U09207 + + –
Rhaphigaster nebulosa X89495 + – –
Schizaphis graminum U27826 + – –
Spissistilus festinus U06477 + – –
Trioza eugeniae U06482 + + –
Hymenoptera
Leptothorax acervorum X89492 + – –
Polistes dominulus X77785 + – –
Lepidoptera
Galleria mellonella X89491 + + –
Mecoptera
Boreus sp. X89487 + – –
Panorpa germanica X89493 + + –
Neuropteroida
Anisochrysa carnea X89482 + – –
Oliarces clara AF012527 + – –
Phaeostigma notata X89494 + + –
Sialis sp. X89497 + + –

Appendix (continued).

Species name GenBank Large Small Subset
accession align- align- of the
number ment ment small

align-
ment

Odonata
Aeschna cyanea X89481 + + –
Orthoptera
Carausius morosus X89488 + + –
Forficula sp. X89490 + – –
Siphonaptera
Archaeopsylla erinacea X89486 + + –
Strepsiptera
Caenocholax fenyesi U65160 + + +
Crawfordia sp. U65163 + – –
Elenchus japonica U65162 + – –
Mengenilla chobauti X89441 + + +
Stylops melittae X89440 + + +
Triozocera mexicana U65159 + – –
Xenos pecki U65164 + – –
Xenos vesparum X77784 + – –
Xenos vesparum X74763 + + +
Trichoptera
Hydropsyche sp. X89483 + + –

2. 8 Mollusca
Atrina pectinata X90961 + + –

2. 9 Myriapoda
Clinopodes poseidonis AF000777 + – –
Craterostigmus AF000774 + + –

tasmanianus
Cryptops trisulcatus AF000775 + – –
Cylindroiulus punctatus AF005448 + – –
Lithobius variegatus AF000773 + – –
Polydesmus coriaceus AF005449 + + –
Pseudohimantarium AF000778 + – –

mediterraneum
Scolopendra cingulata U29493 + + –
Scutigera coleoptrata AF000772 + – –
Theatops erythrocephala AF000776 + – –
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