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Abstract.—Nucleotide transitions are frequently down-weighted relative to transversions in phyloge-
netic analysis. This is based on the assumption that transitions, by virtue of their greater evolutionary
rate, exhibit relatively more homoplasy and are therefore less reliable phylogenetic characters. Rel-
ative amounts of homoplastic and consistent transition and transversion changes in mitochondrial
protein coding genes were determined from character-state reconstructions on a highly corroborated
phylogeny of mammals. We found that although homoplasy was related to evolutionary rates andwas
greater for transitions, the absolute number of consistent transitions greatly exceeded the number of
consistent transversions. Consequently, transitions provided substantially more useful phylogenetic
information than transversions. These results suggest that down-weighting transitions may be unwar-
ranted in many cases. This conclusion was supported by the fact that a range of transition: transversion
weighting schemes applied to various mitochondrial genes and genomic partitions rarely provided
improvement in phylogenetic estimates relative to equal weighting, and in some cases weighting
transitions more heavily than transversions was most effective. [Character evolution; consistency;
homoplasy; transitions; transversions; weighted parsimony.]

The ability to accurately reconstruct phy-
logenetic relationships is dependent on the
amount and pattern of homoplasy present
in the data. Because of its integral role
in phylogenetic analysis, numerous indices
have been developed to quantify homo-
plasy for characters or trees (reviewed by
Archie, 1996), and several methodologi-
cal approaches have been proposed to re-
duce the effects of homoplasy on tree re-
construction (e.g., Farris, 1969; Penny and
Hendy, 1985a; Goloboff, 1993). Character or
character-state weighting (e.g., Felsenstein,
1981; Wheeler, 1990; Williams and Fitch,
1990) is a common means of reducing the
effect of misleading data in parsimony anal-
ysis. Weighting schemes are routinely used
in molecular systematics, where homoplasy
in nucleotide characters may be abundant
because of the limited number of possi-
ble character states. However, determining
appropriate weights for different types of
changes is problematic. In practice, weights
are frequently based on an explicit or im-
plicit model of DNA sequence evolution in-
corporating generalized assumptions about
the relative reliability of different types of
character state changes. Yet the appropriate-

ness of a model for a particular data set is
never known a priori. Much of the problem in
choosinga model or particular weights arises
from substantial uncertainty about the rates
and patterns by which homoplasy accumu-
lates in DNA sequences.

A common element of models of sequence
evolution is the premise that types of char-
acters that evolve rapidly are more likely
to be noisy or misleading than types of
characters that evolve more slowly. It has
long been recognized that nucleotide tran-
sitions occur more frequently and accumu-
late at a greater rate than transversions in
nuclear (Fitch, 1967; Li, Wu, and Luo, 1984)
as well as mitochondrial DNA (mtDNA) se-
quences (Brown, Prager, Wang, and Wilson,
1982;AquadroandGreenberg, 1983).The ele-
vated rate of transitions means that multiple
changes per nucleotide site are more likely,
increasing the opportunity for homoplasy.
Thus, the relative reliability of transitions
as phylogenetic characters is assumed to be
lower than for transversions (Meyer, 1994;
Simon, Frati, Beckenbach, Crespi, Liu, and
Flook, 1994). Furthermore, at higher levels of
divergence, the accumulation of transitions
frequently exhibits a “plateau” effect; that is,
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the number of transitions does not increase
much beyond a certain level, even with in-
creasing overall divergence (Irwin, Kocher,
and Wilson, 1991; Kocher, Conroy, McKaye,
Stauffer, and Lockwood, 1995). When ad-
ditional transitions do not contribute to in-
creased divergence, even as they continue to
occur, they are said to be “saturated” (Brown,
Prager, Wang, and Wilson, 1982).

A common solution to this problem in par-
simony analysis is to assign higher weights
to transversions via a cost-matrix so that po-
tentially homoplastic transitions will have
less in�uence on the topology of recovered
tree(s). Many authors have advocated differ-
ential weighting schemes based on the ratio
of transition to transversionfrequencies (e.g.,
Irwin et al., 1991; Hillis, Huelsenbeck, and
Cunningham, 1994; Kocher et al., 1995). Such
weights are based on the ratio of “instanta-
neous” rates of transitionsand transversions;
that is, intrinsic substitution rates inferred by
comparing closely related taxa (Brown et al.,
1982). This approach can be extended by ap-
plying weight ratios speci�c to the different
codon positions based on evolutionary con-
straints imposed by the genetic codeand pro-
tein function (e.g., Simon et al., 1994; Mindell
and Thacker, 1996; Martin and Bermingham,
1998).

Although these approaches lend some ob-
jectivity to devising weighting schemes, the
extent to which transition:transversion fre-
quency ratios re�ect levels of homoplasy is
notknown.Forexample, if the observed tran-
sition:transversionratio is 20:1, the necessary
assumption would be that transitions are 20
times more homoplastic than transversions.
Employing this assumption as weights in a
parsimony analysis would require more than
20 transitions to override a single con�ict-
ing transversion. This places such a heavy
weight on transversionsthat even rarehomo-
plastic transversions may distort the topol-
ogy of recovered trees. In addition, much of
the information provided by transitions may
be effectively lost, leading to reduced phylo-
genetic resolution. Therefore, it would be de-
sirable to have a quantitative assessment of
the relative amounts of homoplasy in tran-
sitions and transversions for taxa at various
levels of divergence.

Studying the accumulation of homoplasy
has been problematic because it can only be
de�ned in the context of a phylogenetic tree
and the true tree is not generally known.
Although con�icting characters may be

FIGURE 1. Phylogenetic relationships of mammal
taxa used in this study.

identi�ed on any tree, determining which
characters re�ect historical relationships
and which ones are homoplastic can only be
determined on the correct tree. We have em-
ployed a phylogeny of mammalian relation-
ships (Fig. 1) that has near universal support
(Novacek, Wyss, and McKenna, 1988;
Cummings, Otto, and Wakeley, 1995; Naylor
and Brown, 1998) and is generally accepted
as the true tree to the extent that any tree can
actuallybe known.We used this tree to recon-
struct character state changes for nucleotide
sequences of all 13 mitochondrial protein
genes in the included taxa. The distribution
of homoplasy for transitions and transver-
sions at different codon positions was
examined and quanti�ed relative to the pair-
wise divergence among taxa. This allowed
inferences about the relative frequencies
of homoplastic changes and their potential
effects on phylogenetic reconstruction. We
also examined the effectiveness of a range of
transition–transversion weighting schemes
for recovering the correct topology with
individual genes and other subsets of the
data.

MATERIALS AND METHODS

Complete mitochondrial genomes of 17
mammalian taxa were obtained from Gen-
bank (Fig. 1). Genome sequences exist for
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several additional mammalian taxa (e.g.,
carnivores) but we excluded these because
their phylogenetic placement remains con-
troversial (R. Honeycutt, April 1998, pers.
comm.). Sequences were aligned using the
Clustal method (implemented in the Laser-
Gene package). Alignments were made us-
ing inferred amino acid sequences with gap
and gap-length penalties each set to 10. Se-
quences of each of the 13 protein coding
genes were aligned separately and then com-
bined into a single data matrix. Because of
their overlapping reading frames, 30 bp of
overlap between ATPase 6 and ATPase 8
were excluded, as was a similar 7 bp seg-
ment between ND4 and ND4L. Regions with
sequence for only one taxon in the alignment
(gap for all others) were excluded, yielding
a total of 11,343 nucleotides. The generally
accepted phylogeny for these mammalian
species (Fig. 1) was also obtained in heuris-
tic parsimony searches with PAUP ¤ 4.0b1
(Swofford, 1998) employing 100 random ad-
dition replicates, TBR branch swapping, and
using opossum and wallaroo as outgroups.

Parsimony and maximum likelihood re-
constructions of the characters on the
accepted topology were performed using
PAUP ¤ (ver. 4d63; D. Swofford, March
1998, pers. comm.). Parsimony reconstruc-
tions employed ACCTRAN optimization
and equal weighting of all character changes.
In some cases, there was more than 1 equally
most parsimonious reconstruction (MPR) for
a character. For the present purposes we
know of no justi�able criterion for prefer-
ring one MPR over another (see Swofford
and Maddison, 1992). For unordered char-
acters, PAUP arbitrarily assigns each a MPR
(D. Swofford, April 1998, pers. comm.) that
is reported in apomorphy lists, change lists,
and other tree descriptions. We employed
these reconstructions in our analysis, assum-
ing that they are not subject to a system-
atic bias. For comparison we also examined
MPRs based on DELTRAN optimization.
Reconstructions under the maximum like-
lihood criterion employed the GTR model,
4-class gamma rate model (a = 0.5), and em-
pirical nucleotide frequencies.

Character reconstructions were used to
count the total number of transition and
transversion changes, as well as the number
of homoplastic transitions and transversions
on the tree paths between all pairs of taxa.
Patristic differences were determined by
summing the number of steps for each type

of change across all branches separating
taxa. Homoplasy (h) for each character was
de�ned as the number of steps required
on the tree (s) beyond the minimum steps
necessary (m) to explain the number of
character states present (i.e., h = s ¡ m).
Total homoplasy between taxa was taken
as the sum of h values limited to changes
on speci�c branch paths between taxa. With
this method, homoplasies were recognized
wherever a particular nucleotide state was
derived more than once on the branches
separating taxa, regardless of the character
states found in terminal taxa.

To identify the type of homoplastic change
(i.e., transition or transversion), we consid-
ered the identity of nucleotides involved in
pairs of changes. Two changes are required
to produce a single homoplasy, and each
change was assigned a value of 0.5. For ex-
ample, if two changes were both A Ã ! C,
this was counted as (0.5 + 0.5 =) 1.0 transver-
sion homoplasy; whereas, if two changes
were A Ã ! G, 1.0 transition homoplasy was
counted (Fig. 2a). Although this accounted
for simple parallelisms and reversals, more
complex situations are possible with conver-
gences or multiple parallelisms and reversals
(see Fig. 2b–d). For example, in the case of a
convergence, if one change was C Ã ! T and
the other was A Ã ! T, we identi�ed this as
“both” and counted 0.5 transitionhomoplasy
and 0.5 transversion homoplasy (Fig. 2b).
These operations were implemented with a
computer program written by R.T.D. This
approach allowed homoplasy to be quanti-
�ed for pairwise comparisons and related to
the total amount of divergence between taxa.
Comparisons of the amount and type of ho-
moplasy were made for each codon position
separately and all positions combined.

To examine the effectiveness of character-
state weighting, a variety of weighting
schemes was employed on individual genes.
Because the size of a gene (i.e., the number of
characters) can in�uence results, we also di-
vided the data into 10 equally sized (1,134bp)
partitions and subjected each of these to the
various weighting schemes. Stepmatrices as-
signed relative weights to transversions and
transitions in ratios of 2:1, 4:1, 10:1, 20:1, and
1:2, respectively. More weight was assigned
to transitions than transversions with 1:2,
but this is the maximum difference possible
using a stepmatrix because any greater ra-
tio would allow a “transition” change to be
reconstructed with lower net cost by 2
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FIGURE 2. Homoplasy scoring. (a) examples of a
transversion parallelism (upper) and a transition rever-
sal (lower). (b) a convergence involving 0.5 transition
(C Ã ! T) and 0.5 transversion (A Ã ! T). (c) multi-
ple changes resulting in 2 transition homoplasies. (d) a
double parallelism resulting in 1 transition homoplasy
(T Ã ! C) and 1 transversion homoplasy (C Ã ! A).

transversions. Each weighting scheme was
employed in heuristic searches with 10 ran-
dom addition replicates. Results were evalu-
ated by comparing the tree obtained with the
correct tree. This involved counting the num-
ber of branches that would need to be col-
lapsed and reconstructed in order to convert
the obtained tree into the true tree (Robinson
and Foulds, 1981; Penny and Hendy, 1985b).

RESULTS AND DISCUSSION

Patterns of Transition and Transversion
Homoplasy

In Figure 3, the number of parsimony tran-
sition and transversion changes, the number
of homoplasies, and the number of changes
consistent with the tree are plotted ver-
sus total uncorrected divergence. In general,

all values were greater for transitions than
transversions, with the differences being
most extreme at low divergence values and
less at higher divergences. Here we report
parsimony results only for ACCTRAN opti-
mization. DELTRAN tends to push changes
toward the tips of the tree so that homo-
plasies were involved in fewer pairwise com-
parisons. The result was that the homo-
plasy plots for transitions and transversions
differed less than with ACCTRAN. Con-
versely, the maximum likelihood model fa-
vored transition changes resulting in greater
homoplasy differences between transitions
and transversions. However, results from
all three optimization methods did not dif-
fer qualitatively from the ACCTRAN results
shown (Fig. 3).

The number of pairwise transitions was
greater than the number ofpairwisetransver-
sions for divergences less than 25% (Fig. 3,
left column). This is consistent with the ob-
servation that transitions are more frequent
in mtDNA. In spite of their greater rate, tran-
sitions at all but 3rd positions appeared to ac-
cumulate in a more or less linear fashion over
the range of divergence observed. Although
the number of transitions and transversions
converged at higher divergences (except for
2nd codon positions), this appears to be
more a result of the increasing frequency of
transversions than saturation of transitions.

The number of homoplasies (Fig. 3, mid-
dle column) was also greater for transitions
than transversions. The greatest difference
appeared at 2nd positions, and the least
difference occurred at 3rd positions. Overall,
the ratio of transition and transversion ho-
moplasies is greatest at low divergences and
least at elevated divergences. At greater di-
vergences, where many homoplasies of both
types have accumulated, the ratio becomes
approximately 2:1. (Note that this ratio is
heuristic, based on differences between
regression lines for each type of change, but
because the data points are not independent,
the statistical variance around these lines
cannot be addressed.) Convergence to a 2:1
homoplasy ratio may be a function of the
number of alternative character states for
transitions (1) and transversions (2). The
character-state space for transitions is thus
half that of transversions, with the expecta-
tion that transitions should be twice as likely
to result in a homoplastic change, all else
being equal. This suggests that at elevated
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FIGURE 3. Transition (solid circles) and transversion (open squares) changes, homoplasies, and consistent
changes from patristic pairwise comparisons. The horizontal axis for each graph is total uncorrected percent differ-
ence; the vertical axis is absolute number of changes. Curves are 2nd-order regression lines.
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FIGURE 4. Direct and patristic transitions (left column), and net informative changes for parsimony reconstruc-
tions (middle column) and maximum likelihood reconstructions (right column). In the left column, the absolute
number of transitions observed in direct pairwise comparisons (open squares) and patristic comparisons (solid cir-
cles) are plotted versus corrected (K2P) distance. In the middle and right columns, the horizontal axis is uncorrected
percent difference and the vertical axis is net informativeness (# consistent ¡ # homoplasies) based on parsimony
and maximum likelihood reconstructions, plotted for transitions (solid circles) and transversions (open squares).
Curves are 2nd-order regression lines.
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divergence, observable homoplasy appro-
aches an equilibrium-like condition that is
governed more by the number of alternative
states than the absolute rate of each type of
change.

Although much discussion of character
quality focuses on homoplasy, the number
of character-statechanges consistentwith the
tree is equally important in the context of tree
construction.Consistent transitionsoutnum-
bered consistent transversions at all but the
greatest divergence at 3rd positions (Fig. 3,
right column). Plots of consistent changes are
similar to plots of total changes, re�ecting
the fact that homoplasies made up a small
proportion of the total change. Although
transversions exhibited less homoplasy than
transitions, particularly at low divergence,
transversions also provided fewer useful
characters for phylogenetic analysis.Because
parsimony analysis is based on consistent
changes, that is, synapomorphies, any mea-
sure ofphylogenetic utility for different types
of changes must account for relative amounts
of both homoplasy and consistent changes.

As noted previously, the patristic compar-
isons provided little evidence for saturation
of transitions except at 3rd positions. This
observation holds even when the number
of transitions is plotted versus a total dis-
tance measure that “corrects” for multiple
hits (Kimura 2-parameter distance) (Fig. 4,
left column). However, if the number of tran-
sitions is determined from direct sequence
differences (i.e., not patristic differences),
substantial plateau effects are evident. This
difference between direct and patristic com-
parisons suggests that apparent saturation
may often be an artifact of the way it is in-
ferred. Direct pairwise comparisons can ac-
count for no more than one difference per
site. However, patristic differences based on
a tree can incorporate many such changes.
Thus, in many cases where saturation might
appear to be a problem, parsimony may cor-
rectly account for multiple changes per site.
Furthermore, because transversions may
obscure prior transitions at a site (e.g.,
Brown et al., 1982; Holmquist, 1983; DeSalle,
Freedman, Prager, and Wilson, 1987), a sub-
stantialpart of anobserved transitionplateau
may, in fact, be due to the accumulation of
transversions and does not necessarily in-
dicate misleading phylogenetic information
caused by multiple transitionsat a single site.
Therefore, it is important to assess satura-

tion with a method that accurately measures
the phenomenon as it pertains to phyloge-
netic analysis, and it appears that true satu-
ration of transitions may require divergences
greater than those investigated here.

Because transitions appear to provide a
substantial amount of historically consistent
information, we have attempted to account
for amounts of both consistent and homo-
plastic change in an index called “net infor-
mativeness”. This is the number of consistent
changes minus the number of homoplas-
tic changes for each pairwise comparison.
Net informativeness describes the informa-
tion present in a way most relevant to
phylogenetic analysis; that is, by quantify-
ing the amount of uncontested support for
the tree provided by each type of change.
These values are shown in Figure 4 for
both parsimony reconstructions (middle col-
umn) and maximum likelihood reconstruc-
tions (right column). Transitions provided
substantially more phylogenetic information
than transversions up to about 25% diver-
gence. Only beyond 25% divergence at 3rd
positions were transversions better. These re-
sults illustrate clearly the importance of con-
sidering the number of consistent character-
state changes as well as the amount of
homoplasy when evaluating the phyloge-
netic utility of different types of character
change. In general, it appears that transi-
tions are much more reliable than has been
assumed and suggests that downweighting
transitions may lead one to ignore useful
phylogenetic information.

This conclusion is corroborated by the
fact that the correct mammalian tree was
recovered in an analysis of only 3rd posi-
tions, which exhibit a transition plateau even
with patristic differences. Previous simula-
tion studies have reached similar conclu-
sions. Fitch and Ye (1991) found that an av-
erage of at least 3 changes per site were
required before parsimony began to fail.
A study based on avian cytochrome b se-
quences indicated that removal of 3rd posi-
tions (where a majority of transitions occur)
reduced the probability of �nding the correct
tree from88%to0 when genus level taxawere
included, and from 55 to 32% at the family
level (Hûastad and Björklund, 1998). Further-
more, Yang (1998) found that parsimony was
robust to long branches and concluded that
“. . . the problem of saturation may have been
exaggerated.”
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TABLE 1. Results of transition:transversion weighting on mitochondrial genes and data partitions. Values are the
number of rearrangements required to convert the tree obtained into the correct tree. Multiple values per cell apply
to multiple most parsimonious trees. Underscore indicates the lowest weight ratio producing the best result for
each gene or segment. Where results of 2:1 (transition) weighting were equal to the best result from other weights,
both are indicated.

= weight 1:2 1:4 1:10 1:20 2:1

ND1 6 6 6 4 6 2
ND2 0 0 0 0 0 4
COI 2,4 2 0 0 0 8
COII 2,2 2 2 2 2 2,4
ATP8 6,10 6,8,8,8 6,8 6,8 6,8 6
ATP6 4 4 4 4,8 10 8
COIII 4 4 2 2 2 6,8,10,10
ND3 6 6 6 6 6 8
ND4L 6 8 8 10 8 10
ND4 4 0 0 0 0 4
ND5 2 0 0 0 0 2
ND6 4 2 2 2 2 4
Cyt b 2,4,6 2 2 2 2 8
1–1134 6 6 6 4 4 4
1135–2268 0 0 0 0 0 2
2269–3402 2,4,6 2,4 4 4 6 10,10
3403–4536 2 2 2 2 2 0
4537–5670 4 4 0 0 0 8
5671–6804 2 2 4 4 4 0
6805–7938 0,4 0 0 0 0 2
7939–9072 4 4 0,4 0 0 2,4,4
9073–10206 0 0 2 2 2 0
10,207–11,340 2,4,6 2 2 2 2 8

Utility of Transition-Transversion Weighting

To test the generality of the previous re-
sults and to apply them to smaller data sets
such as are usually available to practicing
systematists, we applied a range of weight-
ing schemes in parsimony analysis of subsets
of the data (Table 1). Under equal weight-
ing, the only mitochondrial gene to support
the correct tree was ND2. Among equal-sized
genome segments, Segment 2 (correspond-
ing roughly to ND2) and Segment 9 (a por-
tion of ND5 and all of ND6) supported the
correct tree. For Segment 7 (parts of ND4 and
ND5), one of the two equally parsimonious
trees was correct. Other studies have also
shown that ND2, ND4, and ND5 may out-
perform other mitochodrial genes in phylo-
genetic analysis (e.g., Cummings et al., 1995;
Zardoya and Meyer, 1996).

For the 12 genes that did not support the
correct tree, various transversion weights al-
lowed recovery of the correct tree for three
of them. However, in one case, weighting
produced trees further away from the cor-
rect tree; and in another, transition weighting
(2:1) produced the best result. Heavy weight-
ing of transversions (i.e., 1:10 and 1:20) al-
lowed improvement (over 1:2 and 1:4) in

one case but produced a worse result in an-
other. For most genes, differential weight-
ing provided no improvement over equal
weighting. Results for genomic segments
were similar. In 2 cases, transversion weight-
ing allowedrecovery of the correct tree where
equal weighting did not. Yet, in 2 cases,
transversion weighting produced poorer re-
sults, and in 3 cases, weighting in favor of
transitions lead to improved phylogenetic
performance.

Overall, transversion weighting improved
phylogenetic inferences in only a few cases,
and transition weighting did so nearly as
often. Furthermore, the extreme weighting
schemes were not effective. The relatively
poor performance of transversion weighting
is consistent with several previous studies.
For example, Kraus and Miyamoto (1991) re-
ported that the antlered deer were not mono-
phyletic when only transversions were con-
sidered, but they were monophyletic when
all characters were included. In a study of
phrynosomatid lizards, Reeder (1995) con-
cluded that “. . . transitions were no less in-
formative for phylogeny reconstruction than
transversions. Therefore, transitions should
not be down-weighted in phylogenetic
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analysis, as is often done.” Yang (1996) ob-
served that among hominoids there were 3.7
substitutions per site at 3rd codon positions
witha transition–transversionratioof 52. Yet,
3rd position data alone produced the correct
hominoid tree while 1st and 2nd positions
failed to do so. Our results, along with these
and other studies, suggest that differential
weighting of transitions and transversions is
of limited value in many cases and can re-
sult in poorer phylogenetic hypotheses than
equal weighting.

Clearly, many factors other than relative
evolutionary rates must be considered in
models of DNA evolution. For example,
we found a greater number of A Ã ! C
transversionsthanA Ã ! G transitions in the
mammal data and a corresponding greater
amount of homoplasy. This would appear to
result from the bias against G on the coding
strand of all but the ND6 gene in mtDNA
(Jermiin et al., 1995). In addition, 1st and 2nd
positions may be less reliable than their lower
evolutionary rates might suggest. Functional
constraints may reduce allowable nucleotide
states at 1st and 2nd positions, which may
actually elevate levels of homoplasy relative
to 3rd postions (Naylor, Collins, and Brown,
1995; Hassanin, Lecointre, and Tillier, 1998).
Finally, higher variability does not necessar-
ily reduce character quality. For both verte-
brates (Philippe, Lecointre, Van Le, and Le
Guyader, 1996) and plants (Kallersjo, Albert,
and Farris, 1999), removal of the most vari-
able (and most homoplastic) sites decreases
more signal than noise, and the most vari-
able sites mayeven be moreconsistent (based
on CI) than less variable ones (Olmstead,
Reeves, and Yen, 1998).

Because it is usually not possible to de-
tect all changes that have occurred on each
branch of a tree, our approach, no doubt,
underestimated the absolute number of each
kind of change. However, even when a likeli-
hood model that preferentially infers transi-
tion changes was employed, the informative
nature of transitions is still apparent. In fact,
differences in net informativeness plots be-
tween maximum likelihood and parsimony
reconstructions (Fig. 4) were minor and only
detectable at the greatest divergences. Thus,
our results appear to be robust and are not
restricted to parsimony analysis. Indeed, we
suggest that any method that assigns differ-
ent costs or probabilities to transitions and
transversions could underestimate the util-
ity of transitions.

CONCLUSIONS

The assumption that transitions are cat-
egorically poor phylogenetic characters is
common, based primarily on inferences of
the relative rates of change of transitions
and transversions. We �nd that this assump-
tion is inaccurate and inferences based on
it may be misleading in phylogenetic anal-
ysis. Our results suggest that although the
ratio of transition and transversion homo-
plasies is related to the rate ratio, so is the
ratio of consistent changes. Transitions ex-
hibit more homoplasy, but this appears to
be counteracted by their greater number of
informative changes. Although differential
weighting enhances the effect of transver-
sions, which have generally lower homo-
plasy, it concomitantly increases the undesir-
able effect of homoplastic transversions and
reduces the in�uence of the larger number of
consistent transitions.

A pattern that emerges from our analysis is
that the difference in relative amounts of ho-
moplasy for transitions and transversions is
greatest at divergence levels where the abso-
lute number of homoplasies is least. Indeed,
while homoplasy ratios at low divergences
are extreme, the absolute number of homo-
plasies is so low that it is probably incon-
sequential for phylogenetic analysis. In con-
trast, where differential weighting might be
expected to be most effective, that is, at diver-
gences of 20 to 30% where the total amount
ofhomoplasy is much greater, the homoplasy
ratio for transitions and transversions is only
about 2:1.One could conceivably make a case
for using 1:2 weight ratios based on the 2:1
homoplasy ratio; however, this fails to ac-
count for consistent characters,and we found
little bene�t from a 1:2 ratio in our analysis
of genomic partitions. Although additional
work is necessary before we can fully appre-
ciate patterns and rates of nucleotide evolu-
tion, it appears that previous assumptions
about the poor phylogenetic utility of tran-
sitions were premature.

ACKNOWLEDGMENTS

We thank Chip Aquadro, Joel Cracraft,Rick Harrison,
Nate Lovejoy, Gavin Naylor, Mark Siddall, and Dave
Swofford for helpful discussions. We also thank Linda
Buttell for computer programing assistance. This work
was conducted while R.E.B. was a NSF/Sloan Postdoc-
toral Fellow in Molecular Evolution, S.E.S. was sup-
ported by a NSF Predoctoral Fellowship, and R.T.D. was
supported by an NSF grant.



626 SYSTEMATIC BIOLOGY VOL. 49

REFERENCES

AQUADRO, C. F., AND B. D. GREENBERG. 1983. Human
mitochondrial DNA variation and evolution: Analy-
sis of nucleotide sequences from seven individuals.
Genetics 103:287–312.

ARCHIE, J. W. 1996. Measures of homoplasy. Pages 153–
188 in Homoplasy, the recurrence of similarity in evo-
lution (M. J. Sanderson and L. Hufford, eds.). Aca-
demic Press, New York.

BROWN, W. M., E. M. PRAGER, A. WANG, AND A. C.
WILSON. 1982. Mitochondrial DNA sequences of pri-
mates: Tempo and mode of evolution. J. Mol. Evol.
18:225–239.

CUMMINGS , M. P., S. P. OTTO, AND J. WAKELEY.
1995. Sampling properties of DNA sequence data
in phylogenetic analysis. Mol. Biol. Evol. 12:814–
22.

DESALLE, R., T. FREEDMAN, E. M. PRAGER, AND A. C.
WILSON. 1987. Tempo and mode of sequence evolu-
tion in mitochondrial DNA of Hawaiian Drosophila. J.
Mol. Evol. 26:157–164.

FARRIS, J. S . 1969. A successive approximations ap-
proach to character weighting. Syst. Zool. 18:374–
385.

FELSENS TEIN, J. 1981.A likelihood approach to character
weighting and what it tells us about parsimony and
compatibility. Biol. J. Linn. Soc. 16:183–196.

FITCH, W. M. 1967. Evidence suggesting a non-
random character to nucleotide replacements in nat-
urally occurring mutations. J. Mol. Biol. 26:499–
507.

FITCH, W. M., AND J. YE. 1991. Weighted parsimony:
Does it work? Pages 147–154 in Phylogenetic analysis
of DNA sequences (M. M. Miyamoto and J. Cracraft,
eds.). Oxford Univ. Press, New York.

GOLOBOFF, P. A. 1993.Estimating character weights dur-
ing tree search. Cladistics 9:83–91.

HASSANIN, A., G. LECOINTRE, AND S. TILLIER . 1998.
The ‘evolutionary signal’ of homoplasy in protein-
coding gene sequences and its consequences for a pri-
ori weighting in phylogeny. C. R. Acad. Sci. Paris, Sci-
ences de la vie 321:611–620.
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