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Estimation of Phylogeny from Molecular Distance Data:
The Issue of Variable Rates

ANTHONY H. BLEDSOE!

Must rates of macromolecular evolution be uniform
for measurements of amino acid or DNA sequence
differences among taxa to be used in phylogenetic
reconstruction? The evidence that rates of DNA evo-
lution vary significantly among lineages of many or-
ganisms (Britten 1986), including birds (Sheldon 1987),
makes this question especially pertinent to avian sys-
tematics. Houde (1987) contended that uniformity of
rate is necessary for the use of distance data in phy-
logenetic reconstruction. However, his statement (p.
25) that “Satisfaction of the relative-rate test [of rate
uniformity] is a prerequisite for the use of DNA data
for phylogenetic reconstructions” reveals a misun-
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derstanding of the nature of distance data and of the
methods used to analyze their phylogenetic impli-
cations. This misunderstanding contributes to Houde’s
mistaken idea that variation in rates alone will intro-
duce ambiguity into the reconstruction of phyloge-
netic branching patterns.

To see that varying rates do not inherently preclude
accurate estimates of phylogeny, imagine a mono-
phyletic set of species whose DNA sequences are
evolving at the same positive rate, except for two
species, which are not sister groups. These have a
slow rate of DNA evolution, and thus show a smaller
distance between one another than either does to any
other species, including their sister groups. It is ob-
vious that the incorrect joining of these two as sister
species will produce discrepancies between the orig-
inal data and any possible set of positive distances
among taxa in the reconstructed (and incorrect) to-
pology. If one would measure the level of discrepancy



Fig. 1. (I) Tree of 9 hypothetical taxa and (II) tree
reconstructed by least-squares analysis of the matrix
of distances among them. For I, the numbers next to
the arrows are relative dates of divergence for the
indicated nodes, and letters correspond to the follow-
ing relative divergence rates for the indicated stems:
a=0984,b=0.728 ¢ =0.343,d = 0.930, e = 0.310,
f=0.128, g= 0.852, h = 0.070, i = 0.805, j= 0.788,
k=0.184,1= 0.506, m = 0.238, n = 0.668, o = 0.621,
p = 0.032. The numbers parallel to the stems of both
trees are branch lengths. II is rooted at i and has a
residual sum of squares = 0.00021.

between the original and reconstructed distances for
a variety of different topologies, including the correct
one, it would become clear that the initial reconstruc-
tion exhibited a level of discrepancy higher than that
of the correct topology.

The problem is to use methods of reconstruction
that can identify and correct such discrepant topol-
ogies. Clustering methods, such as average linkage
procedures, clearly cannot, because they produce a
single tree that constrains branch lengths to reflect
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uniform rates of divergence. Such methods are in-
appropriate when rate differences exist. However, pair-
wise methods (reviewed by Felsenstein 1982), when
combined with heuristic algorithms to check many
different trees, adjust topology and branch lengths to
minimize some measure (e.g. the sum of squares) of
the discrepancy between the original distances and
those calculated from the reconstructed topology. If
distances are additive, independent, and error free,
such methods regularly will reconstruct branching
patterns correctly despite large variations in evolu-
tionary rates.

Figure 1 provides an example of the ability of pair-
wise methods to recover the correct branching pattern
in spite of large differences in evolutionary rates. I
constructed a matrix of distances from a tree of 9
hypothetical taxa whose dates of divergence and pos-
itive rates of evolution were chosen randomly with
a random-number table. The matrix was then ana-
lyzed with a least-squares pair-wise method (Cavalli-
Sforza and Edwards 1967) using the FITCH option of
the computer program PHYLIP (version 2.6, by J. Fel-
senstein). FITCH includes a heuristic algorithm for
assessing many topologies for the lowest least-squares
network. For this hypothetical tree, and for the 5
others that I analyzed, the least-squares analysis re-
covered the correct branching pattern. In 3 instances,
the correct branch lengths were also reconstructed.
Clearly, variation in rates of evolution alone does not
necessarily preclude accurate estimation of phylog-
eny from distance data.

Unfortunately, it is not clear that existing methods
will always recover the pattern of branching accu-
rately, although not because rates are variable. Rather,
in estimating branching pattern from a matrix of dis-
tances, there are two interrelated problems to solve:
(1) to find the minimal topological length given a
specific topology, and (2) to identify the topology that
gives the minimum length (Fitch and Smith 1982).
No efficient method exists to solve these problems
simultaneously; available quantitative procedures
either yield optimal solutions but are inefficient and
are thus limited to very small problems (i.e. few taxa)
or are efficient but give solutions not shown to be
optimal (Day 1983).

These considerations make it clear why “estima-
tion” is the most appropriate term for describing the
results of phylogenetic analysis of distance (or for
that matter character-state) data. Such estimates none-
theless can be quite accurate despite substantial vari-
ation in evolutionary rates, particularly when error-
free and strictly additive distance data (Fig. 1) are
used.

Problems in the estimation of branching patterns
from distance data are thus less a function of variation
in positive evolutionary rates (given that one uses an
appropriate method of estimation) than of the incon-
sistency produced when values fail to meet metric
(Sneath and Sokal 1973) or additive (four-point met-
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ric; Buneman 1971) criteria. For DNA-DNA hybrid-
ization measurements, such faijlures can result from
at least three phenomena. First, experimental error
may introduce homoplasy, as well as negate the as-
sumptions of additivity and independence required
by pair-wise methods (Felsenstein 1984). Second, net
rates of divergence may not be positive (that is, there
may be convergence). Arguments against this possi-
bility rely on the small probability of convergence at
each of many consecutive nucleotide positions, but a
rigorous statistical model has not to my knowledge
been developed. The probability argument does not
apply to apparent convergence as a result of lateral
sequence transfer through introgressive hybridiza-
tion. Cavalli-Sforza and Edwards (1967) noted that
the existence of convergence would also violate the
assumption of independence of distances. Third, ho-
mologies may not exist between taxa, as the result of
sequence deletion or lateral transfer mediated by in-
fectious agents. This would be evident in poor reci-
procity of delta T;,H (Houde 1987), but would not
affect delta T,, (Sheldon 1987) or delta mode (Bledsoe
1984) distances, which do not incorporate a percent-
age hybridization component.

These possible sources of discrepancy point to the
importance of the additivity and independence of
distances emphasized by Felsenstein (1982, 1984). If
distances are additive and independent metrics, then
tree reconstruction becomes an issue of whether dis-
tances should be used at all (see Farris 1981 and Fel-
senstein 1984 for opposing views) and, if they should,
of how well heuristic methods estimate topology. The
latteris an area where additional research is especially
needed. If nonadditivity or nonindependence is
caused by experimental error, then better biochemical
techniques can be applied to reduce the level of error.
That a suitable framework exists for identifying error-
induced nonadditivity and nonindependence is ap-
parent from the statistical tests used by Bledsoe (1984),
Sheldon (1986, 1987), and Houde (1987); such tests
need to be developed more fully, particularly with
respect to additivity. However, if biological circum-
stances of convergence or nonhomology produce dis-
similarity measures that are not metrics, then new
methods of construction and interpretation of topol-
ogies based on molecular comparisons will be re-
quired.
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