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Our paper on an experimental approach
to phylogenetics (Hillis et al., 1992) had
two general goals: (1) to establish the fea-
sibility of generating phylogenies of or-
ganisms that exhibit considerable molec-
ular variation and (2) to use these
organismal phylogenies to test methods of
phylogenetic estimation. We argued that
the performance of a reconstruction meth-
od on the experimental phylogeny gives a
measure of its likely performance on other
(natural) phylogenies. The advantage of the
experimental approach is that because we
know a priori the relevant details of the
evolutionary history in the lab, we can de-
termine with precision whether and when
a reconstruction is accurate. Natural phy-
logenies are not known a priori, so one
never knows with certainty whether their
reconstruction is correct.

Methods of phylogenetic analysis should
be general for biological phylogenies, and
simulations have shown that the methods
are effective over a wide range of model
conditions. However, it is not known if the
necessary simplifications of numerical
models reduce the relevance of simula-
tions. Worse, simulations may make ex-
plicit assumptions that exactly match the
assumptions of a method of analysis pre-
ferred by the investigator. For example, Jin
arid Nei (1990) found that the neighbor-
joining algorithm using Kimura’s (1980)
two-parameter estimate of distance out-
performed _competing algorithms when
applied to simulations of sequence evolu-
tion that were also based on Kimura's two-
parameter model. The point of the
experimental approach is to avoid approx-
imating biological evolution by examining
actual cases of biological evolution. Sober
(1993) has challenged our illustration of
experimental phylogenetics on the grounds

that the bacteriophage system we used may
not represent “nature,” and thus a meth-
od’s ability to reconstruct the phage phy-
logeny could be irrelevant to its ability to
reconstruct other phylogenies. Here we at-
tempt to clarify the foundations of his ar-
gument and suggest that, despite his ob-
jections, there is ample reason to pursue
the approach we developed.

A general model of molecular evolution
within populations entails two compo-
nents: the origin of mutations and their
subsequent fate (whether they persist or
are lost). Evolution of multiple lineages is
in turn connected through phylogenies.
Sober argues that we must demonstrate an
adequate parallel between these processes
in our phage system and in nature. How
then does our system fare?

Consider first the particulars of the phy-
logenetic tree. Our system allows the to-
pology to be determined by the investi-
gator, and this flexibility is one of the
system’s main advantages. No single to-
pology can be regarded as representative
of nature. Rather, exploration of a range of
topologies is required, and our study il-
lustrated the feasibility of this goal by pro-
viding a first example. Our conclusion that
the results supported the legitimacy of
phylogenetic estimation is derived from
that fact that for the first time, given a phy-
logeny completely known in advance, the

‘methods correctly reconstructed the known

history. This does not mean that the meth-
ods will always work; we explicitly chose
a “best case” tree, because if the methods
failed for this tree then there would be
little point in attempting to reconstruct
more difficult topologies. We did not con-
sider, as suggested by Sober, that the meth-
ods would “retrieve true phylogenies in
nature when the methods all agree.” In
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fact, there are topologies suggested by sim-
ulations (e.g., those with alternating long
and short terminal branches for four taxa
separated by a short internal branch; Fel-
senstein, 1978) that are predicted to result
in congruent, but wrong, results from all
of the methods we tested (and we are in
the process of testing actual trees of this
type).

A second concern is whether our phage
cultures undergo molecular evolution in a
manner adequately similar to that of nat-
ural systems. Of course, there is no single
model of molecular evolution that repre-
sents nature: selective constraints vary with
nucleotide site, gene, and species, and the
spectrum of mutations that arise also varies
from taxon to taxon. Our system elevated
the mutation rate by using a chemical mu-
tagen, but this mutagen’s spectrum of base-
pair changes is within the bounds ob-
served in natural systems (Gojobori et al.,
1982; Li et al., 1984; Moriyama et al., 1991).
Although our system cannot be imagined
to represent all of nature, it clearly falls
within the realm of known natural pro-
cesses, and it does not appear to be less
representative than would any other sin-
gle taxon chosen for study. Reconstruction
methods purport to be robust to variations
in mutation and tree topology. Our exper-
imental system provides an absolute test
of their fallibility.

Sober incorrectly claims that we de-~

signed and tested a constant-rate model of
evolution (a model that has been simulated
in detail). However, we did not build a
phylogeny with equal rates of change; the
phage cultures were not forced to evolve
at equal rates, as could have been the case
in a simulation. As noted by Sober, system-
atists have been reticent to regard uniform
rates as a model with any validity; in the
experimental system, the rates of evolution
are actual rates, controlled only by the con-
straints of real biological organisms. What
we controlled were the times between
branch points, so that the time from the
roots to the tips (as measured in number
of lytic cycles) was held constant in each
of the lineages. The numbers of changes
among the branches did vary substantially

(greater than a three-fold range), even
though the heterogeneity is not signifi-
cantly greater than that expected for a Pois-
son distribution. Thus, the experiment dif-
fers from a simulation under the equal rates
model in that the rates were determined
by the constraints of biological organisms,
rather than by constraints imposed a priori
by a simulator. As we noted in the intro-
duction to our paper (Hillis et al., 1992),
the primary reason to produce experimen-
tal phylogenies is to avoid (as much as pos-
sible) making untested assumptions about
evolutionary processes (many of these as-
sumptions are necessary in numerical sim-
ulations).

We evaluated three areas of performance
for common phylogenetic methods: ability
to reconstruct branching order, branch
lengths, and ancestral genotypes (the last
applicable only to parsimony). Sober con-
centrated on the first of these performance
criteria and found it unusual that all the
methods found the same (correct) topolo-
gy. However, as we originally stated, we
intentionally chose an initial topology that
simulations had suggested would be ame-
nable to accurate reconstruction so that we
could evaluate the feasibility and useful-
ness of the approach. Now that the feasi-
bility has been demonstrated, we are ex-
amining other topologies that will be more
difficult for some methods to reconstruct.
The relevant differences among these ex-
periments are in tree topology, which can
be controlled by the investigator. We
maintain that the other relevant parame-
ters fall within the range seen in nature
(or can also be studied in a controlled fash-
ion, e.g., population size). For instance, our
study demonstrated that the ancestral ge-
notypes reconstructed by the parsimony
method matched the genotypes of the ac-
tual ancestors with >98% accuracy. Al-
though the accuracy of such reconstruc-
tions undoubtedly varies with the level of
homoplasy (convergence and reversal), the
amount of homoplasy in our study (con-
sistency index of 0.75) was almost exactly
the mean level of homoplasy in existing
empirical studies involving nine taxa (San-
derson and Donoghue, 1989).
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Saying that the processes of molecular
evolution are constrained by the biology
of the organisms rather than by the inves-
tigator is not the same as saying that the
experiments are being interpreted atheo-
retically, as suggested by Sober. Rather, the
difference between experimental and sim-
ulated phylogenies is like the difference
between experimental and simulated
bombs: the explosion of an experimental
bomb does not indicate what will happen
every time a bomb explodes, but it does
provide information on one actual explo-
sion. Simulations, on the other hand, pro-
vide exhaustive information on an ideal-
ized set of conditions that never actually
exist in nature. Combining simulations
with experiments is likely to result in the
refinement of both, and the theory of phy-
logenetic estimation can thereby advance.
Definitive tests of any theory rely on ex-
perimentation, whether this means build-
ing real bombs or building real phyloge-
nies. This endeavor is especially important
in phylogenetics because we know so little
about the relevant processes of molecular
evolution.

We see no reason to deemphasize any of
the claims or implications of our paper.
Phylogenetic systematics is largely a field
of reconstruction methods and unknow-
able (but nonetheless estimable) phylog-
enies. The system we offered is a first step
in providing an experimental, empirical
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foundation for this discipline in which
methods of reconstruction can be tested
unambiguously. Our study does not indi-
cate what should happen with real organ-
isms, but rather what did happen with real
organisms.
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Shaffer et al. (1991; hereafter referred to
as SCK) took pesitions on several theoret-
ical and methodological issues of interest
to historical biologists-and in so doing pro-

vided the primary focus for the following
discussion. We consider their use of the
generally acknowledged controversial
subjects of taxonomic congruence, char-





