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changed every 12 hours. 3-Gal was detected with
X-Gal staining [J. R. Sanes, J. L. R. Rubenstein, J.-F.
Nicolas, EMBOJ. 5,3133(1986)]. In 50-p.m sections
of infected slices, we counted the number of neurons
containing 1-Gal, and estimated that 68 to 95% of
neurons in the injected region were infected, de-

pending on whether central or peripheral regions of
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press.
22. We combined the simultaneous SR-SO experiments shown in Fig. 3 with an earlier blind study
examining LTP in Ad-lacZ- versus TeNOS-infected
slices at SR synapses only, because the two sets of
SR data were statistically indistinguishable from
one another.
23. R. A. J. Mclihinney and K. MGlone, J. Neurochem.
54,110(1990).
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R. L. Geahlen, ibid. 29,10566(1990).
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(1994).

27. Slices were treated with 100puM HMA dissolved in
ethyl alcohol (EtOH) and bovine serum albumin
(BSA) (final EtOH concentration, 0.25%; final BSA
concentration, 0.25 mg/ml) or with vehicle alone
and were maintained in the same MEM described
above for 20 to 26 hours before electrophysiological recording. Adjacent slices from one hippocampus were exposed to either experimental or control
conditions, and only data from pairs in which the
control slice expressed LTP were considered. For
experiments in which HMA was applied acutely, a
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two-pathway design

was

implemented. HMA dis-

solved in EtOH plus BSA was added directly to the
superfusate at the indicated times, and during the
control recording period, slices were perfused with
Ringer's containing EtOH plus BSA. In experiments
using a NOS inhibitor, L-N-monomethyl-arginine
(100 ,uM; Sigma) was applied to slices for at least 3
hours before recording.
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that measures the transfer of [3H]myristic acid to a
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was generated enzymatically [D. Towler and L. Gla-
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Mechanisms of Punctuated Evolution
In their report, "Punctuated evolution
caused by selection of rare beneficial mutations," Santiago F. Elena et al. describe (1)
punctuated changes in a morphological
character (cell size) in a population of Escherichia coli kept in batch culture with daily
transfer for 3000 generations. They state
that their observations might explain some
aspects of punctuated evolutionary change,
a phenomenon often said to be inconsistent with classical neo-Darwinism (2).
The controversy about punctuated equilibrium involves two questions:(i) How
ubiquitous is the pattern of "jerky" evolution in nature? and(ii) Do novel evolutionary processes cause this pattern? Elena
et al. answer the second question by proposing that stasis in the fossil record arises
(as it does in their bacteria) from an absence of genetic variation, while rapid
changes in the record reflect the spread of
new beneficial mutations.
Although the report (1) by Elena et al.
provides useful evidence of the power of
selection to produce rapid evolutionary
change, there are substantial problems in
relating the results to the fossil record. First,
their experiment was designed so that punctuated change was the only conceivable
outcome. Second, the phenomenon of
punctuation in such laboratory populations
is not novel, but has been described many
times in the literature. Third, it is unwarranted to extrapolate evolution in a clonal
population of E. coli to punctuated evolution in sexual eukaryotes.
By beginning their experiment with a
genetically uniform clonal population,
Elena et al. virtually guaranteed a punctuated outcome. Because there was no initial
genetic variation, all evolutionary change
~~~~~~~SCIENCE * VOL. 274 * 6 DECEMBER 1996

was constrained to occur by the successive
fixation of newly arising mutations (3).
Many related experiments in flies and mice
have shown that, in small or highly inbred
populations, the response to artificial selection stops when genetic variation is exhausted, but can undergo sudden jumps on
the appearance of new mutations of large
effect (4). Indeed, periodic selection in bacteria, a phenomenon described by Atwood
and his colleagues (5), is simply the sporadic occurrence of mutations with a large
effect on fitness.
The relevance of observations on clonal
or inbred populations to the fossil record is
highly questionable; patterns of punctuated
evolution in nature can be explained without appealing to the episodic fixation of
new mutations. Most fossils come from sexually reproducing populations that are large
enough to leave an adequate record (6). In
such populations, rapid (on a geological
scale) evolution in response to environmental changes can be caused by selection
acting on genetically variable traits (7).
There are many well-documented examples
of rapid, episodic change in contemporary
natural populations (8), and artificial selection in large laboratory populations has produced rates of change of orders of magnitude faster than those seen in the fossil
record (9). Once the environment has
stopped changing drastically, stabilizing selection will act to preserve the optimum
phenotype, and morphological change will
slow down or cease, producing the appearance of stasis. Given the unpredictable nature of environmental change, it is thus not
unexpected that evolution often goes in fits
and starts, a fact that has long been recognized (6, 10).
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virus injection were scrutinized. Stained slices were
photographed (Zeiss Axiophot, x2.5 and x10 objectives) and imported into Adobe Photoshop 3.0 for
graphic presentation.
19. Hippocampal slices (500 pLm) were prepared from
young adult male Sprague-Dawley rats. Slices were
submerged in a stream of artificial cerebral spinal
NaCI, 2.5 mM
1.3 mM
fluid (ACSF) (119 mM
1.0 Na2HPO4,26.2 mM
MgSO4 2.5mM CaCI2, mM
NaH3C0, and 11.0 mM glucose), maintained at
and gassed with 95%
25°C,
to
222C
002.
fEPSPs measured independently in SR or SO at a
depth of 100 to 150 pm below the slice surface were
evoked by two different stimulating electrodes activating the Schaffer collateral-commissural afferents
(once every 15 s); the initial (1- to 2-is) slope was
measured. LTP was induced by four trains of highfrequency stimulation (100 Hz for 1 s) separated by
30-s intervals. To quantify I/O relations, the slopes of
the regression lines for each experiment were compared. All electrophysiology experiments, with the
exception of those noted in (22), were conducted
with the experimenter being unaware of the experimental condition of the slice. The percents of baseline measurements indicated in the text were taken
60 after tetanus. Ensemble average plots
50 to min
represent group means of each EPSP slope, for all
experiments, aligned with respect to the time of LTP
induction. To assess statistical significance, paired
t
tests were performed. P values
or independent
greater than 0.05 are designated as NS.
20. C. M. Lee, L. J. Robinson, T. Michel, J. Biol. Chem.
270, 27403 (1995). We examined whether the expression of TeNOS inhibits NOS catalytic activity by
monitoring the Ca2 '-dependent conversion of
[14C]arginine to [14C]citrulline in hippocampal homogenates made from infected CAl regions of hippocampal slices [D. S. Bredt and S. H. Snyder, Proc.
Natl. Acad.Sci. U.S.A. 86, 9030 (1989)]. (The NOS
activity of Ad-CD8-eNOS was assessed in CHO
cells with the same method.) We+ found that AdTeNOS inhibited NOS activity by 14.4 3.2% when
compared with Ad-lacZ-infected slices (n = 6 experiments, 3 slices per experiment, for both Ad-lacZ and
Ad-TeNOS). This modest but significant inhibition
may reflect the relatively small contribution of eNOS
to the total NOS activity detected in the hippocampus (7) and may account for the observed block of
LTP in SR by TeNOS, although alternative mechanisms may also contribute.
21. J. E. Haley and D. V. Madison, Learn. Mem., in
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The mechanism suggested by Elena et al.
for punctuated evolution is one that was
explicitly rejected by the originators of that
theory, Gould and Eldredge (11)
Punctuated equilibrium is a theory that attributes this pattern of spurt and stasis neither
1. to imperfections of the fossil record in a truly
gradualistic world, nor 2. to such theories of
occasional anagenetic rapidity as Simpson's important hypothesis of quantum evolution, but
to speciation as a process of branching, characteristically occurring at geologically instantaneous rates-with trends then explained not as
anagenetic accumulation, but as differential
success by species sorting.
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Response: We are in complete agreement
with what seems to be the main point made
by Coyne and Charlesworth. In particular,
the form of punctuated evolutionary dynamics that we reported evidently arose by
the simplest and most orthodox mechanism
in population genetics, namely natural selection for rare beneficial mutations (1). As
such, our findings cannot be taken as support for any other theory of punctuated
evolution that depends on more complexand more controversial-evolutionary processes, such as population bottlenecks or
species selection. In fact, demonstrating the
simplicity of the population genetic mechanisms that could give rise to seemingly
complex punctuated dynamics in evolving
populations of bacteria was the central
point of our report.
We strongly disagree, however, with
many specific points raised by Coyne and
Charlesworth. First, as we emphasized in
our report, some 106 new mutations occurred every day in the experimental population (1). This can hardly be characterized as an absence of genetic variation; instead, stasis resulted from the rarity of mutations having large beneficial effects. Had
there been many beneficial mutations, each
with a small effect, then we would not have
detected such conspicuous punctuated dynamics. We did not, as experimenters, exert
any direct control over the distribution of
mutational effects.
Second, we did not state that the mechanism we put forward to explain the phenomenon of punctuated evolution was novel in any way; in fact, we emphasized its
orthodoxy. But we do not know of any
other study that provides such clear and
unambiguous support for the role of this
mechanism in producing punctuated dynamics for a conspicuous morphological
trait. We agree that the phenomenon we
showed is theoretically equivalent to socalled "periodic selection" that was first
described by Atwood et al. (2), who studied
bacteria. We emphasized that we had previously reported similar dynamics for fitness
in our experimental populations (3). However, we pointed out that these earlier studies, including our own, had not dealt with
SCIENCE * VOL. 274
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quantitative morphological characters of
the sort that are preserved in the fossil
record. Thus, we sought in our report (1) to
extend these studies to show that this simple mechanism could indeed give rise to
punctuated dynamics in a conspicuous morphological trait. Some other studies (including the ones cited by Coyne and Charlesworth) are consistent with the hypothesis
that sudden jumps in traits depend on the
appearance of new mutations of large effect,
but these studies with flies and mice are
much less definitive in several important
respects. In particular, statistical tests for
punctuated change are generally lacking,
and a series of unambiguous steps is not
apparent. (One must "squint hard" to see
any sign of punctuated dynamics in some of
these other studies.) Moreover, except for
studies begun with completely homozygous
populations, an alternative explanation for
any jumps that do occur is that rare alleles
were present in the base population, but
their effects were only seen after most of the
initial variation was exhausted. This is an
important point, because macroevolutionists
have implicitly criticized traditional population genetic studies as being concerned only
with the fate, and not the origin, of genetic
and phenotypic novelty (4). Unlike typical
studies with flies and mice, experiments
with bacteria can rigorously discern the consequences of the origin of novelty for evolutionary dynamics. Our study also differs
from the reliance of these earlier studies on
artificial selection (whereby the investigator
decides which traits will determine an individual organism's reproductive success) in
that we allowed natural selection to proceed
in the laboratory so that any genotype that
gained a reproductive advantage could proliferate (irrespective of the specific identity
or number of traits that might be involved in
giving an advantage).
Third, in our report, we pointed out that
clonal reproduction in our experimental
system "may have increased our ability to
resolve punctuated changes" (1). But we
also pointed out that both sexual and asexual populations may show similar dynamics
when adaptive evolution depends on rare
beneficial mutations of large effect. We did
not intend to suggest that the selection of
rare beneficial mutations was the sole explanation for punctuated dynamics; we cautiously concluded (1) that "to the extent
that [certain] conditions are fulfilled in nature, then the selective sweep of beneficial
alleles through a population might explain
some cases of punctuated evolution in the
fossil record." In our study (1), environmental inputs were held constant, so that environmental change was not responsible for
the punctuated dynamics we reported. We
have no strongly held opinion on whether
1 749
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Gould and Eldredge (2) have repeatedly
emphasized that morphological stasis is
caused by developmental constraints that
can be broken only by a restructuring of the
genome through genetic drift in small, sexually reproducing populations. Such nonadaptive genetic changes were said to accompany the appearance of reproductive
isolation, producing a pattern of morphological change accompanied by speciation.
Finally, the punctuated changes in the fossil
record are said to occur via "species selection," in which descendant species rapidly
supplant their ancestors (1). These conditions do not exist in the study of Elena et al.:
Their population is large and asexual; the
stasis cannot be a result of developmental
constraints (it is overcome by selection);
and there is neither speciation nor species
selection.
Much of the attention given to punctuated equilibrium was based on its supposed
mechanism, which was novel and non-Darwinian. Shorn of this mechanism, the theory reduces to the noncontroversial statement that morphological evolution sometimes occurs episodically.
Jerry A. Coyne
Brian Charlesworth
Department of Ecology and Evolution,
University of Chicago,
Chicago, IL 60637, USA
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