X-100, 0.5% deoxycholate, 0.1% SDS, 10% glycer-
ol, 1 mM PMSF, 10 wg/ml of leupeptin, and 10 wg/ml
of aprotinin. The ZPR1 immunoprecipitates were ex-
amined by protein immunoblot analysis with the
monoclonal EGFR antibody 20.3.6 (78).

21. Membranes were prepared from A-431 cells and
from CHO T cells that express the human insulin
receptor. Briefly, the cells were serum-starved for 2
hours and washed with Hepes-buffered saline sup-
plemented with 10 mM EDTA. The cells were lysed
in 20 mM tris (pH 7.4), 2 mM EDTA, 2 mM sodium
pyrophosphate, 25 mM sodium B-glycerophos-
phate, 1 mM sodium orthovanadate, 25 mM NaCl,
1 mM PMSF, 10 pg/ml of leupeptin, and 10 wg/ml
of aprotinin. Nuclei and unbroken cells were re-
moved by centrifugation, and membranes in the
supernatant fraction were recovered by centrifuga-
tion (30 min) at 100,000g. The membranes were
washed with 256 mM Hepes (pH 7.4). Protein kinase
assays were performed with 100 g of membranes
incubated with 5 pM [y-32P]adenosine triphos-
phate (10 w.Ci/nmol), 50 mM Hepes, 12 mM MgCl,,
2.5 mMMnCl,, and 100 uM sodium-orthovanadate
(final volume = 40 pl) at 4°C. The effect of adding 5
wg of GST or GST-ZPR1 was examined. The EGFR
phosphorylation was examined in assays without
and with 100 nM EGF, and the reactions were
terminated after 30 s. The insulin receptor phos-
phorylation was examined in assays without and
with 100 nM insulin, and the reactions were termi-
nated after 2 min. The incorporation of [32P]phos-
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phate into the receptors was determined after im-
munoprecipitation by SDS-PAGE and Phosphor-
Imager analysis.

22. A-431 cells were cultured on glass cover slips (22-
mm squares; Corning). The cells were rinsed briefly
with phosphate-buffered saline (PBS) and fixed at
—20°C with methanol (5 min) and acetone (2 min).
DNA was detected with the monoclonal antibody
1.D12 [B. L. Kotzin et al., J. Immunol. 133, 2554
(1984)], EGFRs were detected with the monoclonal
antibody 528 [T. Kawamoto et al., Proc. Natl. Acad.
Sci. U.S.A. 80, 1337 (1983)] (American Type Cul-
ture Collection), the Golgi region was detected with
a human antibody to a Golgi-associated antigen
[M. J. Fritzler, K. J. Griffith, E. K. L. Chan, Mol. Biol.
Cell 5, 1043 (1994)], and ZPR1 was detected with
a rabbit polyclonal antibody to the peptide NDMK-
TEGYEAGLAPQ (77, 18). The incubation with the
primary antibodies (1 hour) was done at 25°C. The
cover slips were washed three times with PBS and
incubated (1 hour) with species-specific secondary
antibodies coupled to fluorescein or rhodamine
(Caltag Laboratories). The cover slips were washed
three times with PBS and mounted on slides with
Vectashield media (Vector Laboratories). Control
experiments with preimmune immunoglobulin and
competition analysis with antigen demonstrated
the specificity of the ZPR1 immunofluorescence.
Microscopy was done with an MRC-600 confocal
laser scanning microscope with an argon-krypton
mixed gas laser (Bio-Rad) fitted to a Zeiss Axiovert

Punctuated Evolution Caused by Selection of
Rare Beneficial Mutations

Santiago F. Elena,* Vaughn S. Cooper, Richard E. Lenski

For more than two decades there has been intense debate over the hypothesis that most
morphological evolution occurs during relatively brief episodes of rapid change that
punctuate much longer periods of stasis. A clear and unambiguous case of punctuated
evolution is presented for cell size in a population of Escherichia coli evolving for 3000
generations in a constant environment. The punctuation is caused by natural selection
as rare, beneficial mutations sweep successively through the population. This experi-
ment shows that the most elementary processes in population genetics can give rise to

punctuated evolutionary dynamics.

The debate over punctuated equilibria (1)
in evolutionary biology revolves around two
distinct issues. One issue is whether, and
how often, the actual dynamics of evolu-
tionary change are punctuated by alternat-
ing periods of rapid change and relative
stasis. This is an empirical issue, and the
answer may depend on the coarseness of the
time scale over which observations are
made (2). The other issue concerns the
processes responsible for any punctuation
that does occur. It has been argued that
punctuation involves the complex popula-
tion genetic processes that are believed to
play an important role in speciation (3). For
example, punctuation might be precipitated
by population bottlenecks that promote
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random genetic drift and rapid transitions
between alternative adaptive peaks (4).
This view may be supported by an associa-
tion between rates of anagenesis (change
within a lineage) and cladogenesis (branch-
ing of lineages), but the generality and caus-
al mechanism of this association have been
disputed (I, 3, 5).

Our study builds upon earlier work (6, 7)
on evolution in experimental populations
of the bacterium E. coli B. Each population
was founded from a single cell, allowed to
expand to ~5 X 108 cells, and then serially
transferred for 1500 days (10,000 genera-
tions) in glucose-limited minimal medium
(8). At each transfer, the minimum popu-
lation size was ~5 X 10° cells. The strain
used in this experiment lacks any mecha-
nism for genetic exchange; mutations there-
fore provided the sole source of genetic
variation. Some 10¢ mutations occurred ev-
ery day in each population (9). We did not
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epifluorescence microscope with an oil immersion
objective lens (1.4 numerical aperture; 63X). Imag-
es were collected from a single focal plane (approx-
imately 0.4 um) with the use of Kalman averaging of
30 scans (Bio-Rad COMOS program). The rhoda-
mine and fluorescein images were collected simul-
taneously, digitized, and subsequently merged.
Differential interference contrast (DIC) images were
collected after fluorescence imaging. The images
were recorded on Kodak Ektar 25 film.

23. We thank the following for reagents: A. Ross for the
TrkA baculovirus, A. Kazlauskis for pCMV5-PDGF-
RB, R. L. Lewis for pCMV5-INS-R, and pCMV5-
IGF1-R, M. Weber for pPCMV-HA-ERK2, N. Ahn for
pCMV-HA-MKK1, M. Hayman for the monoclonal
antibody to the EGFR 20.3.6, K. M. Pollard for the
fibrillarian antibody 72B9, K. Siddle for the monoclo-
nal antibody to the insulin receptor CT-1, A. Ross for
the rabbit polyclonal antibody to TrkA 203, R. L.
Rubin for monoclonal antibody 1.012, and E. K. L.
Chan for human antibody to a Golgi-associated an-
tigen. We also thank W. Royer for assistance with
computer graphics; T. Gilbert for assistance with
spectroscopic analysis; and M. Roberts for secre-
tarial assistance. Confocal microscopy was support-
ed by the Lucille P. Markey Charitable Trust. R.J.D. is
an Investigator of the Howard Hughes Medical Insti-
tute. Supported by grant RO1-CA58396 from the
National Cancer Institute.
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artificially select cells on the basis of any
phenotypic property. However, any muta-
tion that conferred some competitive ad-
vantage in exploiting the experimental en-
vironment would have been favored by nat-
ural selection. Such an advantage might
involve more rapid uptake of glucose, more
efficient catabolism, or any number of other
physiological changes (10). We monitored
two characters, mean fitness and average
cell size, in the evolving populations. Fit-
ness was measured by allowing derived and
ancestral cells to compete against one an-
other, and it is expressed as the ratio of their
realized growth rates (6).

When the evolving populations were
sampled at a frequency of once every 500
generations, the trajectories for both mean
fitness and average cell size were well fit by a
hyperbolic model (7); that is, the rate of
change for each character decreased over
time from an initially rapid rate, such that
the character appeared to be approaching
some asymptotic value. However, when
mean fitness was measured every 100 gener-
ations over the period of fastest change (the
first 2000 generations), a step-function mod-
el, in which periods of stasis were interrupted
by episodes of rapid change, gave a better fit
to the data than did the hyperbolic model
(7). Evidently, it was necessary to make mea-
surements at sufficiently high frequency to
resolve the punctuated dynamics.

Steplike dynamics are predicted for
mean fitness by a simple model in which
successive beneficial mutations sweep
through an evolving population by natural
selection (5, 6, 11). Consider the initial
appearance of a beneficial mutation (which
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is not subsequently lost by random drift) in
a large population. Many generations are
required for the beneficial allele to reach a
frequency at which it has an appreciable
effect on mean fitness, but then relatively
few generations are required for that allele
to become numerically dominant (12).
There may also be a substantial waiting
period before a beneficial mutation even
occurs, which will further lengthen the in-
tervals of stasis between bouts of rapid
change in mean fitness. Of course, mean
fitness is a measure of performance and
therefore cannot be measured by paleontol-
ogists. However, we also observed steplike
dynamics for a conspicuous morphological
character.

The evolutionary trajectory for average
cell size in one population over the course
of 3000 generations (Fig. 1) was fit by a
step-function model (7) with the Boolean
form

Zo=c+ Yo(ift=T)

i=1

(1)

where 7, is the average cell size at time ¢, ¢,
is the ancestral cell size, ¢; is the change in
cell size during the ith step, T; is the time at
which the ith step occurs, and n is the
number of discrete steps used in a given
model. A model with six discrete steps gave
the best fit to the data (Table 1), on the
basis of the criterion that the addition of
any step had to produce a significant (P <
0.05) reduction in the residual sum of
squares. The six-step model also provides a
significantly better fit than does a continu-
ous hyperbolic model, which requires three
fewer degrees of freedom [F(3,25) = 135.32,
P < 0.0001].

Average cell size and mean fitness dur-
ing the first 2000 generations [the fitness
data are from (7)] were highly correlated
(r = 0.954,n = 21, P < 0.0001) (Fig. 2),
but we do not know whether cell size affects
fitness directly or whether they are corre-
lated with some other characters that are
the actual targets of selection (13). For
example, larger cells might have a direct
selective advantage if they can mobilize
their extra biomass to commence growth
sooner than smaller cells when the popula-
tion is transferred each day into fresh me-
dium (14). Alternatively, faster growing E.
coli cells tend to be larger phenotypically
than slower growing cells (15), and so an
increase in average cell size might simply be
a correlated response to selection for faster
growth (14).

We are also interested in examining the
correspondence between the step models
that were separately fit to the data for mean
fitness [analysis in (7)] and average cell size
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Fig. 1. Change in average cell size (1 fl = 10715 L)
in a population of £. coli during 3000 generations
of experimental evolution. Each point is the mean
of 10 replicate assays (22). Error bars indicate
95% confidence intervals. The solid line shows the
best fit of a step-function model to these data
(Table 1).

(Fig. 1). The former analysis yielded four
significant steps, with the following samples
grouped together: generations O to 200, 300
to 500, 600 to 1200, and 1300 to 2000. The
latter analysis yielded six significant steps,
with samples grouped as follows: genera-
tions 0 to 200, 300 to 500, 600, 700 to
1100, 1200, and 1300 to 3000. Thus, there
are only two discrepancies among the 21
samples for which both cell size and fitness
were measured. In both cases, the cell size
data suggest extra steps that were not sup-
ported by the fitness data. One explanation
to account for these discrepancies is that
there is an actual discordance between the
episodes of rapid change in cell size and
fitness. Hypothetically, a mutation affect-
ing cell size might have drifted to fixation,
for example, between generations 600 and
700. This explanation seems unlikely, given
the large population size and short time
interval involved. The more trivial expla-
nation is that these discrepancies reflect
statistical uncertainties rather than any real
biological discordance. One possibility is
that a difference resulting from sampling
error was erroneously accepted as real. Both
of the steps in question were supported only
rather marginally by the cell size data (Ta-
ble 1, P values of 0.023 and 0.021). Anoth-
er possibility is that the fitness data lacked
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Fig. 2. Correlation between average cell size and
mean fitness, each measured at 100-generation
intervals for 2000 generations. Fitness is ex-
pressed relative to the ancestral genotype and
was obtained from competition experiments be-
tween derived and ancestral cells (6, 7). The open
symbols indicate the only two samples assigned
to different steps by the cell size and fitness data.

sufficient power to resolve certain real dif-
ferences. Consistent with this scenario, the
generation-600 sample gave the lowest es-
timate of mean fitness of the seven samples
assigned to the corresponding step, whereas
the generation-1200 sample gave the high-
est estimate (7).

In short, the correspondence between
the dynamics for cell size and fitness is quite
strong. The only two discrepancies in the
step models appear to be minor and are
probably the result of statistical ambiguities.
Therefore, the evidence taken as a whole
supports the inference that the observed
changes in average cell size are temporally
associated with the successive sweeps of
beneficial mutations. This temporal associ-
ation may arise by either of two population
genetic mechanisms. The first hypothesis is
that changes in cell size are either directly
selected or are pleiotropic side effects of the
mutations that confer the selective advan-
tage. The second hypothesis is that muta-
tions affecting cell size have hitchhiked to
high frequency along with the mutations at
other loci that actually confer the selective
advantage. We favor the former hypothesis
because all 12 replicate populations steadily
increased in cell size (7). Such an outcome
is very unlikely under the hitchhiking hy-
pothesis, unless there are many more muta-

Table 1. Analysis of variance comparing the fit of models with different numbers of steps to the
trajectory for average cell size shown in Fig. 1. A partial-F test (23) was used to assess the significance
of adding an additional step to the model. Each step uses one degree of freedom. Groupings indicate
the assignment of the samples taken at 100-generation intervals to successive steps in the model (24).
SSR, residual sum of squares; d.f., residual degrees of freedom; and P, significance level.

Model Groupings (100 generations) SSR d.f. Partial F P

1 step 0-30 0.1420 30 — —

2 steps 0-11, 12-30 0.0413 29 70.83 <0.0001

3 steps 0-2, 3-11,12-30 0.0054 28 186.32 <0.0001

4 steps 0-2, 3-5, 6-11, 12-30 0.0035 27 14.61 0.0007

S5steps . 0-2,3-5,6, 7-11, 12-30 0.0029 26 5.83 0.023

6 steps 0-2,3-5, 6, 7-11,12,13-30 0.0023 25 6.07 0.021

7 steps 0-2,3-5, 6, 7-11,12, 13-17, 18-30 0.0022 24 1.30 0.266
SCIENCE e VOL. 272 ¢ 21 JUNE 1996 1803
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tions that cause cell size to increase than
those that cause it to decrease.

These questions notwithstanding, our
data clearly demonstrate a pattern of punc-
tuated evolution for a quantitative morpho-
logical character. Moreover, this pattern
arose in a simple experimental system with-
out any population subdivision (which pro-
motes cladogenesis), and the punctuated
changes were largely (if not entirely) caused
by the successive fixation of several benefi-
cial mutations. Millions of mutations oc-
curred during these thousands of genera-
tions (9), but evidently beneficial muta-
tions of large effect were quite rare (16).
The experimental population was strictly
asexual, which may have increased our abil-
ity to resolve punctuated changes. Howev-
er, any difference between sexual and asex-
ual populations with respect to the dynam-
ics of adaptive evolution (17) breaks down
when two conditions are met: (i) standing
genetic variation for fitness is exhausted, as
will eventually happen in any constant en-
vironment (18), and (ii) beneficial muta-
tions are so rare that they occur as isolated
events (11, 17). To the extent that these
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
any case, our experiment shows that punc-
tuated evolution can occur in bacterial pop-
ulations as a consequence of the two most
elementary population genetic processes:
mutation and natural selection.
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Aberrant B Cell Development and Immune Response
in Mice with a Compromised BCR Complex

Raul M. Torres,*t Heinrich Flaswinkel, Michael Reth,
Klaus Rajewsky

The immunoglobulin a (Ig-a)-lg-B heterodimer is the signaling component of the antigen
receptor complex on B cells (BCR) and B cell progenitors (pre-BCR). A mouse mutant
that lacks most of the Ig-a cytoplasmic tail exhibits only a small impairment in early B
cell development but a severe block in the generation of the peripheral B cell pool,
revealing a checkpoint in B cell maturation that ensures the expression of a functional
BCR on mature B cells. B cells that do develop demonstrate a differential dependence
on Ig-a signaling in antibody responses such that a signaling-competent Ig-a appears
to be critical for the response to T-independent, but not T-dependent, antigens.

Surface expression of, and signaling by, Ig
on B lymphocytes is dependent on both
[g-a and Ig-B (1-5). The signaling capacity
of these two molecules, which are expressed
as heterodimers in the pre-BCR and BCR
(2-5), has been attributed to the presence
of an immunoreceptor tyrosine-based acti-
vation motif (ITAM) within both intracel-
lular domains (6). Indeed, BCR signaling is
severely compromised when the Ig-o ITAM
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is mutated or deleted in a myeloma cell line
(3). In the presence of wild-type Ig-B, the
extracellular and transmembrane domains
of Ig-a are sufficient for surface Ig expres-
sion (3). Thus, by truncation of the Ig-a
cytoplasmic tail, a mouse mutant can be
generated that retains B cell surface Ig ex-
pression (Fig. 1) but is compromised in Ig-a
signaling (3, 7), allowing the identification
of a point or points at which a pre-BCR or
BCR signal is critical for B cell develop-
ment or function (or both).

Homologous recombination in embryon-
ic stem (ES) cells (8) resulted in an ES cell
line (EA6) in which a stop codon was intro-
duced in exon four of mb-1 (Fig. 1A). The
mutated locus (mb-12<2¢) encodes a truncat-
ed Ig-a molecule whose cytoplasmic tail
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