
changed every 12 hours p-Gal was detected with 
X-Gal staning [J. R. Sanes, J. L. R. Rubenste~n. J.-F 
Nicoas, EMBO J. 5.31 33 (1986)l. In 50-km sectons 
of lnfected sl~ces, we counted the number of neurons 
contanng p-Gal, and estimated that 68 to 95% of 
neurons n the injected reglon were Infected, de- 
pending on whether central or per~pheral regons of 
vrus njecton were scrutnzed. Sta~ned slces were 
photographed (Zeiss Axlophot, x2.5 and x10 ob- 
jectlves) and mported Into Adobe Photoshop 3.0 for 
graphic presentation. 

19 Hippocampa sl~ces (500 +m) were prepared from 
young adult male Sprague-Dawey rats. Sllces were 
submerged in a stream of artifica cerebral spinal 
flud (ACSF) (119 mM NaCl. 2 5 mM KCI. 1.3 mM 
MgSO,. 2.5 mM CaCI,. 1 .O mM Na2HP04. 26.2 mM 
NaH3C0. and 11 0 mM glucose). ma~nta~ned at 
22°C to 25°C. and gassed w~th 95% 02i5% CO,. 
fEPSPs measured Independently In SR or SO at a 
depth of 100 to 150 Fm below the sllce surface were 
evoked by two different stimulating electrodes actl- 
vatng the Schaffer collateralcomm~ssural afferents 
(once every 15 s): the initial (1 - to 2-ms) slope was 
measured. LTP was Induced by four trans of hgh- 
frequency st~mulation (1 00 Hz for 1 s) separated by 
30-s ntewas. To quant~fy I/O reattons. the slopes of 
the regression Ines for each experment were com- 
pared. All electrophys~ology experlments, w~th the 
exceptton of those noted in (22). were conducted 
w~th the experlmenter beng unaware of the exper- 
mental cond~t~on of the sllce. The percents of base- 
line measurements ndlcated in the text were taken 
50 to 60 m n  after tetanus. Ensemble average plots 
represent group means of each EPSP slope, for all 
experments. aligned w~th respect to the tme of LTP 
nduct~on To assess stat~st~cal signif~cance, palred 
or ~ndependent t tests were performed. P values 
greater than 0.05 are designated as NS. 
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compared with Ad-acZ-~nfected slces (n = 6 exper- 
ments, 3 slices per experiment, for both Ad-acZ and 
Ad-TeNOS). Th~s modest but s~gn~fcant ~ n h b ~ t ~ o n  
may reflect the relat~vely small contr~but~on of eNOS 
to the total NOS activity detected ~n the hppocam- 
pus (7) and may account for the observed block of 
LTP in SR by TeNOS, although alternat~ve mecha- 
nsms may also contribute 

21. J. E. Haley and D. V. Mad~son, Learn Mem.  n 
press. 

22 We comb~ned the s~multaneous SR-SO experl- 
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(BSA) (f~nal EtOH concentraton. 0.25%: f n a  BSA 
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above for 20 to 26 hours before electrophys~olog~- 
cal recordng. Adjacent slces from one hppocam- 
pus were exposed to e~ther expermental or control 
condt~ons. and only data from pars In wh~ch the 
control slce expressed LTP were cons~dered For 
experlments In whch HMA was appl~ed acutely, a 

two-pathway design was ~mpemented HMA ds -  
solved in EtOH plus BSA was added directly to the 
superiusate at the ndlcated times. and durng the 
control record~ng period, sllces were periused with 
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Michel. J Biol. Chem. 270, 995 (1995): D. J. Stuehr 
and 0. W. Gr~ff~th, Adv Enzymol. Relat. Areas Moi  
Biol. 65, 287 (1992)l. 
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WTECHNICAE, COMMENTS 

Mechanisms of Punctuated Evolution 

I n  thelr report, "Punctuated evolution 
caused by selection of rare beneficial tnuta- 
tions," Santiago F. Elena et al. descrlbe ( 1 )  
punctuated changes in a tnorpholog~cal 
character (cell size) in a population of Esch- 
erichia coli kept In batch culture with daily 
transfer for 3000 generations. They state 
that their observations might explain sotne 
aspects of punctuated evolutionary change, 
a phenomenon often said to be inconsis- 
tent with classical neo-Darwinistn ( 2 ) .  
The  contro\'ersy about punctuated equl- 
librium involves two questions: ( i )  How 
ubiquitous is the pattern of "jerky" evolu- 
tion in nature? and (ii) Do novel evolu- 
tlonary processes cause this pattern? Elena 
et  al. answer the second question by pro- 
posing that stasis in the fossil record arises 
(as it does in their bacteria) frotn an ab- 
sence 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 evolut~onary 
change, there are substantial probletns in 
relating the results to the fossil record. First, 
their experiment was designed so that punc- 
tuated change was the only conceivable 
outcome. Second, the phenotnenon of 
punctuatlon in such laboratory populations 
is not novel, but has been described many 
times in the literature. Third, it is unwar- 
ranted to extrapolate evolution In a clonal 
population of E .  coli to punctuated evolu- 
tion in sexual eukaryotes. 

By beginning their experiment wlth a 
genetically uniform clonal population, 
Elena et al. virtually guaranteed a punctu- 
ated outcome. Because there was no lnltlal 
genetic variation, all evolutionary change 

was constrained to occur by the successive 
fixation of newly arising mutations (3). 
Many related experiments in flles and mlce 
have shown that, in small or highly inbred 
populations, the response to artificial selec- 
tion stops when genetic variation is ex- 
hausted, but can undergo sudden lumps on  
the appearance of new mutations of large 
effect (4). Indeed, perlodic selection in bac- 
teria, a phenomenon described by Atwood 
and his colleagues (5) ,  is simply the sporad- 
ic 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 with- 
out appealing to the episodic fixation of 
new mutations. Most fossils come frotn sex- 
 ally reproducing populations that are large 
enough to leave an adequate record (6). In 
such populations, rapid (on a geological 
scale) evolution in response to environ- 
mental 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 selec- 
tion in large laboratory populations has pro- 
d ~ ~ c e d  rates of change of orders of magni- 
tude faster than those seen In the fossil 
record (9). Once the environment has 
stopped changlng drastically, stabili-' ~ l n g  se- 
lection w ~ l l  act to preserve the optimum 
phenotype, and morphological change will 
slow down or cease, producing the appear- 
ance of stasis. Glven the unpredictable na- 
ture of environmental change, it is thus not 
unexpected that evolution often goes in fits 
and starts, a fact that has long been recog- 
nized (6 ,  10). 
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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 (1 1 )  

Punctuated e q u i l ~ b r ~ u r n  1s a theory that  at- 
trlhutes this pattern o f  spurt and stasis neither 
1. t o  imperfections o f  the fossil record in a truly 
gradualistic world, no r  2 .  t o  such theories o f  
occasional anagenetic rapidity as Simpson's im- 
por tant  hypothesis o f  quantum evolut ion, bu t  
t o  speciation as a process o f  branching, charac- 
teristically occurring at geologically instanta- 
neous rates-with trends then  explained n o t  as 
anagenetic accumulation, bu t  as dif ferential 
success by species sortlng. 

Gould and Eldredge (2 )  have repeatedly 
etnphasized that morphological stasis is 
caused by developtnental constraints that 
can be broken only by a restructuring of the 
genotne through genetic drift in small, sex- 
ually reproducing populations. Such non- 
adaptive genetic changes were said to ac- 
company the appearance of reproductive 
isolation, producing a pattern of morpho- 
logical change accompanied by speciation. 
Finally, the punctuated changes in the fossil 
record are said to occur via "species selec- 
tion," in which descendant species rapidly 
supplant their ancestors (1 ). These condi- 
tions 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 1s neither speciation nor species 
selection. 

Much of the attention given to punctu- 
ated equilibrium was based on its supposed 
mechanism, which was novel and non-Dar- 
winian. Shorn of this tnechanism, the the- 
ory reduces to the noncontroversial state- 
ment that morphological evolution some- 
times occurs episodically. 

Jerry A. Coyne 
Brian Charlesworth 

Department of Ecology and Ee'olution, 
Unieersity of Chicago, 

Chicago, IL 60637, U S A  
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Response: We are In cotnplete agreement 
with what seetns to be the maln polnt made 
by Coyne and Charlesworth. In particular, 
the fortn of punctuated evolutionary dy- 
natnics that we reported evidently arose by 
the simplest and most orthodox tnechanism 
in population genetics, namely natural se- 
lection for rare beneficial mutations (1 ). As 
such, our findings cannot be taken as sup- 
port for any other theory of punctuated 
evolut~on that depends on tnore cotnplex- 
and more controversial-evolutionarv nro- , L 

cesses, such as population bottlenecks or 
snecies selection. In fact, demonstrating the 
simplicity of the population genetlc mech- 
anistns that could glve rlse to seemlnglv 

u u ,  

cotnplex punctuated dynatnics 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 renort, sotne 1 0 h e w  mutations oc- . , 

curred every day in the experitnental pop- 
ulation (1) .  This can hardlv be character- , , 

iied as an absence of genetic variation; in- 
stead, stasis resulted frotn the rarity of mu- 
tations having large beneficial effects. Had 
there been many beneficial mutations, each 
with a small effect, then we would not have 
detected such conspicuous punctuated dy- 
namics. We did not, as experimenters, exert 
any direct control over the distribution of 
mutational effects. 

Second, we did not state that the tnech- 
anism we put forward to explain the phe- 
nomenon of punctuated evolution was nov- 
el In any way; In fact, we etnphaslied ~ t s  
orthodoxy. But we do not know of an) 
other stud) that prov~des such clear and 
~ ~ n a m b ~ g u o u s  support for the role of thls 
mechanism in producing punctuated dy- 
namics for a conspicuous morphological 
trait. We agree that the phenomenon we 
showed IS theoret~cally equivalent to so- 
called "periodic selection" that was first 
described bv Atwood et al. (21, who studied 
bacteria. w e  etnphasiied that we had pre- 
viously reported sitnilar dynamics for fitness 
in our experitnental populations (3). How- 
ever, we pointed out that these earlier stud- 
ies, including our own, had not dealt with 

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 sim- 
ple mechanism could indeed give rise to 
punctuated dynam~cs in a conspicuous mor- 
phological trait. Sotne other studies (includ- 
ing the ones cited by Coyne and Charles- 
worth) are consistent ~71th the hypothes~s 
that sudden jumps in traits depend on the 
appearance of new mutations of large effect, 
but these studies with flles and tnlce are 
tnuch less definit~ve in several important 
respects. In particular, stat~stical 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 dynatnics in sotne of 
these other studies.) Moreover, except for 
studies begun with cotnpletely 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 
itnportant point, because macroevolutionists 
have implicitly criticized traditional popula- 
tion genetic studies as being concerned only 
with the fate, and not the origin, of genetic 
and   he no typic novelty (4). Unlike typical 
studies with flies and mice, experiments 
with bacteria can rigorously discern the con- 
sequences of the origin of novelty for evo- 
lutionary dynamics. Our study also differs 
from the reliance of these earlier studies on 
artificial selection (whereby the investigator 
decides which traits will determine an indi- 
vidual 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 pro- 
liferate (irrespective of the specific identity 
or number of traits that tnight be involved in 
giving an advantage). 

Third, in our report, we pointed out that 
clonal reproduction in our experimental 
systetn "may ha l~e  Increased our ability to 
resolve punctuated changes" (1) .  But we 
also pointed out that both sexual and asex- 
ual populations may show similar dynatnics 
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 ex- 
planation for punctuated dynamics; we cau- 
tiously concluded (1)  that "to the extent 
that [certain] conditions are f~~lfilled in na- 
ture, then the selective sweep of beneficial 
alleles through a populat~on might explain 
some cases of punctuated evolution in the 
fossil record." In our study (1 ), environtnen- 
tal inputs were held constant, so that envi- 
ronmental change was not responsible for 
the punctuated dynatnics we reported. We 
have no strongly held opinion on whether 
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selective sweeps of rare beneficial muta- 
tions-in enl~ironments that are essentially 
constant in tertns of selection for those 
tnutations-might account for few or many 
cases of rapid evolutionary change in na- 
ture. But we also see no compelling reason 
to distniss the role of a mechanism for punc- 
tuated evolution that requires only the two 
most basic evolutionary processes of tnuta- 
tion and natural selection. 

Center for Microbial Ecology, 
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East Lansing, MI 48824, USA 
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Dating the Cenancester of Organisms 

Russell F. Doolittle et al. (1 )  argue that 
their evidence indicates that the most re- 
cent cotnmon ancestor (cenancestor) of 
present-day organisms occurred about 2 bil- 
lion years ago (Ga).  This is considerably 
more recent than is commonly believed. 
Doolittle et al. recognize that the estimate " 

of that titne is related to a distance that in 
turn depends on the fraction of the amino 
acid positions of the sequence that are vari- 
able. They determined this as the fraction 
of the sites that have varied in at least one 
sequence. This is sufficiently large, 90 to 
95%. so that a correction for the invariable 
positions would not tnaterially affect their 
conclusions. But this assumes that any site 
that has varled once anywhere IS foiever 
\~ar~able. There 1s considerable ev~dence 
that the positions at which amino acid re- 
placetnents are accepted are different in 
different taxonomic groups, or that there 
may be a sizable number of invariable posi- 
tlons, or both (2-6). This could not be 
correct ~lnless positions in the sequences 
could sotnetimes be variable and at other 
times invariable, the point of the covarion 
model of vrotein evolution. 

Thls descr~ptlon means that many of the 
varled sltes mav nevertheless have spent a 
considerable pdrtion of their time In the 
invariable category. The estimates of the " ,  

percent of the sequence that are covarions 
(percent of the sequence that is variable at 
any one time) include cytochrorne c (2 ,  3), 
CY hemoglobln, P hemoglobin, ribonuclease, 
fibrinopeptide A, and insulin C peptide (4) ,  
as well as six mitochondria1 protelns (5) .  In 
these protelns there are a total of over 2000 
codons, only 614 (30%) of which are co- 
varions, implying that 70% of the sites are 
not varlable at any one time and for which 

et al. used, the effectre~e number of ~nvarlable 
sites tna) well be large enough to demand a 
correction which would make the current 
estimated 3.5-Ga date for the cenancestor 
within the error of their method. Because 
Doolittle et al. have not estimated the num- 
ber of covarions nor how fast their cotnpo- 
sition changes for their sequences, one can- 
not be sure that the effective size of the 
invariable group is not as large as 35%. 
Their Poisson correction cannot address 
this problem. 

This criticistn does not depend on  the 
correctness of the covarion model. As long 
as sotne positions are tnore variable than 
others, the distribution of mutations 
across sites is often much better tnatched 
with a gatnma function. Had Doolittle et 
al.'s distances been corrected in this man- 
ner, their estimated titne for the cenances- 
tor would have been greater, possibly giv- 
ing a date of 3.5 Ga.  

Note added in proof: M. M. Miyamoto 
and I (W.M.F.) (7) have now shown that 
the data from the report by Doolittle et al. 
can be fit with a gamma distribution and, 
depending on the paratneter chosen, obtain 
dates for the cenancestor ranging from the 
data proposed by Doolittle et al. of 2 Ga to 
values larger than 3.5 Ga. 
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Doolittle et a[. ( I )  calculate dates for taro 
tnaior events in the earlv evolution of life: 
the last cotnmon ancestor of all now-llvlng 
organlstns and the ancestor of eukarvotes 
an: prokaryotes. These dates are deiived 
from the molecular records stored in the 
various proteins of extant organisms. T o  
calibrate the molecular clock, Doolittle et 
al. relv on data for metazoan evolution de- 
rived kotn the fossil record. They date the 
prokaryote-eukaryote ancestor and the last 
common ancestor to about 2000 Ma. These 
calibrations are wrong because: ( i )  they do 
not properly consider horizontal gene trans- 
fer, and (ii) they significantly underesti- 
mate the effect of differing substitution 
rates among amino acid positions on their 
calibration of the molecular clock. 

1)  Doolittle et al. mention (1)  horizontal 
gene transfer as a possible complication; 
however, in most cases the reported analy- 
ses include too few bacterial snecies to 
allow for the detection of horizontal gene 
transfer events. For example: lf more bac- 
terial triose phosphate isomerase (TPI)  se- 
cluences are added to the data set used bv 
Doolittle et al., one recognizes that the 
eukaryotic TPIs group with their counter- 
parts frotn purple bacteria (2 ) .  P. J .  Keel- 
ing and W. F. Doolittle have interpreted 
this relation to indicate that the eukary- 
otic TPI was contrlbuted to the eukaryotic 
cell bv the endosvmbiont that evolved 
into the mitochondka (3) .  If this interpre- 
tation is correct, then the vrokarvote-eu- 
karyote split determined for this enzyme 
does not reflect the o r ~ e i n  of the eu- " 

karyotes, but rather the uptake of mito- 
chondria into the eukaryotic cell. 

The same argument can be made for 
those enzymes found in archaea that indi- 
cate a close relat~on between archaea and 
eubacter~a. Several molecular phylogenles 
have been reported that lnd~cate such 
closeness-in particular, between gratn pos- 
~ t i v e  bacteria and archaea-whereas other 
enzytnes and especially functions involved 
in DNA duplication, transcription, and 
translation indicate a close assoc~ation be- 
tween the archaea and the n~~cleocytoplas- 
~ n i c  component of the eukaryotic cell (4).  
Including more prokaryotic specles in the 
analyses (5) ,  we found the representatives 
of the archaea grouping within the eubac- 
teria in the several cases (6).  If the enzymes 
that group the archaea within the eubacte- 
rlal domaln were obtained by the archaea 
through horizontal transfer from eubacteria, 
then this event (or these events) of hori- 
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