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Phage antibiotics? Some bacteriophages (blue) are able t o  lyse their bacterial hosts by blocking 
steps in the synthesis of murein precursor molecules, which are required for assembly of the bacterial 
peptidoglycan wall. A group of bacterial enzymes (Mu~A-MurF) converts UDP-N-acetylglucosamine 
(UDP-ClcNAc) into the final cytoplasmic precursor of murein, UDP-MurNAc pentapeptide. This pre- 
cursor molecule is then linked t o  lipids in the bacterial membrane by the enzyme MraY. Protein E of 
phage @XI74inhibits MraY, whereas the A, capsid-associated protein of phage QP inhibits MurA. 

presumably interacts with A2. Intact Qp viri- 
ons specifically block MurA activity in vitro, 
presumably owing to the single copy of A2 
present in each QP particle. Finally, Bernhardt 
and co-workers detected the accumulation of 
UDP-N-acetylglucosamine (the substrate for 
MurA) in QP-infected cultures, confirming 
that A2 does indeed block MurA. 

The mechanism and timing of bacterial 
lysis by the A2 protein of QP phage are not 
known. In vitro studies suggest that A2 binds 
tightly to MurA, but because there are about 
1500 copies of MurA per bacterium, bacte- 
rial wall construction will not be blocked 
until equivalent amounts of active A2 have 
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accumulated. An attractive possibility is that 
A, does not become active until it is assem- 
bled into viral particles, viral assembly itself 
being the trigger for lysis of bacteria-a 
neat solution to the timing problem. 

Peptidoglycan biosynthesis is a multistep 
process dependent on many enzymes (1). 
Bacteriophages can select any of these bacte- 
rial enzymes as targets, although MurA and 
MraY are the only targets identified so far. It 
is likely that other small-genome phages will 
turn out to block additional enzymes in the 
peptidoglycan synthesis pathway of bacteria. 
Indeed, the product of the small-genome 
phage, ~ ~ 2 , - a ~ ~ e a r s  to encode a protein, L, 
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Fifty years ago, James Rettie proposed 
a graphic imagery (I) that made the 
geological time frame of biological 

evolution more comprehensible. Rettie 
imagined a time-lapse motion picture of 
Earth taken from space, beginning 757 
million years ago, with one image being 
photographed each year. Projected at the 
normal speed of 24 images per second, the 
resulting movie would take a year to view, 
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with each day representing 2.1 million 
years. Here is what the movie would show: 

From January to March there is little 
sign of life, then the first unicellular mi- 
crobes appear in early April, giving rise to 
small multicellular aggregates later that 
month. In May the vertebrates emerge, and 
by July land plants have begun to cover the 
globe. In mid-September early reptiles pre- 
view the dawn of the dinosaur era, which 
continues through late November, dominat- 
ing the world for 70 days. Birds and small 
mammals first appear in early November 
but are overshadowed by reptilian species 

that inhibits another-yet to be defined- 
step in peptidoglycan biosynthesis (2). 
~ o u b t l e s s ,a hunt for more lytic small- 
genome phages will reward us with addition- 
al lysins that attack this bacterial underbelly. 

Could these phage-encoded protein an- 
tibiotics be of therapeutic value? Bernhardt 
and colleagues like the idea and suggest that 
DNA-encoded oligopeptides that bind to en- 
zymes in the murein synthetic pathway and 
inhibit bacterial wall construction could 
form a new class of antibiotics. Considerable 
support for phage-encoded lytic proteins as 
antibiotics comes from the demonstration 
that purified phage endolysin is highly effec- 
tive in treating oral streptococcal infections 
in mice (8).The growing problem of antibi- 
otic resistance among bacterial pathogens 
should speed the thorough exploration of this 
option. Given the enormous abundance of 
bacteriophages in the biosphere-estimated 
to be around lo3' particles (9, 10)-and the 
evident diversity of targets for bacterial lysis, 
bacteriophage lysins may represent a sizable 
untapped reservoir of new therapeutics. 
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until 1 December, when the dinosaurs disap- 
pear abruptly. By late December the recog- 
nizable ancestors of modern families of 
mammals make their debut, but not until 
midday on New Year's Eve do our first an- 
cestors appear. Between 9:30 and 10 p.m., 
Homo sapiens migrates out of Africa to 
populate Eurasia and the Americas. At 11:54 
p.m., recorded human history and civiliza- 
tion as we know it begin. Mammals flourish 
for the last 50 to 60 days of the movie year, 
and humankind eventually appears during 
the final 12 hours of the last day of the year. 

Today, some 4600 to 4800 species of 
mammals dominate the planet. They occu- 
py every continent and diverse ecological 
niches. The morphological and physiolog- 
ical differentiation seen among mammals 
is enormous, ranging from blue whales to 
echolocation-driven bats, from blind sub- 
terranean naked mole rats to us. The rich- 
ness of mammalian species diversity and 
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their remarkable adaptations have provid- 
ed the evolutionary framework from which 
the human species evolved. The genomes 
of mammalian species encode the script 
for individual developmental distinctions, 
as well as the relict sequence records of 
historical events through which the 
genomes (and the organisms they pre- 
scribe) were sculpted by natural selection. 

With the unveiling of draft versions of 
the human genome earlier this year, re- 
sources are now being harnessed to anno- 
tate the 30,000-odd human genes that di- 
rect our development, appearance, behav- 
ior, talents, and susceptibility to disease (2, 
3). The interpretation of human genome or- 
ganization will draw, to a large extent, from 
the genomes of other organisms, helping us 
to infer the function, regulation, and ori- 
gins of our own genes (4-11). The value of 
the comparative method has been borne 
out in the fields of anatomy, physiology, 
and medicine. Decisions and priorities re- 
garding the choice of organisms for whole- 
genome sequencing will ultimately shape 
biolog); and influence the potential applica- 
tions of the completed genome sequences. 
To assist in selecting future species of 
mammals for full or abridged genome se- 
quence determinations, we should first ex- 
amine the criteria and applications that var- 
ious proposed species might offer. 

A frequently raised argument in favor of 
comparative genome sequencing projects is 
their relevance to human biology. Criteria 
to select the most appropriate organisms for 
complete genome sequencing include: phy- 
logenetic proximity to humans, whether the 
organism is used in research, the size of its 
genome, and the ease with which it can be 
genetically assessed through mutation (12). 
Accordingly, sequencing projects have be- 
gun for such species as mouse, rat, ze- 
brafish, and pufferfish, with price tags in 
the $50 to $75 million range (6-8). Primate 
experts are lobbying to sequence the 
genome of our closest relative, the chim- 
panzee (9-ll), which should provide clues 
to what makes us human. Proponents of a 
rhesus macaque genome sequence empha- 
size the value of this animal model for 
studying different human diseases and for 
testing new vaccines and drugs (13). 

Although there is clear value to designat- 
ing experimental model organisms, the crite- 
ria for selecting the next group of species to 
have their genomes sequenced are less obvi- 
ous. Consideration of species not regularly 
thought of as "model organisms" may pro- 
vide valuable insight into the workings of 
modem genomes, as well as the dynamic evo- 
lutionary genetic processes that shaped and se- 
lected them. We suggest that evolutionary his- 
tory and adaptive phylogenetic informative- 
ness should be considered Here is why 

Recently, independent molecular genetic genome and the imputed genome of a 
analyses (with broad species sampling and primitive mammal (4). Both of these fea- 
multikilobase data sets of homologous gene tures result in a derived murine genome or- 
segments) have produced a concordant ganization that may not mirror that of other 
view of the very earliest divergence events mammals or, for that matter, of other ro- 
among the 18 modem orders of placental dents (4). This could be remedied by se- 
mammals (14-16). Four principal lineages lecting mammal species with more ances- 
or "clades" (labeled I to IV in the figure) tral (general) rather than more derived 
have been obtained from the partitioning of (specialized) genome characteristics. 
placental mammal precursors. (This parti- After the primates and rodents (just 2 of 
tioning may have been a consequence of the 18 placental orders), which species would 
Cretaceous supercontinental breakup, some best promote our understanding of genome 
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Order among the mammals. Phylogenetic relationships among modern orders of placental mam- 
mals (left) and candidate species for large-scale genome sequencing (right). Relevant considera- 
tions for species selection include biomedical relevance (M); economic importance (E); derived or 
specialized morphology (DM); ancestral or primitive morphology (AM); derived rearranged genome 
versus ancestral genome organization (DC) (22); ancestral or primitive genome organization (AG) 
(24; questionable or unknown genome organization (QC): phylogenetically close to human (CH); 
phylogenetically far from human (FH). 

70 to 100 million years ago.) The mammal 
species already scheduled for sequencing 
(human, mouse, rat) are nested in one of the 
four principal clades (I11 in the figure). 
Thus, three of four surviving placental 
mammal lineages are not represented by 
current sequencing plans. 

There is little dispute that the mouse is 
unrivaled for its power as a model for ge- 
netic analysis, and the same is true for the 
rat's value in medical physiology (6-8). 
There are cogent reasons, however, for 
considering additional mammals in the fu- 
ture. The mouse and rat are characterized 
by high rates of nucleotide substitution rel- 
ative to other mammals (17), and the 
genomes of both species are rearranged ex- 
tensively relative to both the human 

structure and hction? Livestock and pets 
are important in the worldwide economy and 
also provide valuable models for scores of 
human genetic diseases, many of which are 
not represented in rodent strains (4). A Chi- 
nese-Danish consortium recently announced 
plans to sequence the pig genome (18). With 
similar reasoning, the cattle genome should 
be another top priority. Two pet species from 
the order Carnivora, cat and dog, are at an 
advanced stage of genomic resource devel- 
opment and are valuable veterinary models 
for hundmls of human hereditary and infec- 
tious diseases. These two species are starkly 
different when it comes to the orginkition 
of their genomes: The cat genome is highly 
conserved, whereas the dog genome is high- 
ly rearranged (4). An additional advantage is 
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that livestock and pets-belonging to mam- 
malian clade the sister group to clade 111 
containing rodents and primates-are close 
evolutionary reference (outgroup) species 
(see the figure). Beyond these representa- 
tives from clades I11 and the next choices 
become more arbitrary. Sequencing one rep- 
resentative from each mammalian order 
would provide broad sampling, although a 
more economical strategy for selecting 
species might offer greater immediate bene- 
fits from the standpoints of both phylogenet- 
ic depth and genome characteristics. 

At a minimum, at least one representative 
from each of the basal mammalian clades 
11-Xenarthra (sloths, anteaters, armadillos) 
and I-Afrotheria (which includes elephants, 
sea cows, aardvarks, and elephant shrews), as 
well as a marsupial and a monotreme species, 
should be considered for large-scale genome 
analysis (see the figure). It may be use l l  to 
choose mammals with primitive body plans 
and life strategies (such as shrews, tree 
shrews, and tenrecs), because these species 
seem to have retained a genome that specifies 
the primitive or ancestral developmental pro- 
gram for all mammals. ~lternativel~, investi-
gation of species with diverse, derived mor- 
phologies (such as dolphins, bats, and ele- 
phants) may provide insight into the genomic 
basis of macroevolutionary changes in mam- 
malian development. The same advice would 
hold for the investigation of genome organi- 
zation patterns, where conserved primitive 
genomes (as illustrated by those of cat, pig, 
dolphin, and shrew) might reveal more gener- 
al features in contrast to more derived reshuf- 
fled genomes (such as those of mouse, dog, 
bear, and gibbon) (4). 

Small genome s i z e t h e  rationale for se- 
quencing the pufferfish (400 million base 
pairs)-might be a reason to select mam- 
mals with smaller genomes such as bats 
(-1.7 million base pairs). Comparing a small 
genome to the human, rat, and mouse 
genomes would aid in identifying critical 
noncoding genome regions and would in- 
crease our understanding of repetitive ele- 
ments (SINES, LINES, and long terminal re- 
peats) that constitute 50% of the human se- 
quence. Another possible consideration is 
species diversity. Some orders retain many 
species (rodents, 2052; bats, 9771, whereas 
others have far fewer (Proboscidea, 2; Tubu- 
lidentata, 1) (see the figure). As has been 
suggested for species conservation manage- 
ment (19, 20), species richness and poorness 
within extant orders should not be over- 
looked. Financial constraints will limit the 
spectrum of whole-genome sequencing pro- 
jects to those species of extraordinary value 
to biologists. Indeed, whole-genome se-
quencing may be phylogenetically uninfor- 
mative for much of the noncoding regions 
that cannot be confidently aligned between 

mammalian orders. Because less than 2% of 
the human genome is coding sequence (2, 
3).,, this mav become a serious concern. For 
selected species, an abridged genome se- 
quencing strategy-involving the targeted 
sequencing of particular genomic segments 
aligned with human-mouse-rat index se- 
quence maps-should be considered. Alter- 
natively, full-length cDNA sequencing pro- 
jects for candidate species would provide 
more economical but still expansive compar- 
ative genomics databases (21). These cDNA 
gene collections, currently under way for 
mice and humans, will greatly facilitate 
functional evolutionary analyses using mi- 
croarray technology. Such abridged genome 
sequence resources, when interpreted in the 
greater context of aligned finished sequences 
from index species, would offer a rich com- 
parative baseline for developmental, physio- 
logic, and functional genomic inference. 

We have raised several criteria that should 
be considered, or at least acknowledged as 
part of the choice to undertake large-scale 
genome sequencing. The considerations in- 
clude: (i) phylogeny; (ii) relevance to under- 
standing human biology and medicine, clear- 
ly to lab animal models (mouse, 
rat, cat, and certain primates; (iii) ecO- 
nomic importance, as exemplified by do- 
mesticated agricultural speEies (cow, pig, 

(iv) genomic characteristics, 
ing genome size, chromosome conservation, 
and other conserved features; (v) recognition 
of developmentally extreme morphological 

and prim-
itive (general) features; and (vi) species di- 

versity among mammalian orders. These fac- 
tors should be evaluated preferably by spe- 
cialists for each lineage who can estimate the 
projected value expected from selection of a 
species based on scientific rather than sub- 
jective preferences. 

There is no correct answer to species 
selection, only better or poorer choices. 
Evolutionary genomic considerations may 
provide some guidance and promote dia- 
logue so that the human genome project 
will benefit maximally from comparative 
genetic principles, by selecting species 
that offer the greatest potential for a fuller 
understanding of the human genome and 
the complex evolutionary processes that 
created it. 
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Total Recall-the Memory 
of Addiction 

Eric J. Nestler 

rugs of abuse cause long-lasting 
neural changes in the brain that un- 
derpin the behavioral abnormali- 

ties associated with drug addiction. Clues 
to the nature and site of these neural 
changes can be found by studying the cel- 
lular and molecular events that accompa- 
ny learning and memory. Recently, the 
molecular pathways of learning and mem- 
ory on the one hand, and of drug addic- 
tion on the other, have converged (1-7). 
Learning and memory and drug addiction 
are modulated by the same neurotrophic 
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factors, share certain intracellular signal- 
ing cascades, and depend on activation of 
the transcription factor CREB. They are 
associated with similar adaptations In 
neuronal morphology, such as the forma- 
tion or loss of dendritic spines (1-4, 8) .  
Even more compelling, they are accompa- 
nied by alterations in neural plasticity at 
glutamatergic synapses (regions where 
nerve cells containing glutamate meet and 
communicate with other types of neu- 
rons). For example, long-term potentia- 
tion (LTP) and long-term depression- 
which alter the excitability of postsynap- 
tic neuronal membranes as Dart of memo- 
ry formation-have been found at the glu-
tamatergic synapses implicated in drug 
addiction (9, 10). 
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