
ure). Re,,, is at least an order of magnitude 
bigger than RCalabi-Yau and may indeed be 
much larger. If we disregard the tiny six-di- 
mensional Calabi-Yau manifold, the re- 
maining five-dimensional space-time con- 
tains two flat mirror planes and closely re- 
sembles the ideas of Kaluza and Klein. In 
fact each mirror plane is a static 3-brane, 
one of which is our world and the other the 
world of what phenomenologists call the 
"hidden sector," the world of matter which 
interacts only weakly with our own, essen- 
tially via gravitational forces. 

This static compactification model of 
IIorava and Witten has come to replace the 
older model of Candelas, Horowitz, Stro- 
minger, and Witten (I) but it still has its 
limitations. Nevertheless, the basic idea 
that at least some of the extra dimensions 
could be quite large has caught on, together 
with the suggestion (7, 8) that the basic 
length scale of quantum gravity, which 
hitherto has been equated to Planck's con- 
stant or to the slightly smaller length scale 
R s ~ ,  of superstring theory, may be much 
larger, more like the electroweak scale of 
10 '' cm. In principle this could allow ex- 
tra dimensions approaching a millimeter! 

SCIENCE'S COMPASS 

The string scale and the size of the extra di- 
mensions and Newton's constant are relat- 
ed by a simple ratio. An experimental limi- 
tation on the scale of the extra dimension 
now arises from the accuracy with which 
gravity obeys the inverse square law. 

Even more radically, Randall and Sun- 
drum have recently revived the old dream 
that one may be able to dispense with the 
compactification hypothesis altogether and 
contemplate our universe as an isolated 3- 
brane moving in an infinitely large space- 
time (9).  Randall and Sundrum's five-di- 
mensional universe still has a small charac- 
teristic radius curvature, but their universe 
is truly infinite in all four spatial dimen- 
sions. The matter of which we are made up 
is confined to the 3-brane, rather like beads 
on a wire. Gravity acts in all dimensions but 
one of the achievements of Randall and 
Sundrum was to show that gravity can act 
in the correct way in our three-dimensional 
world. Before their work, no one believed 
that such a model was consistent with New- 
ton's conventional inverse square law for 
the gravitational force, but Randall and 
Sundrum appear to have convinced most of 
their critics on this score. 

Much needs to be done to produce a 
completely satisfactory cosmology. But 
Randall and Sundrum and the many others 
currently working in this field have clearly 
demonstrated that brane-world scenarios 
using small extra dimensions make testable 
predictions, both for nucleosynthesis dur- 
ing the Big Bang and for the existence of 
new particles, for cosmologists and phe- 
nomenologists to refute or confirm. 
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Tracing the Origins of 

Andreas J. Baumler, Billy M. Hargis, Renee M.Tsolis 

I n the 1980s, health officials in Europe 
and the Americas noted a considerable 
increase in human food-borne illness 

caused by Salmonella enteritidis, a patho- 
gen found in chicken carcasses, eggs, and 
egg products (I). It has been suggested 

that the emergence 
Enhanced online a t  of S. enteritidis as 
www.sciencemag.org/cgi/ a public health 
content/fu11/287/5450/50 problem may be 

the result of mod- 
ern poultry farming practices and of a de- 
cline in the genetic diversity of domestic 
fowl (2). But this hypothesis does not ex- 
plain why the number of humans infected 
with other Salmonella serotypes, such as 
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S. typhimurium, has not increased (3, 4). 
For example, the incidence of human in- 
fection with S. enteritidis has steadily in- 
creased since the 1960s, whereas the inci- 
dence of S. typhimurium infection has re- 
mained relatively constant (see figure, this 
page). It has been proposed that the S. en- 
teritidis epidemic could be caused by clon- 
al expansion of a single, more virulent S. 
enteritidis isolate. However, the observa- 
tion that human Salmonella cases in Eu- 
rope and the United States are associated 
with different S. enteritidis isolates does 
not support this notion. 

Through a retrospective analysis of epi- 
demiological surveys, we now put forward 
the hypothesis that the epidemic of 
salmonellosis in humans due to S. enteri- 
tidis was triggered by this Salmonella 
serotype filling the ecological niche vacat- 
ed by the avian Salmonella pathogens S. 
pullorum and S. gallinarum. Retrospective 
analysis revealed that S. enteritidis became 
established in poultry flocks in the 1960s, 
which coincided with the eradication of 
the avian Salmonella pathogens from do- 

National 
Poultry i 
Improvement 
Plan (USDA) 
starts , 

Secrets of Salmonella serotypes. Prevalence 
o f  Salmonella serotypes in humans and poultry 
in t h e  Uni ted States (A) and in England and 
Wales (B). Circles show t h e  percentage (A) o r  
incidence (B) of domestic poultry infected with 
S. pullorum (77, 78). Squares and diamonds 
show t h e  numbers of human cases of food- 
borne illness caused b y  S. typhimurium o r  S. 
enteritidis, respectively (3, 8, 9, 79). 
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mestic fowl. As these three pathogens share 
a common immunodominant surface anti- 
gen (09), we postulate that the flock im- 
munity generated by the two avian 
Salmonella biotypes prevented S. enteri- 
tidis from circulating in poultry flocks in 
the first half of this century. 

Records documenting the prevalence of 
Salmonella serotypes among poultry in 
Britain and North America date back to 

almost constant rate since the 1960s (see 
figure, previous page). Thus, it seems possi- 
ble that the current S. enteritidis epidemic 
started in the late 1960s-much earlier than 
previously thought (1). 

It is likely that S. enteritidis was initially 
introduced into poultry flocks through its 
rodent animal reservoir because mice and 
rats captured in hen-houses frequently car- 
ried this organism (10). But, as S. enteri- 

(13). Thus, cross-immunity is, at least in 
part, caused by an immune response direct- 
ed against the immunodominant 0 9  anti- 
gen. We propose that sei-opositive S. pullo- 
rum poultry had increased immunity that 
protected them against infection with S. en- 
teritidis; this could have reduced the trans- 
mission of this biotype by reducing the 
number of susceptible hosts (14). So, flock 
immunity against the 0 9  antigen generated 

1930. At this time, an illness called by the avian Salmonella biotypes 
"bacillary white diarrhea" (pullorum could have prevented S. enteritidis 
disease), caused by S. pullorum, from circulating in the avian host 
posed a serious economic threat to population. After elimination of 
the poultry industry (5). A test tube seropositive birds from European 
agglutination assay revealed that 10 and U.S. commercial poultry flocks 
to 20% of chicks possessed high in the 1960s, S. enteritidis would 
titers of antibody against S. pullo- then have readily been able to circu- 
rum (6) .  A National Poultry Im- late among domestic fowl. The in- 
provement Plan, designed to reduce creased incidence of salmonellosis 
the level of S. pullorum infection in in humans may have been caused by 
the United States, was adopted in S. enteritidis filling the ecological 
1935 and included large-scale vol- niche vacated by eradication of the 
untary testing of poultry flocks us- avian pathogens. The number of S. 
ing a whole-blood test for agglutina- Sugary coat of an evil pathogen. Chemical composition of the typhimurium cases, on the other 
tion of stained antigen. Similar S. 0 antigen of different Salmonella serotypes. (A) The 0 antigen hand, would not be expected to in- 
pullorurn control programs were im- of s. enteritidis, s. gallinarum, and S. pullorum consists of an crease because this serotype lacks 
plemented in some European coun- 012 backbone of sugar repeats and 0 9  (a tyvelose branching the 0 9  antigen and therefore would 
tries. In 1954, the National Poultry sugar). (B) The 0 antigen of 5. typhimurium has the same 012  be unaffected by this elimination. 
Improvement Plan was revised to backbone but different (04,5) branching sugar chains. Although S. enteritidis possesses 
recognize fowl typhoid, an illness the 0 9  antigen, its establishment in 
caused by S. gallinarum (5). As both bio- tidis was present in rodents when monitor- poultry flocks was not detected or prevented 
types belong to the same Salmonella (09) ing began in the 1930s (3, it is not obvious by S. pullorum surveillance programs. Be- 
serotype, blood testing for pullorum disease why it did not spread to domestic fowl until cause S. enteritidis colonizes chickens with- 
effectively lowered the incidence of fowl ty- much later. An important event coinciding out causing overt signs of disease (and hence 
phoid as seropositive birds were culled. with the increase in human S. enteritidis without eliciting high anti-09 titers), it es- 
Thus, by the mid-1970s, S. pullorurn and S. cases in Britain and the United States in the capes detection by the relatively insensitive 
gallinarum were eliminated from c o m e r -  1960s, was the remarkable decline in do- whole-blood agglutination test (15). The lack 
cia1 poultry flocks in Britain and the United mestic poultry that tested seropositive for S. of simple and inexpensive methods for de- 
States (see figure, previous page). pullorurn. We suggest that the elimination tecting S. enteritidis in poultry has been a 

In the early 1900s, human S. enteritidis of S. pullorurn "reactors" may have in- major impediment to implementing effective 
infections were not associated with poultry, creased the ability of S. enteritidis to gain a control measures (16). However, even with a 
but rather with rodents, the only known ani- foothold in poultry flocks. The 0 antigen of good test in place, it is unlikely that the cur- 
ma1 reservoir for this pathogen (7). This sit- S. enteritidis, S. pullorum, and S. galli- rent epidemic could be controlled, because 
uation changed in the second half of this narum consists of the 012 antigen (a sugar unlike avian Salmonella pathogens, S. enteri- 
century. The incidence of S. enteritidis in- backbone composed of 0-polysaccharide tidis has a rodent animal reservoir. There- 
fection in the British population remained repeating units) and the 0 9  antigen (a fore, culling infected birds, which proved so 
almost constant between 1949 and 1963, but tyvelose sugar chain) (see figure, this successful during the eradication of S. galli- 
the increased frequency of S. enteritidis in- page). Chickens infected with S. gallinarum narurn and S. pullorurn, has a much smaller 
fection of chickens (which began in 1967) or S. pullorurn develop 0 9  antibody titers chance of success in reducing the incidence 
resulted in a doubling of human cases re- that are >lo-fold higher than 012 antibody of S. enteritidis in poultry. Instead, a more 
ported in 1968 and 1969 and a continued in- titers (II), suggesting that the 0 9  antigen is effective strategy might be to reestablish 
crease thereafter (8, 9) (see figure, previous immunodominant. Consistent with the in- flock immunity through vaccination. 
page). Similarly, the first 5-year report on duction of protective immunity by 0 9  anti- 
human salmonellosis in the United States gen, vaccination with live S. gallinarum References and Notes 
revealed that S. enteritidis increased in fre- (09,12) protects mice against subsequent ~ i ~ $ $ ~ ~ $ ~ ~ ;  tci :$,::; iT3:::; 
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Reading the Worm Genome 
Stuart K. Kim 

Apowerful, top-down, holistic ap- 
proach in biological research is to 
identify all of the components of a 

particular cellular process, so that one can 
define the global picture first and then use 
it as a framework to understand how the 
individual components of the process fit 
together. On page 116 of this issue, Wal- 
hout et al. report that they have started to 
compile a global map of interactions be- 
tween all of the proteins in the worm 
Caenorhabditis elegans (I).These investi- 
gators commandeered a small number of 
well-studied proteins to establish the tech- 
nical and conceptual framework for this 
mammoth protein-binding project. Their 
ultimate goal is to illuminate all of the 
protein-protein interactions in this animal, 
and to combine this information with that 
from other functional genomics approach- 
es to work out what each worm gene does. 

There is a rich scientific history of ap- 
plying global approaches to biological 
problems. In the early 1960s, all of the 
genes in the bacteriophage were identified 
with saturation genetic screens (2). In 
1983, the complete cell lineage of C. ele-
guns-the 969 cells that constitute its de- 
velopmental program and the 302 neurons 
that control its behavior-was determined 
(3). Monumental studies have elucidated 
the complete genome sequence of the yeast 
and nematode, and identified all of their 
genes (4). Recently, DNA microarrays have 
profiled the expression pattern of every 
gene in yeast, providing a complete molec- 
ular fingerprint of the cell cycle and sporu- 
lation program in this organism (5). 

Walhout and colleagues chose the ne- 
matode as a model to study protein-pro- 
tein interactions. Of the worm's 19,293 
predicted proteins, only 7% (encoded by 
1277 genes) have been studied at either 
the genetic or biochemical level by the C. 
elegans research community. Clearly, to 
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to develop a global approach 

efficient that most of the resulting clones 
contained the correct cDNA fragment. Both 
the PCR step to produce the cDNA frag- 
ments and the recombination step to insert 

actions across the whole genome. 
Conceptually, Walhout et al. needed to 

show that the yeast two-hybrid method 
could confirm protein interactions that 
were already known. In addition, they laid 
down guidelines to evaluate whether newly 
identified protein interactions were physio- 
logically significant. They chose to use 
genes involved in vulval development as a 
test case to evaluate the suitability of the 
yeast two-hybrid approach. Vulva1 develop- 
ment has been extensively studied and is 
known to be regulated by at least four ma- 
jor sets of genes. These genes encode com- 
ponents of the RTKIRaslMAP kinase, 
Notch and Wnt signaling pathways and the 
retinoblastoma (Rb) tumor suppressor pro- 
tein complex. ore than 50 genes invoived 
in vulva1 development have been character- 
ized, and there is a large amount of genetic 
and biochemical data available to confirm 
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A 

tions among the proteins they en- 

he authors expressed 27 vulva1 pro- 
in the yeast two-hybrid system and 

sted whether there were any inter- 
actions between them. Among ;he 27, 
there were 11 previously known protein- 

tumor suppressor protein complex and an- 
other involving a receptor localization 

were used to indicate which of the 
new interactions were more likely to 

that were known to bind to each oth- 

The most striking set of interactions 
olves the Rb tumor suppressor protein 

complex, which regulates gene expression 
during the cell cycle. Protein expression 
libraries in the yeast two-hybrid system 
were screened with four worm proteins 
(LIN- 15,  LIN-3 6,  LIN-3 7, and the 
RbAp48 homolog) known to have repres- 
sor functions similar to Rb (they are en- 
coded by genes that when mutated induce 
similar phenotypes to that of the mutant 
Rb gene). These screens yielded 10 inter- 
acting proteins, three of which were ho- 
mologs of mammalian proteins known to 
be part of the Rb protein complex (Rb it- 
self, HDAC, and MTA1). Each of the re- 
maining seven specifically interacted with 
two different proteins in the Rb complex, 
strongly suggesting that these new pro- 
teins are components of the Rb complex. 

The C. elegans protein interaction map 
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