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strains that differ from it at only one locus. 
Day et al. found that two other characteristics 
teided to go along with being an ancestral 
strain. In most clusters, the ancestral strain was 
recovered more often than any other strain in 
the cluster. Furthermore, ancestral strains were 
overrepresented among disease-causing iso- 
lates, relative to their proportion among car- 

Marc Lipsitch riage isolates. ~ecause  the most succ~ssful 
strains of S. aureus in the human population 

w hat makes a successful pathogen? They characterized all 334 isolates by multi- are more common among invasive isolates 
Genetic studies have addressed locus sequence typing (MLST), a genetic than among carriage isolates, the authors infer 
this question by elucidating the typing system based on DNA sequences of that whatever factor makes these strains suc- 

mechanisms by which bacteria cause disease -450 base pairs from seven loci, scattered cessful in carriage also makes them "hypervir- 
(pathogenesis)-that is, how they infect 
hosts, evade the host immune system, se- 
crete toxins, and interrupt and co-opt host 
signaling pathways (I). Evolutionary theory 
suggests that microbes evolve to a level of 
virulence that maximizes their transmission 
from one host to another. This requires that 
microbes balance the benefit of achieving 
high numbers with the risk of killing or inca- 
pacitating the host, thereby reducing the 
length of time available for transmission (2). 

Although compelling for some pathogens, 
these explanations are harder to reconcile 
with the life-styles of those infectious agents, 
particularly commensal bacteria, that appear 
to "make their living" by colonizing-their 
hosts asymptomatically, yet cause severe dis- 
ease when they breach the normal barriers of 
the host and enter the bloodstream. Commen- 
sal bacteria include a diverse range of mi- 
crobes that are carried in the gut, nose, or 
throat or on the skin of their human hosts. 
These organisms colonize their hosts without 
causing symptoms; symptomatic infection is 
a rare, often accidental, and probably "dead- 
end" event (3). How do the genetically and 
biochemically complex factors that promote 
virulence contribute to the evolutionary suc- 
cess of commensal bacteria? On page 1 14 of 
this issue, Day et al. (4) provide intriguing 
hints about the answer to this question for 
Staphylococcus aureus, an important bacteri- 
al pathogen that typically lives as a commen- 
sal colonizer of the human nostrils and skin. 

If the virulence (invasiveness) of com- 
mensal bacteria is truly irrelevant to their 
transmission and evolutionary success, then 
one might expect that the organisms that do 
cause serious disease in humans would be a 
randomly selected subset of the microbes 
carried commensally by healthy individuals 
in any given population. Day and colleagues 
tested this hypothesis by analyzing 334 iso- 
lates of S. aureus sampled from the nostrils 
of healthy individuals and patients with seri- 
ous S. aureus infections (acquired either in or 
outside of the hospital) in Oxford, England. 
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throughout the bacterial chromosome. Con- ulent," that is, more likely to cause disease. 
sistent with previous studies, they found that This interpretation implies that virulence 
disease-causing strains represented a restrict- should correlate with improved ability to colo- 
ed subset of the strains present in the overall nize the host. In an elegantly low-tech confir- 
S. aureus population. This conclusion was mation of this prediction, Day et al. found that 
strengthened by analyzing S. aureus strains among strains that were recovered from both 

asymptomatic carriers and in- 
fected patients, 95% were pre- 
sent in both nostrils of the carri- 
ers. In contrast, only 70% of 

fl. ,' strains unique to the carriage . .  population were found in both 
nostrils of carriers. 

?t 
These observations raise 

questions about the processes 
- - lhat underlie the population - 

structure of S. aureus. Day et al. 
Defining strain clusters. Isolates of 5. aureuswere obtained from suggest that, from time to time, 
the nostrils of healthy individuals and those with community-ac- clones of S. aureus arise that are 
quired or hospital-acquired 5. aureus infections (4). Seven genetic successful colonizers, highly 
loci in each isolate were sequenced, and pairs of strains that dif- 
fered from each other at only one or two of the seven loci were transmissible, and highly viru- 

identified. These pairs of strains (balls) can be connected by lent' These 'lone' then 'pread 

strings: A short string connects strains differing at one locus; a asymptomatic carriers, 
long string connects $rains differing at two loci. A cluster can be causing disease at an 
defined as all of the balls that come along when one picks up a mte, and diversifying to produce 
single ballwithin a cluster, the ancestral strain (red ball) is defined strains that vary at one or more 
as the ball that is connected to  the largest number of short loci from the ancestral strain. As 
strings. These ancestral strains are more likely than nonancestral S. aureus ancestral strains diver- 
strains to cause disease (4). sify by mutation and recombina- 

tion (the latter, Day et al. calcu- 
isolated from community-acquired as well as late, being much more frequent), they gradu- 
hospital-acquired infections. Community-ac- ally lose their ability to cause disease. 
quired infections are more likely to be repre- A formal population genetic model is 
sentative of invasive S. aureus strains circu- needed to determine whether this sequence of 
lating in the human population than are infec- 
tions acquired in a hospital setting. 

The authors then characterized the genetic 
structure of the S. aureus population in greater 
detail. First, they identified all pairs of strains 
in their collection that were nearly identical to 
each other, differing at only one of the seven 
genetic loci examined. These pairs were then 
combined into clusters of stmins that differed 
from each other at only one or two loci. Each 
strain can be envisaged as a ball connected by 
a string to each of the strains to which it is 
nearly identical; a cluster, then, is all of the 
balls that come along when one picks up a sin- 
gle ball (see the figure). Within each cluster, a 
putative "ancestral strain" is defined as the 
strain connected to the largest number of other 

events could account for the genetic-structure 
of the S. aureus population observed by Day 
and colleagues. If virulence is closely and 
mechanistically tied to the ability to colonize a 
host and be transmitted effectively (which 
should be favored by natural selection), it is 
difficult to understand why selection would 
"permit" virulence to decline over time. The 
authors propose that less-invasive and perhaps 
less-transmissible strains of S. aureus arise by 
recombination. This makes one wonder which 
bacteria (perhaps another species?) serve as a 
reservoir for the DNA that confers less trans- 
mission success on S. a u r a  recipients. Also 
unclear at this stage is the t i e  scale on which 
the S. aureus population structure observed by 
Day et al. developed (a point that could be ad- 
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dressed by h t h e r  population genetic studies). 
Regardless of the exact process that led to 

the S. aurelrs population structure in the Ox- 
ford community, the Day et al. work has ex- 
citing implications for future research. Their 
findings suggest an answer to the riddle of 
why S. aureus has evolved mechanisms for 
causing disease when disease is not a neces- 
sary or even a common part of its life cy- 
cle-the same features that make this com- 
mensal a good colonizer also make it better 
at causing disease. This hypothesis can be 
evaluated experimentally by, for example, 
testing avirulent and hypervirulent mutant 
strains for features that affect colonization, 
such as adherence to epithelial cells. Day et 
al. found that recombination at three of the 
seven loci in particular was associated with a 
loss of virulence, suggesting that genes for 

virulence factors may be present near these 
loci. Identification of particular genes that 
are associated, at the population level, with 
virulence and the ability to colonize hosts (5) 
will provide candidate virulence factors 
whose effects on colonization can be tested. 

Epidemiologists and researchers that study 
how microbes cause disease have been skepti- 
cal about the relevance of evolutionary biolo- 
gy and population genetics to their disciplines. 
This is starting to change as researchers rec- 
ognize the importance of pathogen population 
structure for antimicrobial resistance (6),in-
teractions between pathogens and the immune 
system (7),identifying candidate antigens for 
vaccines (8),and predicting (9, 10) and as- 
sessing (1 1) the effectiveness of vaccination 
programs. The work of Day et al. shows that 
studies of the population genetics of an infec- 
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BendingLighttheWrongWay 
M. C. K. Wiltshire 

tious agent can generate hypotheses about mi- 
crobial pathogenesis that are both new and ex- 
perimentally testable. It also demonstrates that 
a complete understanding of the epidemiolo- 
gy and transmission of infectious diseases de- 
pends on a clear picture of the population ge- 
netic structure of the causative organism. 
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light would bend the "wrong" way: Positive 
lenses would become negative, flat sheets 
couldfocus,theDopplereffectwouldbere-
versed, and other counterintuitive phenome- 
na would occur. The only problem was that 
materials with negative n did not exist. 

The solution lies with artificial optical 
materials, which provide the scope to tailor 
an electromagnetic response. If the materi- 
als are microstructured and all their con- 
stituents are much smaller than the wave- 
length of the radiation that they interact 
with, they can be described accurately by 
their permittivity and permeability. Pendry 
and co-workers (4,s)  have shown that struc- 
tures built from fine wires mimic a plasma 

The refractive index is a basic property 
of optical materials. It is a measure of 
how much light slows down when it 

enters a medium and accounts for the famil- 
iar "bent stick in water" phenomenon. This 
property determines the behavior of lenses 
and prisms and underpins all optical instru- 
ment design. Air and vacuum have a refrac- 
tive index n of 1, the n for glass is typically 
between 1.5 and 1.8, and other materials 
may have n as high as 2.2. This property is 
not restricted to light waves. Semiconductor 
materials have a high refractive index in the 
infrared (for example, n = 4 for germani- 
um), and at microwave and radio frequen- 
cies, lenses can be made of Teflon. But n is 
always positive and is normally greater than 
1. So what do Shelby et al. mean on page 77 
of this issue (1) when they say that they 
have verified the existence of negative re- 
fractive index materials? 

To see how a negative refractive index 
can arise, we have to go back to Maxwell's 
equations (2) describing the behavior of 
electromagnetic radiation. These equations 
relate the behavior of electric and magnetic 
fields to the dielectric and magnetic prop- 
erties of the ambient medium' captured re-
spectively by the permittivity and 
relative permeability p .  The combined 
equations predict a wave motion propagat- 
ing at a speed of l / d ( ~ ~ ~ p p ~ ) ,  

-

where eo and 
po are the permittivity and permeability, re- 
spectively, of the vacuum. The refractive 
index of the medium is n = d(&p). 
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In the 1960s, the Russian theoretician 
Veselago (3) classified materials according 
to their E and p (see the figure). He realized 
that it was possible to have negative E and 
negative p and still achieve a propagating 
wave because ( ~ p )  would be positive. How- 
ever, to ensure conservation of energy he 
had to take the negative sign of the square 
root, which we now interpret as giving a 
negative refractive index. This meant that 
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Going beyond convention. Materials can be classified in  
terms of the sign of their permittivity E and permeability 
p. For each of the possible four cases, the behavior of radi- 
ation incident on an air-material interface is shown,In the ,,,,,f conventional materialsdielectric (top right 
rant, with positiveand and thus positive the 
,d ray lies closer than the incident ray. plas-tothe normal 
mas wi th negative E (top leftquadrant) reflect radiation. 
Microstructured magnetic materials wi th negative p (bot-
t o m  right quadrant) also block radiation. The metamateri- 
als (bottom left quadrant, wi th negative E and p and thus 
negative n) refract t o  the opposite side of the normal. 

and have a negative E in the mi- 
crowave regime. They have also pro- 
posed structures (6) that could ex- 
hibit negative p.  Shelby et al. real-
ized that combining these structures 
into one "metamaterial" should lead 
to a material with negative E and p. 
Last year (7) ,they showed proof of 
principle; now they report the 
definitive experiment (I). 

The refractive index of a material 
is determined by measuring the de- 
viation of light at its surface. Shelby 
et al. did so with their metamaterial 
at microwave frequencies (1 0.5 
GHz). First, they built a two-dimen- 
sional material 18) from split rings 
and fine wires, all based on printed 
circuit boards. This bulk material 
was cut into a prism, and mi- 
crowaves were shone through it and 
their deflection measured. A Teflon 
prism was used as a reference. The 
result is striking: The Teflon prism 
bends the microwaves in the usual 
way; the metamaterial bends them 
the other way (see the figure). It has 
a negative refractive index. 
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