
rather that the forests dominated through- 
out (7). So, for low-latitude environments, 
isolation in refugia may not have occurred 
in the manner originally anticipated, if at 
all (8). Indeed, the emerging picture from 
the Neotropics-South America, the West 
Indies, and Central America, south of the 
Mexican plateau-as a whole is that the 
effectiveness of cold-stage aridity in 
rolling back rain forest has been greatly 
overestimated. For instance, a recent study 
of the genetic diversity among widely sep- 
arated populations of the lowland canopy 
tree Poulsenai amata  in Central America 
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The latest twist in the Amazonian 
refugial debate, however, is the sugges- 
tion (10) that a substantial part of the 
patterning of endemic species within 
lowland Amazonia is the product of rises 
in sea level of about 100 meters that 
took place during warm phases (that is, 
not during glacials) of the Quaternary 
and late Tertiary periods (10 to 2 million 
years ago). Such transgressions would 
have fragmented the region into two 
large islands and a series of smaller 
archipelagos, encouraging speciation 
through geographic isolation during 

much more complex model is needed to 
explain the biotic patterns in these regions 
and, in particular, the pockets of endemici- 
ty for which full-glacial refugia were orig- 
inally thought to be the cause (2). 
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Catalysis on Oxide Surfaces 
- 

Helmut Knozinger 

sorbed on MgO in a C3" symmetry at low 
temperature (8). Density-functional calcu- 
lations (8) suggest that CH4 does not bind 
to any of the cus Mg2+ sites 1 through 3 
(see the firmre), which have coordination 

F 
ree coordination sites play a major 
role in catalysis by metal complexes, 
because reactants may bind to these 

sites and become activated for catalytic 
conversion (I). Similar considerations ap- 
ply to the surfaces of solid catalysts in 
general and of metal oxides in particular, 
because the surface atoms are character- 
ized by a "ligand" sphere that differs from 
that in the bulk. The surface atoms gener- 
ally have lower coordination numbers than 
those characteristic for the bulk: They are 
cus (2). Their coordination sphere may be 
completed by adsorbed molecules, and 
these may be activated for catalytic trans- 
formations, in close analogy to processes 
occurring on metal complexes. On page 
1474 of this issue, Over et al. (3 )  succeed 
in verifying this concept coordinatively 
unsaturated sites (cus) on the atomic scale. 

The coordination numbers of surface 
atoms in real catalysts may vary over wide 
ranges because different crystallographic 
faces, edges, steps, point defects, and dislo- 
cations may be exposed, resulting in an of- 
ten substantial energetic heterogeneity (4). 
Oxide surfaces typically expose cus cations 
and cus oxygen anions, and chemisorp- 
tion-adsorption involving chemical bond 
formation-frequently involves both simul- 
taneously. For a specific catalytic transfor- 

mation, certain geometric and energetic re- numbers or5, 4, and 3, respectively. Inter- 
quirements must be fulfilled, so that fre- action with the cus 02- sites 4 and 5 is also 
quently only a small percentage of all sur- repulsive. A finite binding energy was 
face atoms may act as active sites. found only for the three-coordinate cus 02- 

The cus surface sites on real, high-sur- comer site 6, characterizing an H-bonding 
face area catalysts can only be character- interaction of the type 0 ... H-CH,. 
ized indirectly, with the use of probe This last example clearly demonstrates 
molecules that can fill the free coordina- that very specific geometric and energetic 
tion sites. For example, the carbonyl in- requirements must be fulfilled by the ad- - sorption sites for methane. An in- 

(. teresting example of reactive 
chemisorption is the adsorption of 

b / CO on MgO. CO binds to the Mg 
species 1, 2, and 3 as suggested on 

3 the basis of the infrared spectra of 
adsorbed CO (9). The simultaneous 

1 2 formation of chemisorbed COT 
1 species coordinated to Mg2+ sites is 

Mg\ I ,Mg \ / - indicative of the concerted action of 
Mg- 0-Mg 

/ \ Mg/P\Mg Mg Mg Mg/ I \Mg 
cus Mg2+ and cus 02- sites (cation- 

Mg Mg anion pairs) (8). 
4 5 6 For a more detailed understand- 

ing of the nature and action of 
Site-specific catalysis. Schematic representation of chemisorption and catalytically ac- 
cus Mg2+ and cus 02- ions on the surface of microcrys- tive sites, their structure and reactiv- 
talline MgO. Sites on the (100) plane, on edges, and at ity must be characterized directly on 
corners are shown. an atomic scale. Modern surface 

analysis techniques, including low- 
frared spectra of CO adsorbed on micro- energy electron diffraction (LEED) and 
crystalline a-Cr203 (5, 6) and on epitaxi- scanning tunneling microscopy (STM), 
ally grown chromium oxide films (7) permit this type of observation, provided 
show a complex pattern of bands of car- that the substrate is sufficiently electrically - - 
bony1 surface complexes characterizing conductive and crystallographically weli- 
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uni-rnuenchen.de troscopy has shown that methane is ad- ductivity often prevents their investigation 
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by surface science techniques. To over- 
come this limitation, model oxide catalysts 
consisting of sufficiently thin, crystalline 
oxide films have been prepared by epitaxi- 
al growth on metallic substrates (7). 

In a model study, Over et al. (3) verify 
the concept of coordinatively unsaturated 
sites on oxides on an atomic scale. The au- 
thors prepared an epitaxially grown Ru02 
(110) film on a Ru single crystal by oxida- 
tion of the metal at 700 K. The film thick- 
ness was typically about 1 to 2 nm. The 
films were fully structurally characterized 
by quantitative LEED and STM measure- 
ments. The atomic positions in the Ru02 
(110) surface were fully consistent within 
experimental error with those known for 
the (1 10) plane of bulk RuO,. The elec- 
tronic structure of the surface oxide phase 
was elucidated by density-functional theo- 
ry (DFT) calculations. 

The Ru02 (1 10) surface is character- 
ized by rows of bridging oxygen atoms 
that are running along the [I101 direction. 
These rows were clearly imaged by STM, 
and the plane of the bridging 0 atoms was 
found to be located 0.1 15 nm above the 
topmost plane of Ru atoms. This surface 
also exposes Ru atoms not capped by oxy- 
gen atoms, in rows parallel to those of the 
bridging oxygens. The coordination num- 

ber of these Ru atoms is 5, and they were 
therefore identified as cus Ru atoms. Ac- 
cording to DFT calculations, these cus Ru 
atoms maintain their bulk hybridization, 
and they are therefore expected to expose 
dangling bonds at the surface and to create 
high reactivity. Adsorbed CO molecules, 
which could be imaged by STM because 
of their low mobility on the oxide surface, 
were shown to be bonded to the Ru atoms, 
consistent with their coordinative unsatu- 
ration. The pronounced localization of the 
chemisorption at dangling bond sites dis- 
tinguishes oxide surfaces from metal sur- 
faces because of the different nature of 
neighboring surface atoms. 

Over et al. (3) also showed that the 
chemisorbed CO molecules reacted with 
bridging oxygen atoms upon brief heating 
to 600 K, leading to the formation of C02 
that readily desorbs into the gas phase. The 
resulting oxygen vacancies were also im- 
aged by STM; reoxidation with O2 led to 
healing of the surface. Obviously, in this 
case, the CO molecule undergoes bonding 
interactions with both cus Ru atoms and 
surface 0 atoms (pair sites), in close simi- 
larity to the formation of COT on the MgO 
surface mentioned above, the crucial dif- 
ference being that the latter species cannot 
easily be desorbed as C02. 

The work of Over et al. (3) represents a 
key step toward an understanding of the 
nature of chemisorption and active sites on 
oxide surfaces. The results provide direct 
evidence for the existence of cus surface 
sites on oxides. The imaging of chemi- 
sorbed CO, and of the 0 defects created by 
the oxidation of the former, permits an in- 
terpretation of elementary steps of an im- 
portant catalytic reaction at an atomic 
scale. Such studies are key for driving sur- 
face science research further toward inves- 
tigations into dynamic processes occurring 
on oxide surfaces. 
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resistance through secondary mutations 
P E R S P E C T I V E S :  M I C R O B I O L O G Y  

MiceAre Not Furry Petri Dishes that compensate for the loss of fitness but 
-	 usually do not reduce the level of resis- 

tance (6-9). The Bjorkrnan et al. study pro- James Bull and Bruce Levin '1 f , vides compelling evidence that the process 
t is not as though microbiologists really 
believe that what is true in vitro is also 
true in vivo. Like most other scientists, 

they realize that progress depends on de- 
veloping model systems that, although not 
faithful replicas of the in vivo environment, 

enable the easy and 
Enhanced onl ine a t  repeatable study of 
www.sciencemag.org/cgi/ biological phenom- 
contentlfulV287/5457/1409ena. Microbial cul- 

ture methods have 
facilitated the isolation and selective DroD- 

1 1 


agation of microbes and control of their ge- 
netics and metabolism. Unfortunately, it 
has become clear that interactions between 
microbes and the complex environment of 
their hosts cannot be gleaned from in vitro 
studies alone. The genes expressed by mi- 
crobes inhabiting a mammalian host are 
different from those expressed by microbes 
living in a petri dish (I).On page 1479 of 

$ J. Bull is a t  the Section of Integrative Biology and the ' Institute of Cellularand Molecular Biology, Universi- 
t y  of Texas, Austin, TX 78712, USA. 6. Levin is in  the 

" c e p a r t m e n t  o f  Biology, Emory University, Atlanta, 

this issue, Bjorkman et 
al. (2 )now show that the fi:? 

processes of mutation 
and selection (the basic 
elements of evolution) 
in bacterial populations 
differ depending o 
whether the bacte- 
ria grow in vivo or 
in vitro. 

Mutations that 
enable bacteria and 
other microbes to 
grow in the presence 
of antimicrobial agents 
commonly engender a cost 
that is manifest as a reduced growth rate 
(competitive disadvantage) in environ- 
ments where the drug is absent. The cost 
incurred by drug resistance has been touted 
as a route to combatting the ever-increas- 
ing numbers of drug-resistant pathogenic 
microbes. The rationale is that because re- 
sistance incurs a cost, its incidence will 
wane if we administer antimicrobial drugs 

of adaptailon to-the costs of antibibtic re- 
sistance in Salmonella are different de- 

pending on whether the bacteria 
grow in mice or culture medium 

A mutation in elongation 
ctor G (which decreases 
protein synthesis and 

slows growth) confers 
resistance to fusidic 
acid on Salmonella. 
The authors recov- 
ered 26 indepen- 
dent compensatory 

mutations and two re- 
vertants when Salmonella 

with this drug-resistance mutation were 
grown in culture broth. (Revertants are 
bacteria in which the drug-resistance mu- 
tation has been lost and the original wild- 
type DNA sequence has been restored.) In 
contrast, 1 1 compensatory mutations and 
14 revertants were obtained when bacteria 
with the drug-resistance mutation were 
grown in mice. The amino acid substitu- 
tions in the 1 1 mouse-derived compen- 
satory mutations differed from those in the 

;GA 30322, USA. ~ - ~ ~ i l :  	 more prudently (3-5). Unfortunately, bac- bu~~~bu~~.biosci.utexas.edu; 
6 blevin@biology.emory.edu teria and viruses adapt to the cost of drug 
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