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By P. David Polly

P
erhaps none of Australia’s remarkable 

endemic plants and animals are more 

iconic than the kangaroos and wal-

labies that constitute the superfamily 

Macropodoidea. These pouched ani-

mals share a common ancestor with 

all the world’s mammals, but like Austra-

lia’s other marsupials, they evolved in isola-

tion from small opossum-like founders that 

inhabited the southern supercontinent of 

Gondwana in the late Mesozoic [100 to 66 

million years (Ma) ago] (1). The evolution 

of these iconic Australian groups (or clades) 

offers comparative opportunities for under-

standing how global-scale processes like cli-

mate change interact with the exceedingly 

contingent processes of evolution, adapta-

tion, and extinction. On page 72 of this issue, 

Couzens and Prideaux (2) show that dental 

evolution in kangaroos responded to global 

aridification much like it did in other mam-

malian herbivores around the world, but that 

in Australia, tooth specialization was linked 

to a late spread of grasslands that postdated 

the onset of drier habitats.

Couzens and Prideaux’s conclusions are 

based on analysis of the functional traits that 

link macropodoids to vegetation and thus 

to climate. Classically, paleontologists have 

studied biotic responses to global change by 

measuring taxonomic turnover (3). The anal-

ysis of taxonomic diversity documents mass 

extinctions, clade turnovers, and changes 

in global carrying capacity (4), but it is too 

coarse to study how evolutionary adaptation 

contributes to these events. Ecometrics, or 

the analysis of turnover in functional traits, 

atomizes organisms into form-function pair-

ings between specific traits and associated 

environmental factors to more directly un-

derstand the processes by which taxonomic 

diversity changes (5). 

For example, the durability of teeth de-

pends largely on the absolute height of the 

crown because enamel and dentine have sim-

ilar properties in all vertebrates. Herbivores 

that live in environments with more abrasive 

vegetation should therefore have higher-

crowned teeth (hypsodonty) regardless of 

whether they are marsupials or placentals 

(6). The tooth crown height (measured as the 

ratio of crown to root) is thus linked by natu-

ral selection to aridity and vegetation cover, 

especially grasslands and gritty habitats (7). 

Couzens and Prideaux measured the evolu-

tion of tooth crown height in living and fos-

sil macropodoids. To characterize the actual 

dietary demands on the teeth, the authors 

measured the wear on the animals’ occlusal 

surfaces (the masticating surfaces of poste-

rior teeth). Using independent proxies for 

global climate (oxygen isotopes), the spread 

of grasslands in Australia (pollen and carbon 

isotopes), and airborne grit (aeolian flux in 

nearby ocean sediment cores), the authors 

analyzed the interplay between tooth wear, 

crown height, and environmental change in 

the radiation of macropodoids.

Unlike in North America and Eurasia, 

global aridification was not accompanied in 

Australia by an increase in herbivore tooth 

crown height. In North America and Eurasia, 

hypsodonty (high-crowned teeth)  became 

increasingly common with the onset of drier 

global climates in the mid Miocene  (10 to 15 

Ma ago) (8, 9). But in Australia, tooth wear 

and crown height did not increase until the 

Pliocene (3 to 4 Ma ago), when grasslands ex-

panded and true kangaroos radiated. 

So, what happened 10 million years earlier 

when Australia became more arid? Instead 

of browsers (herbivores that fed on leaves, 

soft shoots, or fruits of plants such as shrubs) 

giving way to hypsodont grazers (herbivores 

that fed on grass or other low vegetation), 

browsing macropodoids got bigger. The 

sthenurines—giant kangaroo-like animals 

that weighed as much as 240 kg and strode 

instead of hopped (10)—radiated into the in-

creasingly arid habitats of 14 Ma ago. Their 

low-crowned teeth, short faces, large body 

size, and presumably slower mass-specific 

metabolic rates allowed them to thrive by 

browsing the increasingly sparse vegetation 

during the early phase of aridification. Only 

later, when abrasive, silica-rich grasslands 

replaced the earlier arid vegetation, did fast-

moving true kangaroos (with higher-crowned 

teeth) replace their slow-moving sthenurine 

cousins through a combination of clade re-

placement and trait evolution.

Evolution is a process that is often con-

text specific, rife with contingencies. Stephen 

Jay Gould wondered what would change if 

we could “replay life’s tape” (11). Although 

comparing evolution on isolated continents 

does not let us to play  the tape again, it does 

at least allow us to listen in stereo as inde-

pendent voices respond to the same global 

theme. Couzens and Prideaux’s data dem-
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onstrate a disjunction between the onset of 
aridity and the evolution of high-crowned 
teeth in Australia that differs from the clas-
sic patterns in Eurasia and North America. 
The Australian transition illuminates a pre-
viously identified anomaly in South America 
in which hypsodonty evolved in clades in-
habiting humid forests that predated the 
spread of grasslands by almost 20 Ma (12). 
High-crowned teeth in South America were 
favored because the vegetation was gritty 
from frequent ash falls from the nascent An-
des, not because the climate was arid. So, too, 
in Australia was hypsodonty favored by gritty 
vegetation, this time grasslands . The classic 
connection between hypsodonty and climate 
is at least one step removed from climate 
(C

4
 grasses are favored over many other plant 

groups in hot, dry climates) and sometimes 
completely decoupled. Aridity, grasslands, 
and hypsodonty were entangled in classic 
North American data, but the comparative 
histories of mammals in Australia and South 
America help disentangle the mechanisms of 
biotic response to environmental change.

Independent lines of evidence for en-
vironmental conditions, diet, and tooth 
morphology are this paper’s strength. 
Functional morphologists studying selec-
tion in living organisms routinely control 
for environmental effects with common 
garden or other experiments. Paleontolo-
gists are often forced to assess cause and 
effect directly from the morphology of the 
fossils they study, compromising power to 
determine whether morphological changes 
are truly responses to environmental ones. 
Teeth carry their own independent record 
of phenotype (the product of genetics and 
development) and function (impact of envi-
ronment) because they wear with use rather 
than remodeling as does almost every other 
anatomical system. This and other method-
ological advances like computational finite 
element analysis now allow paleontologists 
to conduct persuasive analyses of form and 
function in the fossil record. j
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Smoothening out the patches
New roles are discovered for cholesterol transport in 
a key developmental signaling pathway

By Anselm Sommer1,2 and 

Mark A. Lemmon1,2 

S
ignaling pathways regulated by the 
lipidated protein ligand Hedgehog 
(HH) direct the development of all 
metazoans through unique molecu-
lar mechanisms that remain elusive. 
More than two decades after their 

discovery, a series of recently determined 
structures of two key HH signaling trans-
ducers—the transmembrane proteins 
Patched (PTCH) and Smoothened (SMO)—
are now beginning to reveal the signaling 
events triggered by HH and homologous 
ligands at the cell membrane. On page 52 
of this issue, Qi et al. (1) describe structures 
derived by cryo–electron microscopy (cryo-
EM) that harmonize recent reports (2, 3) of 
the structure of the HH receptor PTCH, an 

important tumor suppressor (4). Together 
with recent crystal structures of the seven-
transmembrane-spanning protein SMO (5, 
6), they provide important new insight on 
molecular events in HH signaling and sug-
gest new opportunities for targeting this 
pathway in cancer and other diseases (4).

SMO was first identified as the transducer 
of HH signals across the membrane and 
belongs to the F class of G protein–coupled 
receptors (GPCRs), along with Frizzleds, re-
ceptors in another important developmental 
signaling cascade—the Wnt pathway. It sub-
sequently became clear, however, that the 
physical receptor for ligands in the HH fam-
ily is actually PTCH (7) and that these ligands 
regulate SMO indirectly through PTCH. In 
the absence of bound HH, PTCH inhibits 
SMO signaling. This inhibition is relieved 
upon HH binding to PTCH, in a catalytic 
manner that does not require direct PTCH-
SMO interactions (8); this finding suggests 

that a mediator is likely to be involved. Be-
cause SMO binds cholesterol-like molecules 
(5–7) and PTCH resembles the Niemann-
Pick type C1 (NPC1) cholesterol transporter 
(8), sterols have become the prime suspects.

The new cryo-EM structures of human 
PTCH1 (1–3) range in resolution from 3.5 to 
3.9 Å and confirm the structural similarity 
of PTCH1 to NPC1. They detail how the 12 
transmembrane a helices (arranged as two 
groups of six) and the two homologous ex-
tracellular domains (ECDs) form a two-fold 
pseudosymmetric structure. Importantly, 
cholesterol-like densities are seen in two 
locations in PTCH1; one is sandwiched be-
tween the two ECDs, and the other occupies 
a membrane-facing cavity in the transmem-
brane region’s sterol-sensing domain (SSD) 
that is analogous to a cholesterol-sized 
pocket in the NPC1 cholesterol transporter 
(9). These densities appear to be connected 
by a contiguous “tunnel” through PTCH1 
(and thus through the cell membrane), of 
sufficient size to accommodate cholesterol 
(1). This tunnel could allow transport of 
sterol-like molecules from the SSD within 
the membrane (and/or other intramem-
brane “gates”) to the extracellular space. 
Indeed, previous studies have implicated 
PTCH1 directly in cholesterol export (10).

The structures also reveal for the first 
time how the N-terminal signaling domain 
of the human HH homolog, Sonic HH 
(SHH-N), binds PTCH1. Initially adding to 
uncertainties in the field, however, the first 
two structures (2, 3) showed SHH-N bound 
to PTCH1 in two quite different ways, us-
ing distinct and nonoverlapping parts of 
the ligand’s surface. Unexpectedly, this is 
resolved in the structure from Qi et al. (1), 
which shows a single SHH-N protein bound 
simultaneously to two PTCH1 molecules.

In PTCH1–SHH-N complexes formed us-
ing a “native” (palmitoylated) form of SHH-
N (3), the palmitoyl chain at the N terminus 
of SHH-N dominates the interface with 
PTCH1. The N-terminal ~15 amino acids of 
the ligand project between the two PTCH1 
ECDs. This places the N-terminal palmitoyl 
moiety in a cavity between the ECDs at the 
membrane lipid headgroup level, occlud-
ing the putative tunnel through the PTCH1 
molecule, which could inhibit cholesterol 
transport. In another structure (2), nonpal-
mitoylated SHH-N binds a similar region on 
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