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tions in all visual cortical areas could underlie
a three-dimensional spatial code for address-
ing and binding of computations carried out
in different cortical compartments.
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“Inordinate Fondness”
Explained: Why Are There So
Many Beetles?

Brian D. Farrell

The phylogeny of the Phytophaga, the largest and oldest radiation of herbiv-
orous beetles, was reconstructed from 115 complete DNA sequences for the
18S nuclear ribosomal subunit and from 212 morphological characters. The
results of these analyses were used to interpret the role of angiosperms in
beetle diversification. Jurassic fossils represent basal lineages that are still
associated with conifers and cycads. Repeated origins of angiosperm-feeding
beetle lineages are associated with enhanced rates of beetle diversification,
indicating a series of adaptive radiations. Collectively, these radiations repre-
sent nearly half of the species in the order Coleoptera and a similar proportion

of herbivorous insect species.

When the British biologist J. B. S. Haldane
was asked by a group of theologians what one
could conclude as to the nature of the Creator
from a study of His creation, Haldane is said
to have answered, “An inordinate fondness
for beetles” (/). Haldane’s remark reflects the

Museum of Comparative Zoology, Harvard University,
Cambridge, MA 02138, USA. E-mail: bfarrell@oeb.
harvard.edu

numerical domination of described species by
the insect order Coleoptera (2), the diversity
of which exceeds that of any other known
animal or plant group. Because over half of
all beetles are herbivorous and because the
diversity of the remainder is comparable to
that of other large, young, and nonherbivo-
rous insect orders (3), a reconstruction of the
phylogenesis of beetle herbivory would con-
tribute substantially to an understanding of
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possible reasons for the apparent success of
the Coleoptera.

Most phytophagous beetles feed on angio-
sperms, which are the most diverse group of
vascular plants. Although the diversity of
insects and angiosperms has been thought to
result from the interaction of these two
groups (3), the impact that the rise of flow-
ering plants had on insect diversification has
been recently challenged (4) by evidence that
the appearance rate of insect families did not
increase with angiosperm radiation during the
Cretaceous. Indeed, most insect families that
contain present-day associates of flowering
plants were in place by the Jurassic (5), with
the origins of actual angiosperm associations
following later. The most direct test of the
influence of flowering plant diversity on in-
sect diversity must evaluate insect diversifi-
cation rates before and after the origins of
associations with angiosperms and must ex-
amine diversity within insect families. Phy-
tophagous beetles are critical subjects for
these tests, not only because they represent
much of the diversity that must be explained,
but also because several lineages of phytoph-
agous beetles have colonized angiosperms
independently.

Plant feeding arose early in beetle history,
about 50 million years after the origin of the
Coleoptera in the Permian (5). Herbivorous
species doubled beetle diversity by the mid-
Jurassic and overshadowed the nonherbivo-
rous taxa by the beginning of the Tertiary;
this interval coincided with the rise of angio-
sperms (Fig. 1). The most successful insect-
angiosperm associations involve the beetle
sister superfamilies Chrysomeloidea and Cur-
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Fig. 1. The number of beetle genera of each of
three trophic levels (34) per geological period
(Permian to Tertiary) and epoch (Recent) (5,
35). Permian fossils are entirely of the saproph-
agous Archostemmata (5), and the first
Adephaga and Polyphaga (the curculionoid Ob-
rienidae) appear in the Triassic (9). Low diver-
sity in the Cretaceous likely reflects the paucity
of studied strata. The proportions of fossil gen-
era in each beetle series (defined by Crowson)
in the Tertiary and Recent are significantly
correlated (P = 0.001). The disproportionate
rise in the diversity of the post-Cretaceous
phytophagous beetles likely reflects the expo-
nential rise in angiosperm diversity, particularly
of herbaceous taxa.
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culionoidea. These comprise the Phytophaga
clade and likely exceed 135,000 species (6)
[~80% of herbivorous beetles and ~50% of
herbivorous insects (3)]. The Curculionoidea
superfamily consists of six relatively depau-
perate families (Nemonychidae, Anthribidae,
Attelabidae, Belidae, Brentidae, and Rhyn-
chophoridae) and the considerably more di-
verse Curculionidae, whereas the Chry-
someloidea superfamily consists of the spe-
cies-rich Cerambycidae and Chrysomelidae
families. This assemblage of families con-
tains different lineages, which are associated
with cycads or conifers or with monocots or
dicots (7, 8).

The ancestor of the Phytophaga existed
~230 million years ago in the Triassic, as
evidenced by the fossils of the now-extinct
curculionoid family Obrienidae (9). Howev-
er, the most important Mesozoic strata for
fossil weevils and chrysomelids are the Ju-
rassic Karatau beds in Kazakhstan (/0).
These beds contain no angiosperms but are
rich in remains of Pteridophyta, Ginkgoales,
Gnetales, Coniferales (that is, Araucariaceae
and Podocarpaceae), Cycadales, and now-
extinct Bennettitales (/0). The angiosperm
and phytophagous beetle fossil records are
richest in the post-Jurassic Period, with most
of the currently dominant subgroups of
monocots and dicots and their herbivores pro-
liferating in the early Tertiary. Because the
diversification of seed plants and beetle her-
bivores has been at least broadly contempo-
raneous, it is plausible that this history has
determined, at least in part, present-day bee-
tle associations and diversity.

To resolve the diversification history of
these beetles, DNA sequences for the entire 185
ribosomal subunit gene were produced for sam-
ples of 115 species, which were drawn from all
beetle subfamilies, representing the major vari-
ations in host-plant affiliations (/7). These data

were complemented by the addition of a matrix
of 212 morphological characters compiled from
recent reviews (12, 13).

The most parsimonious trees (/4) (Fig. 2)
showed basal conifer- and cycad-feeding beetle
lineages in the Chrysomeloidea and Curculion-
oidea branches. The Chilean Araucaria-feeding
nemonychid subfamily Rhinorhynchinae [rep-
resented by Mecomacer (15)] is at the base of
the Curculionoidea (Fig. 2A), whereas the
Araucaria-feeding Palophaginae [represented
by Palophagoides (16)] subtends the basal
branch in the Chrysomeloidea (Fig. 2B). Imme-
diately following these first branches of the
Curculionoidea and Chrysomelidae are branch-
es leading to the Araucariaceae-associated Oxy-
coryninae [Oxycraspedus (17)] and Orsodacni-
nae [Orsodacne (18)] and their respective
cycad-feeding sister groups Allocoryninae
[Rhopalotria (19)] and Aulacoscelidinae [Aula-
coscelis (20)]. Similarly, within the Ceramby-
cidae family, the conifer-affiliated Aseminae
(Asemum) and Spondylinae (Spondylis) (Fig.
2B) are the most basal live-plant feeders. All
described larvae of these taxa feed on internal
host tissues; the feeding of these chrysomelid
and curculionoid larvae on the male pollen-
bearing strobili of conifers and cycads suggests
that attack on these nutrient-rich reproductive
structures preceded foliage feeding.

The current affiliations of these oldest
beetle lineages with pre-angiosperm seed
plants support the hypothesis that these lin-
eages retain affiliations that were formed ear-
ly in the Mesozoic, before the diversification
of flowering plants. Also supportive of early
Mesozoic origins are the south temperate dis-
tributions of the basal curculionoids and
chrysomelids, which are relictual and repre-
sent a broader previous distribution on Gond-
wanaland, before the late Mesozoic breakup
(21). Thus, the evidence from phylogenetic
position and biogeography points to the con-

Table 1. Five independent contrasts of groups associated with gymnospermous seed plants versus
angiosperms. All five contrasts yield a positive difference in favor of the hypothesis that angiosperm
feeding is associated with enhanced diversity (one-tailed sign test, P = 0.03). Addition of the remaining
(mostly weevil) subfamilies, not yet sequenced, will bring the total number of species to 135,000. For two
comparisons, alternative topologies are three to four steps (combined changes in nucleotides and
morphological characters) away (comparisons 3 and 5), but these alternatives yield the same conclusion
of ancestral beetle associations with gymnosperms. Thus, for comparison 3 (the Cerambycidae), the
closest alternative grouping (within four steps) is of the Spondylinae as sister to the angiosperm-
associated clade, with Aseminae as sister to this assemblage. For comparison 5, the closest alternative
(within three steps) is of Orsodacninae as sister to the angiosperm feeders.

Primitively .

Com- . N Primitively R

. gymnosperm-associated  Diversity . A Diversity
parison angiosperm-associated taxon

taxon
1 Nemonychidae 85 Attelabinae-Rhynchitinae, Apioninae, and 44,002
Curculionidae-Rhynchophoridae
2 Oxycoryninae- 30 Belinae 150
Allocoryninae

3 Aseminae-Spondylinae 78 Lepturinae and Lamiinae-Cerambycinae 25,000

4 Palophaginae 3 Megalopodinae-Zeugophorinae 400

5 Orsodacninae- 26 Remaining Chrysomelidae 33,400

Aulacoscelidinae
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clusion that these associations of beetles with
conifers and cycads are nearly 200 million
years old and are therefore the oldest extant
insect-plant interactions known.

The phylogenetic ordering of beetle-plant
associations is borne out by the concordant
stratigraphic distributions of taxa in the two
groups. The nemonychid subfamily Rhino-
rhynchinae (22), the belid subfamily Oxy-
coryninae (23, 24), and the chrysomelid sub-
family Palophaginae (25), all of which attack
the male strobili of Araucaria, contain mem-
bers that are found in Kazakhstan in the
Jurassic Karatau Formation, in which Arau-
caria fossils are prominent. The Araucari-
aceae show remarkable continuity between
Mesozoic and extant forms, because Jurassic
fossil cones and leaves are attributable to
extant sections of Araucaria (26, 27). Indeed,
the investment of fossil and extant Araucaria
reproductive parts with defensive resin canals
supports an argument for the early and con-

REPORTS

tinued vulnerability of Araucaria to herbivo-
rous insects (28). The discovery of extremely
well preserved Araucaria strobili (some with
apparent beetle damage) and foliage in the
Jurassic fossils of Argentina suggests that
these Argentine beetles may have been con-
tinuously associated with their hosts in a
single place. Such continuity in insect asso-
ciations therefore extends the morphological
continuity of the Araucariaceae to include
ecological interactions with herbivores.
Some present-day cycad associates pre-
date the rise of angiosperms. The phylogeny
estimate predicts the early appearance of the
cycad-feeding beetle subfamilies Allocoryni-
nae and Aulacoscelinae, insects that are
found in the Jurassic Karatau beds (29, 30).
The pairing of the cycad-feeding taxa with
associates of Araucariaceae in both the Chry-
someloidea and Curculionoidea apparently
reflects the codominance of these Late Juras-
sic flora members and also reflects, perhaps,

the nutritional similarity of their relatively
large male strobili (37).

Although the fidelity of the oldest beetle-
host associations might reflect features of
conifers and cycads (or features of these par-
ticular beetles) that promote their stability,
many angiosperm-affiliated beetle subfami-
lies or tribes are restricted to taxonomic
groups of monocots or dicots as well (Fig. 2).
The persistent affiliations of beetle clades
with plants that represent the range of poten-
tial host groups that formed throughout the
latter half of the Phanerozoic Eon clearly
impose a strong imprint of evolutionary his-
tory on the structure of modern insect-plant
communities and thereby bear implications
for their relative diversity.

The phylogeny estimate permits a test of the
hypothesis that proposes that the angiosperm-
feeding origins in the beetles are associated
with enhanced diversity. To apply this estimate,
the diversity of each group for which angio-
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Fig. 2. Estimate of the phylogeny of host associations in the Phyto-
phaga, on the basis of simultaneous analyses of DNA sequences and
morphological characters for (A) Curculionoidea, (B) Chrysomeloidea,
and outgroups. The strict consensus tree for the two superfamilies,
minus outgroups, is presented in two parts for legibility, with numbers
indicating the number of synapomorphies/only those bootstrap val-
ues that exceed 50% (length, 2086; consistency index, 0.5; rescaled
consistency index, 0.4; retention index, 0.83). Individual numbers also
represent the number of synapomorphies. The Phytophaga, Chry-
someloidea, and Curculionoidea are all monophyletic, and the erotylid
and melyrid sequences form the sister group to the Phytophaga, with
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Tenebrio outside these. Common groups between separate analyses
of DNA sequences and morphological characters are represented by
bold lines (DNA sequences are the sole source of resolution below the
subfamily level in the Chrysomeloidea and below the family level in
the Curculionoidea). Colors indicate the major host group attributable
to the common ancestor of each group (green, Coniferae; brown,
Cycadales; red, dicotyledonous angiosperms; blue, monocotyledonous
angiosperms; black, subfamilies that do not feed on living plants).
Approximate ages of Mesozoic and early Tertiary fossils only are
indicated where known, because almost all subfamily groups are
known from the mid-Tertiary fossil record.
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Fig. 3. The phylogeny
of the families and sub-
families of Phytophaga
represented by genera
in Fig. 2, with estimates
of the number of cur-
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origins in the Cretaceous, because angiosperms were not developed in the Jurassic (37).

sperm association was clearly the ancestral hab-
it was contrasted with the diversity of the re-
spective sister group for which cycad feeding or
conifer feeding was clearly ancestral (Fig. 3).
This analysis identified five such contrasts (Ta-
ble 1), all of which show an increased diversity
(of several orders of magnitude) in the angio-
sperm-associated group (one-tailed sign test,
P = 0.03). The total increase in beetle diversity
is ~100,000 species, which is directly attribut-
able to a series of adaptive radiations onto
angiosperms.

The diversification of the phytophagous
beetles is consistent with the coevolutionary
model of Ehrlich and Raven (32), who ascribe
differences in the present diversity of insect and
plant groups to evolutionary changes in charac-
ters (which affect their ecological interactions)
and who predict that older plants should harbor
older herbivores. Combined evidence from the
phylogeny estimates presented here and from
the fossil record shows a pronounced conserva-
tism in the evolution of beetle-plant associa-
tions, which is important for the implication
that plants might escape herbivory via key in-
novations (28, 32). Correlated with angiosperm
feeding is the proliferation of life-history traits
in the curculionids and chrysomelids. In con-
trast with the strobilus feeding of conifer- and
cycad-associated ancestors, diversification of
the subfamilies that attack flowering plants has
been accompanied by larval folivory, leaf min-
ing, and seed and root feeding, which exempli-
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fy the concept of adaptive radiation.

Although Haldane’s remark reflected a
common and understandable emphasis on ex-
plaining the diversity of a particular taxon,
explanations may be more readily found
through comparative investigations of eco-
logical breakthroughs that have evolved suf-
ficiently often to permit multiple compari-
sons to be made (33). The success of the
order Coleoptera thus seems to have been
enabled by the rise of flowering plants.
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Activity-Dependent Cortical
Target Selection by Thalamic
Axons

Susan M. Catalano* and Carla J. Shatzf

Connections in the developing nervous system are thought to be formed
initially by an activity-independent process of axon pathfinding and target
selection and subsequently refined by neural activity. Blockade of sodium action
potentials by intracranial infusion of tetrodotoxin in cats during the early period
when axons from the lateral geniculate nucleus (LGN) were in the process of
selecting visual cortex as their target altered the pattern and precision of this
thalamocortical projection. The majority of LGN neurons, rather than projecting
to visual cortex, elaborated a significant projection within the subplate of
cortical areas normally bypassed. Those axons that did project to their correct
target were topographically disorganized. Thus, neural activity is required for
initial targeting decisions made by thalamic axons as they traverse the subplate.

During the wiring of connections between the
thalamus and cortex in mammals, there is an
intermediate step in which thalamic axons
grow and interact with a special population of
neurons—subplate neurons—before they
contact their ultimate target neurons within
the cortical plate (/, 2). For example, LGN
axons en route to visual cortex emit transient
side branches that extend into the subplate
under both target and nontarget cortical areas
(3) and form functional synaptic contacts
with subplate neurons (4). During this period
of development, spontaneous action potential
activity generated in the retina and relayed
through the LGN likely drives these subplate
synapses in vivo (). Thus, synaptic relations
within the subplate could support activity-
dependent interactions during the process of
thalamocortical axon target selection.

To examine if activity is needed for tha-
lamic axons to form connections with their
appropriate cortical target area, we infused
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tetrodotoxin (TTX, a sodium channel antag-
onist that blocks action potentials) or vehicle
through osmotic minipumps (6) into the brain
of cat fetuses between E42 (E42 = 42 days of
gestation) and E56. At E42, the first LGN
axons have just reached the subplate under-
neath visual cortex but still have side branch-
es along their trajectory. Between E42 and
E50, the majority of LGN axons have arrived
in the visual subplate; by E56, many have
departed the subplate and reached their ulti-
mate target, layer 4 of the cortical plate (3).
To assess the consequences of the treatments
on the thalamocortical projection, we injected
carbocyanine dyes at E56 to label retrograde-
ly LGN neurons (7) and subsequently count-
ed the numbers of neurons sending axons to
the subplate or cortical plate of either visual
(the correct target) or auditory (an incorrect
target) cortex.

The number of LGN neurons projecting to
visual cortex was decreased in TTX-infused
animals (Fig. 1), both within the subplate [Fig.
1C; an average of 69 * 5% SEM fewer neurons
than vehicle controls, » = 8 animals; 4 litter-
mate pairs treated with TTX or vehicle and
matched for similar 1,1’-dioctadecyl-3,3,3',3'-
tetramethylindocarbocyanine perchlorate (Dil)
injection sizes] and within the cortical plate
(Fig. 1C; 94 = 0.5% SEM, n = 8 animals; 4
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