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A Comprehensive Phylogeny of
Beetles Reveals the Evolutionary
Origins of a Superradiation

Toby Hunt,"?* Johannes Bergsten,"?* Zuzana Levkanicova,> Anna Papadopoulou,-
Oliver St. John,? Ruth Wild,? Peter M. Hammond,* Dirk Ahrens,* Michael Balke,**
Michael S. Caterino,™* Jestis Gdmez-Zurita,+® Ignacio Ribera,” Timothy G. Barraclough,?
Milada Bocakova,® Ladislav Bocak,? Alfried P. Vogler*t

Beetles represent almost one-fourth of all described species, and knowledge about their
relationships and evolution adds to our understanding of biodiversity. We performed a
comprehensive phylogenetic analysis of Coleoptera inferred from three genes and nearly 1900
species, representing more than 80% of the world’s recognized beetle families. We defined
basal relationships in the Polyphaga supergroup, which contains over 300,000 species, and
established five families as the earliest branching lineages. By dating the phylogeny, we found that
the success of beetles is explained neither by exceptional net diversification rates nor by a
predominant role of herbivory and the Cretaceous rise of angiosperms. Instead, the pre-Cretaceous
origin of more than 100 present-day lineages suggests that beetle species richness is due to
high survival of lineages and sustained diversification in a variety of niches.

long fascinated evolutionary biologists

(I). The strongly sclerotized front wings
defining the order Coleoptera (the beetles), which
provide protection while retaining the ability of
powered flight with the membranous hindwings,
may be an evolutionary novelty that promoted
extensive diversification (2). Beetles appeared
around 285 million years ago (Ma) (2, 3), fol-
lowed by radiations of wood-boring (suborder

The extraordinary diversity of beetles has
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Archostemata), predacious (Adephaga), and fun-
givorous (Polyphaga) lineages (4) present in the
fossil record from the middle Triassic on (2, 3).
Their species richness is associated with extreme
morphological, ecological, and behavioral diver-
sity (4), and diversification of the most species-
rich extant lineages may have been driven by
co-radiations with angiosperms (9) and/or mam-
mals (6) and/or geological and climatic change (7)
occurring since the Cretaceous (145 to 65 Ma).

Studies of phylogenetic relationships within
the Coleoptera resulted in a preliminary consen-
sus on the classification, defining 4 suborders, 17
superfamilies, and 168 families (8—/0). However,
formal phylogenetic analyses of morphological
characters (71, 12) and more recently molecular
data (5, 13, 14) have been limited to subgroups at
the family or superfamily level. Because of the
sheer size of the group and the complexity of
morphological character systems, these analyses
have not been applied to the entire order.

We compiled a three gene data matrix pro-
viding a complete taxonomic representation for
all suborders, series and superfamilies; >80% of
recognized families; and >60% of subfamilies

(9, 10), which together contain >95% of described
beetle species. Sequences for the small subunit
ribosomal RNA (18 S rRNA) were obtained for
1880 species from de novo sequencing and
existing databases. Mitochondrial 16S rRNA
(rrnL) and cytochrome oxidase subunit I (cox/)
sequences were added for nearly half of these taxa
(table S1) to create a data matrix of rapid, medium,
and slowly evolving sequences. Phylogenetic
analysis of the combined matrix was performed
with a fragment-extension procedure for global
sequence alignment followed by tree searches
with fast parsimony algorithms (/5). We tested for
long-branch attraction, i.e., the spurious pairing of
rapidly evolving lineages, by removing taxa ter-
minal to long branches and assessing trees with a
retention index (RI) measure of fit to the traditional
classification (table S2) (15). The resulting par-
simony tree largely agrees with the existing clas-
sification at the family and superfamily levels [on
average, 95.7% of terminals assigned to a family
were recovered as monophyla (table S2)], al-
though our taxon sampling was not comprehen-
sive in some families. Model-based Bayesian
methods were applied to a 340-taxon representa-
tive subset at the subfamily level.

The trees (Figs. 1 and 2) were rooted with the
neuropterid orders, the presumed sister to the
Coleoptera (16), and recovered the major subdi-
visions of Adephaga [37,000 known species;
posterior probability (pp) = 1.0] and Polyphaga
(>300,000 species; pp = 1.0) as sisters to the
Myxophaga (94 species) plus Archostemata (40
species) (8). The Adephaga was divided into two
clades containing an aquatic (Hydradephaga;
diving beetles and whirligig beetles; pp = 0.90)
and a terrestrial (Geadephaga; ground beetles and
tiger beetles; pp = 1.0) lineage, supporting a
single terrestrial-to-aquatic transition in this sub-
order (13).

In the strongly supported suborder Polypha-
ga, five families occupied the basal nodes (Figs.
1 and 2) (pp = 1.0). These families include the
Decliniidae; the Scirtidae, with aquatic larvae;
the Derodontidae, an ecologically diverse family
from global temperate zones; and the Eucinetidae
and the Clambidae. These ancestral five families
were previously considered basal Elateriformia
(superfamily Scirtoidea), except for Derodontidae,

www.sciencemag.org SCIENCE VOL 318 21 DECEMBER 2007

Downloaded from www.sciencemag.org on December 21, 2007

1913


http://www.sciencemag.org

REPORTS

which has been associated with Bostrichiformia
(9, 10). All five families exhibit archaic morpho-
logical features shared only with Archostemata
and Adephaga (8, 17). Their basal position was
stable (always pp = 1.0) (table S3) when trees
were rooted with the neuropterid orders or only
with Myxophaga or Adephaga as outgroups.

All superfamilies of Polyphaga were previ-
ously grouped into five series (4, 9), of which
only the Scarabaeiformia (pp = 1.0) and the
Cucujiformia ( pp = 1.0) were strongly supported
as monophyletic in this study. Staphyliniformia
comprised a paraphyletic basal grade, and both
Bostrichiformia and Elateriformia were polyphy-
letic. Relationships among the five series were
poorly supported or unresolved in the consensus
tree (fig. S1). Nosodendridae, usually included in
Bostrichiformia near Derodontidae (4, 9) but re-
cently associated with Scirtoidea on the basis of
thoracic characters (/8), grouped instead with the
nonscirtoid Elateriformia, albeit with low support
(fig. S1) (pp = 0.59).

Within Elateriformia, the superfamilies Bu-
prestoidea (jewel beetles; pp = 1.0), Dascilloidea
(pp = 1.0), and Elateroidea (click beetles and
allies; pp = 0.72) were supported. Our data
showed that Byrrhoidea, sensu Lawrence and
Newton (9), is paraphyletic, supporting the divi-
sion of this clade (§) into Byrrhoidea (Byrrhidae,
moss beetles; pp = 1.0) and Dryopoidea (riffle
beetles and water pennies). The Cantharoidea
(soldier beetles, fireflies, etc.) fell inside the
Elateroidea, and our tree supported that biolumi-
nescence arose repeatedly in beetles, in agree-
ment with structural differences in luciferases
(19). Scarabaciformia (chafers, stag beetles, and
dung beetles; pp = 1.0) is thought to be related to
the Staphyliniformia (4, 74, 20). In our trees, it
was part of an unresolved paraphyletic Staph-
yliniformia including the superfamilies Histeroi-
dea (clown beetles; pp = 1.0); Hydrophiloidea
(pp=1.0), aclade of both Leiodidae and Agyrtidae
(pp = 1.0); the Staphylinidae (rove beetles in-
cluding Silphidae and carrion beetles; pp = 0.86);
and the Hydraenidae as sister (pp = 0.74) to the
Ptiliidae (featherwing beetles).

The hyperdiverse Cucujiformia, representing
more than half of all beetles and 90 families, was
strongly supported as monophyletic (Figs. 1 and
2; pp = 1.0). Among the seven established super-
families, the Lymexyloidea (ship-timber beetles)
was found near the base of the Tenebrionoidea
(30 families; pp = 0.76). The Cleroidea (checkered
beetles and allies) was monophyletic (pp = 0.70)
only when including the Biphyllidae plus Bytur-
idae (pp = 1.0). The latter two were formerly
classified as Cucujoidea, but their association with
Cleroidea is supported by genitalic characters
(11). The Cucujoidea, comprising 34 families,
was polyphyletic, but the Cerylonid series (Figs.
1 and 2 and fig. S3) (pp = 1.0) consisting of eight
families (2/) was monophyletic. Apart from the
Sphindidae (pp = 1.0), the remaining cucujoid
families formed a monophyletic clade (pp =0.72)
together with the species-rich Curculionoidea

(weevils and bark beetles; pp = 0.73) and
Chrysomeloidea (leaf beetles and longhoms).
Once the relationships among coleopteran
families and superfamilies were established, we
investigated the origins of beetle diversity. Diver-

Fig. 1. One of 27 most parsimo-
nious trees obtained from the
aligned 1880-taxon matrix. The
number of representatives from
each major lineage analyzed (in
colors) is given. Major clades are
denoted by letters: A, Adephaga;
B, Polyphaga; C, Polyphaga mi-

sification may be driven by feeding strategy, and
we tested the hypothesis that feeding on plants
(herbivory), and specifically flowering plants (angio-
sperms), explains the diversity of beetles (5). Pre-
dominantly herbivorous clades tend to contain

nus the ancestral five families; B
and D, Cucujiformia. For full de- =
tails of the tree, see fig. S4. 215 spp. ==
Ve ¥
90 spp. ‘5 £
” 4 J
')""'::;,’-_ Ly
189 spp. 37
spp.
PP [ Tenebrionoidea
Hydradephaga Bostrichiformia Il Lymexyloidea
Geadephaga I Elateriformia I Cucujoidea
I staphyliniformia [ Cerylonid Series I Curculionoidea
[ Scarabaeiformia [l Cleroidea I Chrysomeloidea

Table 1. Comparisons of species richness between clades feeding on living plants and their sister clades
with alternative feeding strategies. Restricting the comparisons to those feeding on angiosperms removes
contrast 4 and adds two contrasts of angiosperm- versus gymnosperm-feeding lineages within Curcu-
lionoidea and two within Chrysomeloidea [table S4; see also (5)]. Plant-feeding clades include taxa feeding
mainly on rotting vegetation in contrast 7 or in recently dead wood in contrast 8, but probably >70% of
species in both clades are herbivorous. Excluding the last two contrasts increases the probability under a

Wilcoxon test to P = 0.28.

Plant-feeding Diet No. .Of Non—p.lant- Diet No. .Of
species feeding species
1 Byturidae Fruits, flowers 16 Biphyllidae Fungivorous 195
2 languriinae Stem borers 800 Xenoscelinae Fungivorous, 100
decaying
vegetation
3 Chrysomeloidea Herbivorous 53,442  Nitidulidae plus Mostly 7743
xylophagous Erotylid plus fungivorous
Cucujid series
4 Curculionoidea Herbivorous 59,340  Brontinae plus Fungivorous 480
xylophagous Silvaninae plus
Priasilphinae
5 Epilachninae Herbivorous 1051 Coccidulinae Predacious 3900
plus
Chilocorinae
plus Scymninae
6 Dascillinae Roots 80 Rhipiceridae Ectoparasitic on 57
cicadas
7  Melolonthinae Herbivorous (and 16,329  Cetoniinae Saprophagous 4121
plus Orphninae saprophagous) (detritus)
plus Rutelinae
plus Dynastinae
8 Buprestidae Xylophagous, 14,000 Dryopoidea Saprophagous, 3242
herbivorous, algivorous
roots, leaf
miners
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more species than nonherbivorous sister clades,  of species), P=0.13] even when we distinguished  shifts in diversification rate inferred with a robust
but this difference was not significant [Table 1;  between angiosperm and gymnosperm feeders  equal rates null model (22, 23), only two charac-
one-tailed Wilcoxon test on contrasts in log (no. (P = 0.06) (table S4). Similarly, of 21 significant  terize transitions between angiosperm and gymno-

------------------ Cucujiformia P> terrestrial to aquatic transitions
CPEEILy Erotinae M .
M CPEEILy Lycinae herbiv
CPEE\L; Cyaluchmmmae | b Ory
CPEEILy Metriorrhynchinae B
GPEEIY Aclioas P predatory habits
CPEE\Ly Leptolycinae X
ShE fungivory
ae
Elateroidea P
jae CPCTeAn Ischalinae
CPEEIE| Thylacosterninae (23000) CPCTe Aderidae
CPEE| Drilidae CPC: oy Podiinze
CPEEIEI Agrypninae CGPCTePy Pyrochroinae
CPEEIE| Elaerinae CPCTeSa Aegialitinae
IEl Cebrioninae CPCTeSa Salpinginae
CPEEI Rhagophthalmidae CPCTeSa Inopeplinae
CPEEIEIDe Denticollis Dascilloid CPCTeMea Halomeninse
CPEEIEIDe Stenagostus ‘eTer Tetratominae
— CPEEIEu Eucnem\gnae ascilloidea CPCTe Perimylopidae
CPEEI Throscidae (180) ggg eQAeapMe:ﬁndrymae
CPEEI Telegeusidae eTer Penthinae
GPEEIOm Driloniinae GPCTeMea Hypulinae
A o .
. © Trictenotomidae
CPEByBY Byrhinae. { Byrrhoidea GrcTeltes Gspryinas
CPEByBY Syncalyptinae .1 ‘eSc Scraptiinae
CpEBy Lalifhipidae €pCToSe Anaspiinas
GPEBYP! Cladotominae GPCTe Pythida
GPEBYP! Ptilodactylinae CPCTE04 Oedemerinae
CPEBy Chelonaridas CpCToSa Otmminas
PEBYEI El i eZo i
CPEBJEI Larainae Dryopoidea €pCToSa Prostomininas
CPEBY Eulichadid; eSa Trogocryptinae ionoi
CRERy Earitinae (3400) GPETeNy Mycetophagnas (T;sggg)'w“mdea
yLi Limnichinae
CPEBY Dryopidae
CPEy Hechoctinne C)I\
uBu Buprestinae
CPEBuUBU Acr oderi i
EBUBU Agrilinae Buprestoidea o
CPERLBL yotnae (14000) N
CPBBoAn Mesococlopodinas -
oA Pliininac
BBoAn Dorcatominae i
CPBBOAN Xyleti CPCTeTe Coelometopinae
PBBOAR Ahobiinge Bostrichoidea CpCTeTe Tenebrioninas N
CPBBoBo Bostrichinae CPCTeMe Lyttinae
1 CPBBoBo Dinoderinae (3150) CPCTeMe Meloinae —_
CPBBOAnN Dryophilinae 8;8 exle/:ler:ognalhmae w
CPBBoBo Lyctinae ‘eAn Anthicinae
CPBBOAN Gibbiinae CPCTeAn Eurygenllnae Q
CPBBOAN Ptininae CPCTeCi Ciina
PBB: Dermestinae . CPCTeRh Rmplphormae
Bostrichift i CPBBoDe Trinodinae Dermestoidea CPCTeRh Rhipidiinae E
ostrichiformia CPBBoDe Megatominae CPCTeRh Pelecotominae q)
(1220) e Lymexylidea 8
e Orphil
CPSStSt A\e:)pchannae o CPCTeMo Mordellinae (50)
(CPSStSt Proteinina CPCLyLy Lymexylinae q)
— CPSStst Megalnpsndnnae ‘CPCCuSpSp Sphindus D
CPSStSt Osoriinae CPCCuSpSp Aspidiphorus
CPSSISt Oxytelinae CPCCuCo Scymninae o
CpSSiSt omali ErcCuo Chiocorinze Sphindidae c
PSStSt Glypholomatinae uCo Coccidulinae
GPSSISt Phiosochaninas CPCCuCo Epilachninae (61) o
PSSISt Pseudopsinae - . GPCCuCo Coccinelinae
CPSStSt Staphylininae Staphylinidae GPCCu Alexidae o
StSt Oxypor 48000
CPSSISt Steninae ( ) GPCCuEn Endomychinae =
CPSStSt Piesti i
CPSSISt Eugesineinas Coy Corlop ger}rlomd O
tSt Tachyporinae uCoy Sericoderinae
CpSSisi Siphi CpCGuEn Holoparamecinae eries o
PSSISt Micropeplinae est (9700) @
St Habrocerinae
PSSISt Paederinae
St Scaphidiinae
Hydrochi
Spercheida (]
imetopidae i
Corssi Hydrophiloidea [&]
Hy Sphaeridiinae
Helophor (2800) b <
Hy Hydrophilinae (0]
cScLu Dorcin —
cScLu Lucaninae [&]
cScLu Aesalinae
cScLu Nicagin: ) 0
cSc Ceratocanthidae 4 . N
cScGe Bolboceratinae Cleroidea
cScPa Aulacocyclinae
cScha Passalinas , (9900)
cSc Trogidae . b
cScSc Dynastinae Scarabaeoidea
cScSc Rutelinae
cScSc Melolonthinae (35000)
cScSc Orphnir
ScSc Catoninae P e
cSc Glaphyridae.
cScOc Ochodaeinae
cScSc Scarabaeinae Er Megalodacninae 9
cSc Glaresida CPCCUEr Encaustinae
cSc Hybosoridae 'CPCCuETr Dacninae Erotylid
PScScSc Aphodiinae CPCCUET Tritominae yl
b g?LeCh lemadus 8gggu ag ?rypmpmhnae Series c
tLe Leiodinae iodi + i © uLag Toraminae
SStLeCh Nargus Leiodidae + Agyrtidae £ CPCCUET Erotylinae (3850) ()
gglAgémdae (3521) £ ggg(:u loRh Monotomopsis ©
tLe Camiarinae ul notomi
tHyOc Meropathus 100, (:jg PCCuMoRh Rhizophagus ®
SStHyOC Ochthebius - . 5 CPCCu Helotidae o
SStHyHy Limnebius Ptilidae + Hydraenidae =} CCu Protocucujidae i
e 3 et Nitduldae c
tPt Acrotrichinae uNi Cillaeinae
'SStPt Cephaloplectinae 'CPCCuNi Nitidulinae (2920) ;
CPSStPt Piinae Nosodendridae gpcc\m.aera“rg;mgm 3
iHi Hetaeriinae 'CPCCu Propalticidae .
i e (70) GpCGuPha Phalacrinae Cucujid
iHi Histerinae LCr Atomariins : (@]
iHi Dendrophilinae £ Histeroid: CPCCUCICr Telmatophilus Series
iHi Onthophilinae 4 isteroidea CPCCuCrCr Crydpmphagus (1665)
iHi Abraeinae CPCCu Passandridac
iHi Saprininae ‘CPCCu Cucujidae
CPSHi S pha‘;rmdae CPCChCh EquD\ in:
(g’ i ymemdae CCPCChCh Cryptocephalinae
Ci . ‘CPCChCh Lamprosomatinae
S 156 Wastginae Scydmaenidae (4600) CPCChCh Chiysomalnac.
< EScCl imbinae — CPCChCh Galerucinae
S ) ESc Eucmemae irtoi CPCChCh Sagrinae
> PBDe Laricobiinae Scirtoidea 100, CF'CChChHSDmae
S 100g— CPESc Decliniidae (800) ChCh Cassidinae
o GPESC Scirtid 9195 GPEChEh Bonacinas
o CAAmphizoid: ™ 67 CPCChCh Criocerinae
GAD Hydroporinae X GPCCNCh Bruchinae .
CAD Agabinae Derodontoidea CCPCChMe Palophaginae Chrysomeloidea
€AD Colym EREChOr Aulacoscelinae (58000)
optotominae
ot Sl il
opelatinae e Spondyiidinae
CAD Dyliscinae Hydradephaga GPCCNOr Orsodacninae
CAD Laccophiinae 5560 GPGChCe Disteninae
GAPaslobildae ( ) GPCCNCe Necydaiinae
Spidytidac GPGChCe Leplurina
GAN Notomicrinae ChCe Laminae
N Noteri GPCChCe Cerambycinae
CA Halipiida GPGChCe Prioninae
gAg :pang\erogynnae 72 ChCC Pgrandnnas N
A rini ucCu Cossoninae
AC Riysoine ~ GPCCucCu Platypodinae
CAC Migadopinae CCucCu Curculioninae
CGAG Cicindelinae CPCCucCu Dryophthorinae
GAG Loricerinae c Carid
CAG Paussinae ErcCuo o
CAC Harpalinae CPCCucBr Nanophyinae
CAC Carabinae GPCCucCu Brachycerinae
CAG Trechinae Geadephaga GPCCucBr Apioninae e
€AC Scartinae (35000) CrCCuctr Breninac Curculionoidea
ophroninae ucBr Cyladinae
A Qmophronin: GPCCucCu Sealyinae 70000)
4 CAC Brachininae Archostemata ucAn
CAC Siagoninae 40 ‘CPCCucAn Anthribinae
CATrachypachlda CPCCucAn Urode
CMT \adphrmlaﬁ g;ggucmeRthlnorr‘?‘ynchmae
67) oridincolidae LAl Rhynchitinae
13 Myxophaga+Archostemata 100} oM Hydmscapmdae Myxophaga CPCCucAt Attelabir
(94) CPCCucNe Dc?/d\rhym:hlnae
CM Sphaenus\dae CPCCucBe B
CP( xycoryninae

'CCucBe O
' Raphidiidae 3500 CPCCuSi Silvaninae
Chi id: ‘CPCCusSi Brontinae il i i
Outgroups CPCCuPhI Priasilphinae Silvanid series (480)

Fig. 2. The phylogeny of Coleoptera at the subfamily level. The tree was  numbers in terminal taxa are given in parentheses. Black circles mark
selected from the 340-taxon Bayesian analysis based on maximum con- significant shifts in diversification rate of sister clades (table S5). Colored
gruence with the majority-rule consensus (fig. S1). Posterior probability clade  triangles mark character transitions in lifestyles inferred by parsimony
support values indicated at nodes >0.5. Approximate known species optimization (see figs. S2 and S3 for details).
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sperm feeders, whereas the remainder showed no
association with transitions to feeding on angio-
sperms or seed plants (table S5). A significant in-
crease in diversification rate was inferred near the
base of the Polyphaga whether herbivorous taxa
were included or excluded from the analyses (table
S5). Herbivory has played a role in the diversi-
fication of some beetle lineages, but the trait per
se does not explain why beetles are so diverse.
Fast diversification rates also do not explain
beetle diversity. Dating the tree with fossil cali-
bration and penalized likelihood rate-smoothing
(Fig. 3 and table S6) (15), we estimated net di-
versification rates across terminal taxa of 0.048 to
0.068 Myear ' (table S7), slightly lower than
comparable measures for the angiosperms (0.077
Myearfl) (24). However, more than 100 modern

Fig. 3. A dated 340-
taxon “all-compatible”
consensus tree of Cole-
optera from Bayesian
analysis was dated with
penalized likelihood plac-
ing the origin of Coleop-
tera at 285 Ma (15).

Permian | Triassic

beetle lineages were present at the first appear-
ance of crown-group angiosperms dated to <140
Ma on the basis of pollen records (25), and less
than one-third of extant beetle species are asso-
ciated with angiosperms (table S8 and fig. S3).
Therefore, the extreme diversity of beetles re-
flects the Jurassic origin of numerous modern
lineages, high lineage survival, and the diversifi-
cation into a wide range of niches, including the
utilization of all parts of plants. These switches
into new niches occur repeatedly as, for example,
the multiple shifts from terrestrial to aquatic habits
in the evolutionary history of beetles, which oc-
curred at least 10 times (Fig. 2 and fig. S2).
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