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Phylogeny of the Ants: Diversification
in the Age of Angiosperms
Corrie S. Moreau,1* Charles D. Bell,2 Roger Vila,1 S. Bruce Archibald,1 Naomi E. Pierce1

We present a large-scale molecular phylogeny of the ants (Hymenoptera: Formicidae), based on
4.5 kilobases of sequence data from six gene regions extracted from 139 of the 288 described
extant genera, representing 19 of the 20 subfamilies. All but two subfamilies are recovered as
monophyletic. Divergence time estimates calibrated by minimum age constraints from 43 fossils
indicate that most of the subfamilies representing extant ants arose much earlier than previously
proposed but only began to diversify during the Late Cretaceous to Early Eocene. This period
also witnessed the rise of angiosperms and most herbivorous insects.

A
nts are a ubiquitous and dominant fea-

ture of the terrestrial landscape, playing

key roles in symbiotic interactions, soil

aeration, and nutrient cycling. They have a rich

fossil record (1), yet the evolutionary history of

the È11,800 described modern species remains

poorly resolved.

Bolton_s (1) recent revision of ants (Hymenop-
tera: Formicidae) recognized 288 genera in 21

Esubsequently reduced to 20 (2, 3)^ subfamilies.

Several phylogenies have been proposed based

primarily on morphological characters, but

these reflect disagreement about the positions

of major lineages (fig. S2) (4–7). Recent mo-

lecular analyses have included only a moderate

number of taxa and recovered only weak sup-

port for most clades (8, 9), although more com-

prehensive studies are under way (10).

To evaluate competing phylogenetic hypothe-

ses, we analyzed 4.5 kb of sequence data (Fig. 1)

from portions of five nuclear genes and one

mitochondrial gene from 139 ant genera and

six Aculeatea Hymenoptera outgroups (n 0 149

specimens) representing 19 of the 20 currently

recognized extant subfamilies. The only ant

subfamily not included was Aenictogitoninae, a

rare group known only from males collected at

lights in equatorial Africa. The monophyly of

the Formicidae itself was strongly supported in

all analyses (Table 1).

Analyses with several methods (11) re-

sulted in a well-resolved phylogeny that

divided the family into three groups: the lep-

tanilloid clade, a basal lineage containing 1

subfamily (Leptanillinae) and sister to all other

ants; the poneroid clade, containing 5 sub-

families (Agroecomyrmecinae, Amblyoponinae,

Paraponerinae, Ponerinae, and Proceratiinae);

and the formicoid clade, containing the remain-

ing 13 subfamilies sampled in this study. All

three clades were supported by 100% Bayesian

posterior probability (bpp) support, but only the

formicoid and leptanilloid clades were well

supported in the maximum likelihood analyses

EQ94% maximum likelihood bootstrap (ml bs)^.
Of the 19 subfamilies investigated here, 14

were recovered as monophyletic with strong sup-

port, and none of the three monotypic taxa, each

represented by a single extant species (Agro-

ecomyrmecinae, Aneuretinae, and Paraponerinae),

nested within another lineage, validating their

status as separate subfamilies. However, the

three sampled genera of Cerapachyinae were

paraphyletic in all analyses. The eight genera

of Amblyoponinae grouped together in a clade

that lacked support, although the monophyly

of Amblyoponinae genera was well supported

in an earlier molecular study (2).

The monophyly of the Leptanillinae was

strongly supported (100% bpp and ml bs), and

its basal position was recovered in all analyses.

Ward (6) noted that a basal position of Leptanil-

la within the poneroid group implies that tergo-

sternal fusion of abdominal segments III and IV

in the worker caste occurred early in ant evolu-

tion and was lost secondarily in many lines. Our

results indicate that these characters are indeed

labile and homoplasious. Although the basal po-

sition of Leptanillinae was suggested in other

molecular studies (2, 10), previous phylogenetic

hypotheses based on morphology had failed to

place it in a basal position among extant ants.

Bolton (1) proposed a Bponeromorph[ clade,
including Amblyoponinae, Ectatomminae, Het-

eroponerinae, Paraponerinae, Ponerinae, and

Proceratiinae; our results exclude Ectatomminae

and Heteroponerinae but add Agroecomyrmecinae.

The latter is represented by a single extant species,

Tatuidris tatusia, and two fossil genera, and its

placement within the poneroid clade is entirely

novel. Both Ectatomminae and Heteroponerinae

nested within the formicoid clade. Although the

poneroid clade received less support in the

maximum likelihood and maximum parsimony

analyses (Table 1), it was strongly supported in

the Bayesian analysis (100% bpp). It seems

likely that the five included subfamilies form

a monophyletic group or, alternatively, a basal

polytomy, but in either case they remain outside

both the leptanilloid and the formicoid clades.

The inclusion of Heteroponerinae within the

formicoid clade is also unexpected. As sug-

gested by their name, heteroponerines have

historically been placed in the poneromorph

clade. Moreover, Ectatomminae, until recently

also considered poneromorphs, appear to be

closely related to Heteroponerinae. These find-

ings, combined with the lack of stability for the

Bponeromorphs[ observed in morphological

analyses (4–7), underscore the extent to which

our understanding of ancestral ant morphology

and behavior must be revised.

The phylogenetic position ofAneuretus, today

restricted to Sri Lanka, has been hypothesized

to be basal either to the Dolichoderinae or to

the Dolichoderinae þ Formicinae (12, 13). We

recover Aneuretus as basal to the Dolichoderinae,

with both groups separated from Formicinae,

implying that the sting has been reduced in-

dependently at least twice in the ants (Dolicho-

derinae and Formicinae).

The ant fossil record is extensive, with more

than 60 extant and 100 extinct genera. The oldest

reliably dated fossils areÈ100million years (My)

old, from Early Cretaceous French and Bur-

mese ambers (14, 15). These include both Ge-

rontoformica and Burmomyrma (Aneuretinae),

with features typical of modern Bcrown group[
ants, as well as Sphecomyrminae, with features

typical of basal Bstem group[ ants. Although no

older sphecomyrmines are known, the presence of

stem and crown group ants in these roughly coeval

ambers implies an earlier history of Formicidae.

The status of the Armaniinae/-idae as stem group

ants is controversial (1, 3, 15), but if they are

viewed as sister to Formicidae, this also implies

an extension of the minimum age of ants to the

maximum age of Armaniinae/-idae, which has

been estimated to be È125 My (16).

1Museum of Comparative Zoology, Harvard University, 26
Oxford Street, Cambridge, MA 02138, USA. 2School of
Computational Science, Florida State University, 150-R
Dirac Science Library, Tallahassee, FL 32306–4120, USA.

*To whom correspondence should be addressed. E-mail:
cmoreau@oeb.harvard.edu
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Fig. 1. Phylogenetic chronogram of ants (A). Proportional lineages-through-
time (LTT) plot for ants and distribution of clade ages for crown group ants
(B). Bayesian posterior probability clade support of 100% is indicated by
thick lines on topology. Fossil calibration points are indicated on topology.
Shaded areas (green) delineate the rise of angiosperm dominance depend-
ing on whether minimum or maximum ages are used for fossil calibrations

(respective time scales are indicated above and below topology), and the
overlap between these two regions corresponds to the greatest period of ant
diversification. The LTT plot for ants shows the number of lineages present (as
a proportion of terminals) at sequential time points. The shaded area (green)
on the LTT plot and histogram likewise correspond to the overlapping region
of the origin of angiosperm-dominated forests [(A) and (B)].
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Because the stratigraphic positions of some

fossils in our analyses are not resolved within

their dated formations, we conducted all analyses

with both maximum andminimum ages for those

fossils (Table 1). Our divergence time estimates

(11) suggest that crown group ants last shared a

common ancestor during the Early Cretaceous to

Middle Jurassic: 140 T 8.0 million years ago

(Ma) (using minimum ages) to 168 T 7.6 Ma

(using maximum ages) (Fig. 1A). This is con-

siderably older than the È125-My age estimate

based on fossil data. Our findings partially

overlap with those of Crozier et al. (17), who

used about six taxa and mitochondrial se-

quence data to estimate the age of Formicidae

at 185 T 36 My.

Brady (18) and Ward and Brady (19) used

molecular clock evidence to arrive at an age

estimate of 130 to 140 My for crown group

ants. Their studies were primarily aimed at

dating specific lineages and sampled a limited

number of fossils to provide minimum age

calibration points. Our dates for the origin of

the army ant clade (È110 Ma) are similar to

those in Brady_s study, but the inclusion of

wider sampling and additional fossils leads us

to an older estimate for the origin of extant ants.

From our analyses (11), we find that much of

the diversification of the major ant lineages (Fig.

1A) occurred from the beginning of the Early

Paleocene to the Late Cretaceous, 60 to 100 Ma,

with ancestors of the major subfamilies present

as early as 75 to 125 Ma. The fossil record, how-

ever, indicates that ants were relatively rare

in the Cretaceous, with their march toward

ecological dominance only beginning in the

Eocene; they are represented by more than 90

species inÈ45 genera in Baltic amber, including

many extant genera (15, 20). Our data suggest

that most of the subfamilies representing extant

ants arose much earlier than previously proposed

but only began to diversify during the Late

Cretaceous to Early Eocene. If ancestors of the

major subfamilies were present as early as 75 to

125 Ma, why were they so slow to diversify?

We infer that the rise in angiosperm-

dominated forests was harbinger to the diversifi-

cation of the ants. The window encompassing

angiosperm dominance shifts on our chronogram

depending on whether we accept the minimum or

maximum ages for the ant fossil calibration points

(Fig. 1A, shaded green areas). A lineage-through-

time (LTT) plot shows a dramatic accumulation

of ant lineages atÈ100 Ma, either toward the end

or immediately following the radiation of the

angiosperms (Fig. 1B). These analyses indicate

that ant diversification closely tracks the rise of

angiosperm-dominated forests, between the Early

Paleocene and the Late Cretaceous, 60 to 100 Ma

(21–24). The proliferation of angiosperms is

thought to have driven the diversification of ma-

jor herbivorous groups such as beetles (25, 26)

and hemipterans (16), and it would appear that

ant diversification, too, closely tracks the rise of

angiosperm-dominated forests.

At least two explanations could account for

these correlated patterns of diversification, al-

though other, as yet unidentified causative factors

may have been involved. First, the litter of angio-

sperm forests is more diverse, providing a wider

array of habitats. Modern ant diversity is highest

in the soil and ground litter of the world_s angio-
sperm forests, particularly in the tropics (27).

Second, the expansion of herbivorous insects

provided both a direct food resource for hunting

ants and an indirect one in the form of honeydew

and larval secretions that Bagricultural[ ants could

harvest. A substantial proportion of arboreal ants in

modern Amazonian forests have been found to

feed on secretions from Hemiptera and extrafloral

nectarines (28, 29). In their dynastic-succession

hypothesis of ant evolution,Wilson andHPlldobler
(27) similarly stressed the importance of complex

habitats provided by angiosperms and the transi-

tion from predation to harvesting secretions (16).

Presumably this shift in diet also contributed to

the evolution of associated social behaviors

necessary to exploit and defend these food

resources.

A robust hypothesis for the phylogeny of ants

permits evolutionary investigation of life history,

ecology, and biogeography in generating observed

patterns of distribution and diversification of one of

the most dominant animal groups. Our phyloge-

netic and molecular clock analyses of DNA from

ants indicate that ants began to diversify much

earlier than previously hypothesized and that the

rise of the angiosperms may have directly

influenced the diversification of this group. Since

the mid-Mesozoic, ants have become the insect

world_s major predators, scavengers, and mutu-

alists. Despite their dominance, we are only

beginning to appreciate factors shaping the evolu-

tion of this group, highlighting the need for

conservation of habitats harboring ant biodiversity,

as well as further research on those lineages with

poorly understood life histories.
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Platelet-Derived Serotonin Mediates
Liver Regeneration
Mickael Lesurtel,1 Rolf Graf,1 Boris Aleil,3 Diego J. Walther,4 Yinghua Tian,1 Wolfram Jochum,2

Christian Gachet,3 Michael Bader,5 Pierre-Alain Clavien1*

The liver can regenerate its volume after major tissue loss. In a mouse model of liver regeneration,
thrombocytopenia, or impaired platelet activity resulted in the failure to initiate cellular
proliferation in the liver. Platelets are major carriers of serotonin in the blood. In thrombocytopenic
mice, a serotonin agonist reconstituted liver proliferation. The expression of 5-HT2A and 2B
subtype serotonin receptors in the liver increased after hepatectomy. Antagonists of 5-HT2A and 2B
receptors inhibited liver regeneration. Liver regeneration was also blunted in mice lacking
tryptophan hydroxylase 1, which is the rate-limiting enzyme for the synthesis of peripheral
serotonin. This failure of regeneration was rescued by reloading serotonin-free platelets with a
serotonin precursor molecule. These results suggest that platelet-derived serotonin is involved in
the initiation of liver regeneration.

S
erotonin (5-hydroxytryptamine, 5-HT)

is not only a neurotransmitter but also a

hormone with various extraneuronal

functions (1). It is a potent mitogen and mod-

ulates the remodeling of tissue (2–5). Platelets

(thrombocytes) carry serotonin in the blood and

release it at sites of tissue injury as part of their

action on hemostasis (6–8). However, platelets

are also involved in the inflammatory reaction

after tissue injury, which is independent of

coagulation (9). In the liver, platelets interact

with leukocytes in response to cold ischemia and

induce them to adhere to the endothelium of

blood vessels, thereby enhancing tissue injury

(10, 11). Concurrent activation of liver macro-

phages called Kupffer cells leads to further

endothelial cell damage and hepatocyte apo-

ptosis (12). Depending on the extent of initial

tissue injury, the liver can regenerate in a highly

synchronized and organized fashion. Because

platelets interact with endothelial cells in the

early phase after injury, they might also have

an effect on the initiation of liver regeneration.

To establish the role of platelets and their

secretory products in liver regeneration, partial

hepatectomy was performed in mice in which

platelet function was inhibited pharmacologically

or platelets were depleted. Initially, thrombocy-

topenia was induced by injecting busulfan, an

alkylating agent that causes massive loss of

platelets (13). Furthermore, platelets were func-

tionally targeted by the application of clopidogrel,

which selectively and irreversibly antagonizes the

P2Y12 adenosine diphosphate (ADP) receptors

on platelets, leading to the inhibition of platelet

aggregation (14). After injection of these drugs in

mice, a 70% hepatectomywas performed to study

regeneration of the liver.Although control animals

reacted with an increase in hepatic proliferation

E5-bromo-2¶-deoxyuridine (BrdU)–, Ki67-, and

proliferating cell nuclear antigen (PCNA)–

positive^ 2 days after hepatectomy, busulfan-

injected mice exhibited a reduced response (Fig.

1, A to C, and E). In busulfan-treated mice, the

number of platelets was reduced in a dose-

dependent fashion and the leukocyte count was

decreased, but erythrocytes were unaffected (Fig.

1D). Thus, these mice exhibited a combined

thrombocytopenia and leukopenia. The impair-

ment of hepatocyte proliferation after hepatecto-

my may be attributed to a lack of each cell type

alone or a combination of both.

To investigate the role of platelets more se-

lectively, an antibody to GPIba recognizing an

epitope on platelets was injected into mice before

hepatectomy (15). The number of platelets fell

below 10% (Fig. 2A), whereas leukocyte and

erythrocyte counts were not affected (Fig. 2, B

and C), indicating a specific thrombocytopenia.

After 70% hepatectomy, all markers of hepa-

tocellular proliferation were reduced (Fig. 2,

D to F) in thrombocytopenic mice.

We also tested whether the inhibition of

platelet activity, without affecting the number of

platelets, was sufficient to block liver regenera-

tion. Clopidogrel, which inhibits the aggregation

response to ADP without affecting platelet sta-

bility, reduced hepatocyte proliferation in partially

hepatectomized livers, but this effect was less

pronounced than in busulfan-treatedmice. Inmice

treated with an enantiomer of clopidogrel, which

lacks antiaggregation properties, proliferation was

not different from controls (Fig. 1, A to C).

Platelets store and release serotonin. About

95% of all serotonin found in blood is stored in

platelets. In vitro, serotonin is a potent mitogen

and stimulates hepatocyte mitosis (3, 16). The

5-HT2A and 1C receptors appear tomediate mito-

genic effects in fibroblasts (17, 18), and the

5-HT2B receptor is involved in the development

of the heart (19) and the enteric nervous system

(20). To test whether serotonin induces hepatocyte

proliferation in vivo, thrombocytopenic mice were

treated with the serotonin receptor 5-HT(2A/2C)

agonist (T)-1-(2,5-dimethoxy-4-iodophenyl)-2-

aminopropane (DOI-hydrochloride). The applica-

tion of this drug had no effect on the extent of

thrombocytopenia (Fig. 2G) induced by concur-

rent treatment with the antibody to GPIba. In
the presence of the serotonin agonist, prolifer-

ation was completely restored (Fig. 2, D to F).
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