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Abstract

Originating most likely in the early Cretaceous, ants have diversified to be-
come the world’s most successful eusocial insects, occupying most terrestrial
ecosystems and acquiring a global ecological footprint. Recent advances in
our understanding of ant evolutionary history have been propelled by the
use of molecular phylogenetic methods, in conjunction with a rich (and
still growing) fossil record. Most extant ants belong to the formicoid clade,
which contains ~90% of described species and has produced the most so-
cially advanced and dominant forms. The remaining ants are old lineages
of predominantly cryptobiotic species whose relationships to one another
and to the formicoids remain unclear. Rooting the ant tree is challenging
because of (#) a long branch separating ants from their nearest outgroup,
and (b) heterogeneity in evolutionary rates and base composition among ant
lineages. These factors will need to be given careful consideration in future
phylogenomic studies of ants.
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INTRODUCTION

Eusociality, a state of cooperation involving overlapping generations, collective care of the young,
and reproductive division of labor, has evolved in relatively few animal groups, most notably in
the Hymenoptera (ants, bees, and wasps) and the Blattodea (cockroaches) (Wilson 1971, Inward
etal. 2007). By most measures the ants (Hymenoptera: Formicidae) represent the most successful
of all such experiments in eusocial life. They have diversified into tens of thousands of species,
colonized most of the world’s terrestrial ecosystems, and acquired multifarious ecological roles.
Ants have a significant impact on populations of other organisms through their varied activities
as scavengers, predators, seed harvesters, honeydew feeders, herbivores, and ecosystem engineers
(Holldobler & Wilson 1990, Folgarait 1998, Lach etal. 2009). In some tropical forests the biomass
of ants exceeds that of terrestrial vertebrates severalfold (Fittkau & Klinge 1973), and ants are the
dominant consumers of plant resources in the canopy of lowland rainforests (Davidson et al. 2003).
Many ant species have developed symbiotic relationships with other life-forms, participating in a
complex web of interactions with microbes, fungi, plants, and other animals (Hélldobler & Wilson
1990, Davidson & McKey 1993, Mueller et al. 2001, Russell et al. 2009).

There are approximately 13,000 described species of ants (AntCat 2014), but the actual number
of extant species may well be two or three times this. We are far from having a complete inventory
at the species level: Numerous ant species remain undiscovered and/or undescribed, especially
from tropical regions, and many of the larger ant genera are in a state of taxonomic disarray
(Ward 2007). This review focuses on the major lineages of ants and summarizes our current
understanding of their evolutionary history. In contrast to species-level taxonomy, progress on
the higher-level phylogeny of ants has been rapid in recent years, although there are still some
thorny issues remaining to be resolved. This is a fast-moving field, and with the increasing use of
genomic data in phylogeny estimation (Lemmon & Lemmon 2013) we can expect to see further
advances in our knowledge in the near future.

HISTORICAL CONTEXT: ANTS AS MODIFIED WASPS

Hymenopteran Heritage

Ants are members of the order Hymenoptera, a large and successful group of haplodiploid in-
sects, comprising wasps and their derivative cousins, the ants and bees. The oldest lineages of
Hymenoptera are a series of broad-waisted wasps, the “Symphyta,” that are predominantly phy-
tophagous and relatively species-poor (Huber 2009). Most hymenopteran diversity resides in a
large clade known as the Apocrita, which arose within a subgroup of symphytans, probably in the
Triassic or early Jurassic (Rasnitsyn 1975, Ronquist et al. 2012). Characterized by the fusion of
the first abdominal segment to the thorax and the presence of a strong constriction between the
first and second abdominal segments, the Apocrita include an enormous variety of parasitoid and
predatory wasps, as well as some plant-feeding taxa (Gauld & Bolton 1988).

The reconfiguration of body segments in this group is associated with considerable dexterity of
abdominal movement. This may have been of particular importance in one subclade of Apocrita,
the Aculeata, in which the ovipositor was modified into a stinging device used to inject paralyzing
venom into hosts or prey and to defend against enemies. The aculeate Hymenoptera include
various parasitoids and cleptoparasites (such as cuckoo wasps, bethylids, tiphiids, scoliids, and
mutillids), and several groups of predatory wasps (such as vespids, spider wasps, and spheciform
wasps) that show variable nesting and social behavior (Gauld & Bolton 1988). It is within the
aculeate Hymenoptera that ants and bees evolved.
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The Closest Relatives of Ants

There is compelling morphological and molecular evidence for the monophyly of ants (Brothers
1975, Bolton 2003, Brady et al. 2006, Moreau & Bell 2013), but until recently their relationship to
other groups of aculeate Hymenoptera was unclear. The conventional view was that ants evolved
from a nonsocial parasitoid wasp (Wheeler 1928, Wilson 1971, Dlussky 1983), perhaps similar
in biology to the extant tiphioid wasp Methoca, which parasitizes tiger beetle larvae (Wilson et al.
1967). Morphological cladistic studies of the Aculeata by Brothers (1975, 1999) suggested that ants
are sister to a clade comprised of two groups with contrasting biology: () scoliid wasps, which are
ectoparasitoids on subterranean beetle larvae, and (b) vespids, which are mostly predatory nest-
building wasps (such as potter wasps and yellow jackets), and include both solitary and eusocial
species (Gauld & Bolton 1988). In some of the analyses by Brothers the ants were recovered as
sister to the family Bradynobaenidae, a rather obscure group of wingless female wasps, whose
biology is almost unknown but which are presumed to be parasitoids of other arthropods.

Molecular phylogenetic analyses have produced contradictory conclusions about aculeate re-
lationships, with ants being positioned as sister to apoids and scolioid wasps (Scoliidae and
Bradynobaenidae) (Pilgrim et al. 2008, Debevec et al. 2012), sister to scolioid wasps only (Wilson
etal. 2013), sister to a diverse group of mostly ectoparasitoid wasps in the tiphioid-pompiloid com-
plex (Heraty etal. 2011), or sister to the small ectoparasitoid family Rhopalosomatidae (Klopfstein
etal. 2013). These investigations have been based on a relatively small number (3-7) of gene frag-
ments, with apparently limited power to recover some relationships within the Aculeata.

A recent phylogenomic study (Johnson et al. 2013) based on several hundred genes generated
a well-resolved and strongly supported phylogeny of the major lineages of Aculeata (Figure 1).
Among the primary conclusions are that vespid wasps are not closely related to ants or scoliids;
bradynobaenids are nonmonophyletic, with true bradynobaenids being sister to scoliids and other
bradynobaenid-like taxa being members of the tiphioid complex; and the closest relatives of ants
are the spheciform wasps and bees, known collectively as the Apoidea (Johnson et al. 2013). If
these results hold up under more extensive taxon sampling (Danforth 2013), then they suggest
that the early branching lineages of Apoidea, represented by solitary wasps such as mud daubers
(Sphecidae) and cockroach wasps (Ampulicidae), might provide greater insight into the origin of
ants than the ectoparasitoid wasps, such as scoliids, bradynobaenids, and tiphioids, to which ants
were thought to be more closely related (Wilson 1971, Dlussky 1983, Brothers 1999).

Comparisons with Apoidea

Spheciform wasps capture and paralyze arthropod prey and transport the food items to a nest or
cavity. Some species of the sphecid genus Chorion have parasitoid-like habits, abandoning the host
after paralysis without placing it in a nest (Bohart & Menke 1976). This is presumably a secondary
condition, but it does emphasize that there is a rather fluid boundary between parasitoid behavior
and predation. Nest construction and food provisioning have long been considered important
prerequisites for the evolution of eusociality, which is restricted within the Hymenoptera to three
lineages possessing these characteristics: vespid wasps, ants, and Apoidea (Wilson 1971, Gauld
& Bolton 1988). All ants are eusocial, but this is true of only some members of the vespid and
apoid clades. The finding that ants and Apoidea are each other’s closest relatives suggests that
the nesting and food collection habits favorable to eusociality arose only once in their common
ancestor, rather than separately in ectoparasitoid predecessors (Johnson et al. 2013).

Ants possess several traits that are not characteristic of Apoidea, including an apterous worker
caste, the shedding of wings by colony-founding queens and subsequent feeding of larvae on
the products of flight muscle histolysis, the rearing of young in communal brood chambers, and
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(cuckoo wasps and allies)

Vespidae*
(potter wasps, paper wasps and others)
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(rhopalosomatid wasps)
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A phylogeny of the aculeate Hymenoptera, derived from analysis of a 308-gene data matrix (Johnson et al.
2013). In this study all nodes had strong support, with Bayesian posterior probabilities of 1.00 and maximum
likelihood bootstrap percentages of 100. Placement of Rhopalosomatidae is based on studies by Pilgrim et al.
(2008) and Debevec et al. (2012). Blue branches indicate parasitoidism, the ancestral condition for Aculeata;
red branches indicate nest construction and prey transport. Clades containing eusocial species are marked
with an asterisk. Chyphotid wasps (formerly in Bradynobaenidae) and velvet ants are superficially similar to
ants but not closely related. Images copyright of Alex Wild, used with permission.

Figure 1

progressive provisioning of food items to the larvae (Wilson 1971). Spheciform wasps and bees,
both solitary and eusocial, retain wings as adults, usually rear young in separate cells, and often
mass provision (Matthews 1991). These contrasts need to be considered in any attempt to infer
the sequence of events involved in the transition to eusociality in ants.

Independent colony foundation by single queens is prevalent in ants and evidently represents
the ancestral condition (Cronin etal. 2013, Keller et al. 2014). Together with the observation that
all ant larvae are progressively provisioned, these natural history features support the hypothesis
that ants achieved eusociality via the “subsocial route” (Wilson 1971), in which a nesting female
engaged in extended parental care to the point where there was overlap between mother and adult
offspring—with the latter then having an opportunity to forego reproduction and assist their
mother in further offspring production. Under this scenario reproductive altruism in ants evolved
among female siblings of high relatedness, probably offspring of a monandrous female (Hughes
et al. 2008), consistent with a strong role for kin selection (Bourke 2011). A comparable situation
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probably applies to most eusocial lineages of Apoidea. Ant eusociality has its own peculiarities,
however, which undoubtedly influenced the direction of ant evolution. Wing shedding by queens
and the deployment of an apterous worker caste, for example, would have given the first ants access
to a range of cryptic nest sites and hidden food items not available to their winged wasp relatives,
perhaps leading to a stronger propensity to nest and forage in the soil (Lucky etal. 2013). Another
unique feature of ants, the metapleural gland, produces secretions with antibacterial activity. This is
thought to have facilitated nesting in moist, pathogen-rich environments (Wilson 1987), although
other functions of the gland cannot be ruled out (Yek & Mueller 2011). Ants further diverged from
their wasp ancestors with the acquisition of serially dentate mandibles and geniculate (elbowed)
antennae, which, it has been argued, aided in nest building and manipulation of small objects (food
particles and brood) in the communal nest chamber (Dlussky 1983).

INFERRING THE ANT TREE OF LIFE
Phylogenetic Relationships Among the Major Ant Lineages

The internal phylogeny of ants has been a matter of debate for many decades. Until about ten
years ago the arguments were primarily based on evidence derived from external morphology
(e.g., Brown 1954, Wilson et al. 1967, Taylor 1978, Baroni Urbani et al. 1992, Ward 1994,
Grimaldi et al. 1997). Such studies helped to delimit major lineages of ants, i.e., subfamilies and
tribes, but they did not produce a consensus on the relationships among those lineages (Ward
2007). Different approaches and character systems yielded contradictory results, and the higher
classification of ants varied accordingly. Even the few studies based on quantitative cladistic analysis
of large morphological data sets generated trees in which most nodes, except those subtending
well-defined subfamilies, had weak support.

Just before ant molecular phylogenetics began to gather momentum, Bolton (2003) published a
landmark reclassification of ants. Solely based on morphology and lacking an explicit phylogenetic
analysis, this study nevertheless synthesized a large body of information on morphological variation
in ants, recognized the artificiality of certain higher taxa, especially the subfamily Ponerinae as
then circumscribed, and proposed a series of smaller, better defined subfamilies. This monograph
came at an opportune time, providing a framework for taxon sampling and hypothesis testing in
subsequent studies.

The past decade has seen substantial progress in illuminating the broad outlines of ant evolu-
tionary history, largely due to the use of molecular phylogenetic approaches (Moreau 2009, Ward
2011), but also aided by Bolton’s (2003) synthesis and by new fossil discoveries (LaPolla et al.
2013). From molecular studies there has emerged unanimous support for a large group of ants
known as the formicoid clade (Saux et al. 2004, Ward & Downie 2005, Brady et al. 2006, Moreau
et al. 2006, Moreau & Bell 2013), containing about 90% of all known ant species and 9 of the
16 extant subfamilies (AntCat 2014, Brady et al. 2014) (Figure 2). This clade includes three ex-
ceptionally species-rich subfamilies, Dolichoderinae, Formicinae, and Myrmicinae, as well as the
army ants and their relatives (Dorylinae, formerly the dorylomorph clade), bulldog ants (Myrmeci-
inae), big-eyed arboreal ants (Pseudomyrmecinae), and three smaller groups. Accompanying this
taxonomic variety is also a great diversity in nesting, feeding, and social behavior (Ward 2009)
(Table 1). Most of the “movers and shakers” in the ant world belong to the formicoid clade. It
has produced the most socially advanced species and those that tend to dominate—numerically
and behaviorally—in ant communities.

All of the formicoid subfamilies, originally delimited on the basis of morphology alone (Bolton
2003), are strongly supported as monophyletic by the molecular data, a pleasing concordance
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between two disparate lines of evidence. Morphology could not fully clarify relationships among
the subfamilies, but that knowledge gap has been filled by analysis of DNA sequence data
(Figure 2). Some of these findings, such as the Pseudomyrmecinae/Myrmeciinae and Dolichoderi-
nae/Aneuretinae clades and a close relationship of Myrmicinae to Ectatomminae, had been pro-
posed in a seminal paper by the renowned ant taxonomist William L. Brown, Jr. (1954). Brown’s
ruminations were intuitive and nonquantitative—and even somewhat ambiguous because of his
acceptance of paraphyletic groups (Keller 2011)—yet in some respects they turned out to be more
accurate than later quantitative cladistic analyses based on large morphological data sets (Ward
1990, Baroni Urbani et al. 1992, Grimaldi et al. 1997, Keller 2011).

Despite overwhelming molecular support for the formicoid clade there is no known morpho-
logical synapomorphy of the group, and the clade was never recovered in any of the phylogenetic
analyses based on morphology. Recently it has been proposed that a duplication in the Vitellogenin
(Vg) gene, and associated caste- and behavior-specific expression of the paralogs, is a synapomor-
phy of the formicoids (Corona et al. 2013, Oxley et al. 2014). This duplication has been detected
in several formicoids (from four subfamilies) whose genomes have been sequenced and is absent
in the one nonformicoid ant that has been examined. This is an exciting finding, and if additional
sampling confirms absence of the duplication in nonformicoids, then it suggests a possible link
between gene duplication and the evolutionary success of the formicoid clade.

What of the remaining 10% of ant diversity? This is comprised of several groups whose rela-
tionships to one another and to the formicoids are somewhat uncertain (Ward 2009) (Figure 2).
The bulk of this diversity is contained within a group of five subfamilies known collectively as the
poneroids: Agroecomyrmecinae, Amblyoponinae, Paraponerinae, Ponerinae, and Proceratiinae.
Many of these are biologically cryptic species, living in soil or leaf litter, with relatively simple
social organization (Wilson & Hélldobler 2005) (Table 1). The members of the subfamily
Ponerinae have amassed considerable diversity, however, and some species are conspicuous and
aggressive predators (Schmidt & Shattuck 2014). In molecular studies the poneroids appear as
either a clade, sister to the formicoids, or a paraphyletic group within which the formicoids arise
(Brady etal. 2006, Moreau et al. 2006, Rabeling et al. 2008, Kiick et al. 2011, Moreau & Bell 2013).

There are two other groups of nonformicoid ants: the Leptanillinae are a small clade of pale,
blind subterranean ants (Bolton 1990); and the subfamily Martialinae is represented by a single
recently discovered species, Martialis heureka, also with blind workers and presumed to be subter-
ranean, and known from only two collections from Manaus, Brazil (Rabeling et al. 2008). These
two lineages have vied for the position of sister group to all other ants. Different analyses of the
same molecular data set have come to opposite conclusions (Rabeling et al. 2008, Kiick et al. 2011),
and analysis of a larger data set yielded an ambiguous outcome (Moreau & Bell 2013).

Rooting the Ant Tree

We are faced, then, with continuing uncertainty about the relationships among early branch-
ing lineages of ants, including the placement of the root. In the first comprehensive molecular

Figure 2

The ant tree of life: a summary of well-supported relationships among the ant subfamilies, based on molecular phylogenetic analyses by
Brady et al. (2006, 2014), Moreau et al. (2006), Rabeling et al. (2008), Kiick et al. (2011), Moreau & Bell (2013), and Ward et al. (2014).
Relationships among extant taxa are supported by Bayesian posterior probabilities in the range of 0.91-1.00 (mostly 1.00). Fossil taxa (7)
are placed provisionally, based on Lutz (1986), Grimaldi et al. (1997), Dlussky (1999), Ward & Brady (2003) and Bolton (2003). The
head of a worker ant is depicted for each extant subfamily. Images reprinted from AntWeb (www.antweb.org) with permission.
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Table 1 Diversity, distribution, and biology of extant ant subfamilies

Taxon # spp. Known distribution | Biology

Martialine clade

Martialinae 1 Brazilian Amazon Unknown; assumed to be hypogeic and specialist predator
(Rabeling et al. 2008)

Leptanilline clade

Leptanillinae 59 Paleotropical Hypogeic; specialist predators; some have army ant-like
behavior

Poneroids

Agroecomyrmecinae 2 Neotropical, Afrotropical Hypogeic and epigeic; feeding habits unknown, likely
specialist predators

Amblyoponinae 125 Widespread Hypogeic; specialist predators

Paraponerinae 1 Neotropical Epigeic; generalist predator and scavenger

Ponerinae 1155 Widespread, mostly tropical Hypogeic and epigeic; mostly predators, both generalist and
specialist

Proceratiinae 135 Widespread, mostly tropical Hypogeic; specialist predators

Formicoid clade

Aneuretinae 1 Sri Lanka Epigeic; generalist predator and scavenger

Dolichoderinae 706 Widespread Mostly epigeic; generalist predators and scavengers

Dorylinae 677 Widespread, mostly tropical Hypogeic and epigeic; predators, especially of other ants;
includes army ants

Ectatomminae 267 Neotropical, Australian Epigeic; mostly generalist predators and scavengers

Formicinae 3007 Widespread Mostly epigeic; generalist predators and scavengers, some

P granivores

Heteroponerinae 24 Neotropical, Australian |Q| Epigeic; generalist predators and scavengers

Myrmeciinae 92 Australian T Epigeic; generalist predators and scavengers

Myrmicinae 6440 Widespread Mostly epigeic; generalist and specialist predators, scavengers,
granivores, herbivores

Pseudomyrmecinae 229 Widespread, mostly tropical Epigeic; generalist predators and scavengers

“# spp.” refers to number of described extant species, taken from AntCat (2014). Hypogeic species are those that forage underground; epigeic species

forage aboveground, on the soil surface and/or vegetation. Information on biology is from various sources, summarized by Hélldobler & Wilson (1990)

and Brown (2000).
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phylogenetic studies of ants (Brady et al. 2006, Moreau et al. 2006) the Leptanillinae emerged
as “basal,” that is, sister to all other ants, with strong support under both maximum likelihood
and Bayesian inference (this was before the discovery of Martialis). The poneroids were also a
strongly supported clade, sister to the formicoids. Brady et al. (2006) argued, however, that the
placement of Leptanillinae at the base of the ant tree could be an artifact of long-branch attraction
(LBA) (Holland et al. 2003, Bergsten 2005), with the leptanilline clade being attracted to the long
branch separating ants from their distant outgroups (Lartillot et al. 2007). When Brady et al.
(2006) performed an analysis of the same data set with outgroups removed, the resulting unrooted
tree differed in topology such that the leptanillines were clustered within the poneroids, as part
of a bipartition separating poneroids and formicoids. Adding outgroups and rooting this tree in
such a way as to make Leptanillinae sister to all other ants yielded a tree that could not be distin-
guished statistically, using the Shimodaira-Hasegawa (S-H) test (Shimodaira & Hasegawa 1999),
from those in which the root was placed elsewhere within the poneroid cluster or on the branch
separating poneroids and formicoids (Brady et al. 2006) (Figure 2). A more recent analysis, using
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the S-H test on a data set with more taxa, but fewer genes, did detect significant support for a basal
position of Leptanillinae and Martialis (Moreau & Bell 2013). In addition, Lucky et al. (2013)
applied a likelihood mapping test with quartet puzzling (Strimmler & von Haeseler 1997) to the
Brady et al. (2006) data set and also found strong support for a basal position of Leptanillinae.
Thus the weight of evidence would seem to favor the hypothesis that Leptanillinae and Martialis
are the earliest branching lineages of extant ants.

However, these statistical tests cannot overcome misleading signal due to phylogenetic artifacts.
If there is heterogeneity of the substitution process (across sites or lineages) and if the employed
models do not adequately capture this process heterogeneity, this can cause robust, statistically
significant support for the wrong tree (Jeffroy et al. 2006, Lartillot et al. 2007). LBA has been
implicated, for example, in the incorrect placement of nematodes at the base of the Bilateria
(Philippe et al. 2005) and of monocots as sister to all other angiosperms (Stefanovic et al. 2004).
In addition, data sets of limited size may yield spurious trees. One of the first empirical uses of
the quartet puzzling likelihood mapping test gave strong support to a (Chelicerata + Myriapoda)
clade within the Arthropoda (Strimmler & von Haeseler 1997), a hypothesis now disfavored in
light of more extensive data (Rota-Stabelli et al. 2011).

Another complicating factor is base frequency heterogeneity among lineages, which is prevalent
in ants (Ward et al. 2010, Brady et al. 2014) and is known to mislead phylogenetic inference
(Jeftroy et al. 2006, Rota-Stabelli et al. 2013). Compared with other aculeate Hymenoptera most
ants tend to be GC (guanine-cytosine)-biased at third codon positions, whereas Leptanillinae are
relatively AT (adenine-thymine)-rich (P.S. Ward, unpublished.). If the AT bias of leptanillines is a
derived trait—possibly as a result of reduced selection for thermostability in their cool subterranean
habitats—this could bias results in favor of a basal position for the group.

There are interesting parallels with attempts to root the tree of placental mammals. As with
the ants there is compression of early branching events (in the Cretaceous), and the in-group is
separated by a relatively long branch from the closest extant relatives. Rooting of the mammalian
tree has been shown to be sensitive to taxon and gene sampling, choice of substitution model
(Morgan et al. 2013), and base frequency heterogeneity (Romiguier et al. 2013). A consensus on
the placement of the root has not been achieved (Teeling & Hedges 2013), despite the application
of extensive genomic data to this question. Now consider the ants: The amount of molecular data
applied to the problem has been much smaller (3—7 genes, as opposed to thousands of genes),
taxon sampling has been much less complete, and there has not been a concerted effort to deal
with process heterogeneity. This is all the more reason, therefore, to remain cautious in our
conclusions.

To summarize, there are two major issues to be resolved about basal relationships in ants:

1. Are Leptanillinae and Martialis, either sequentially or together, (#) sister to all other ants or
(b) highly derived poneroids?

2. Are the poneroids (#) a monophyletic group or (b) a paraphyletic group within which formi-
coids evolved?

Although most studies support 1(#) and 2(#), the suspicion that LBA or other artifacts are
biasing these results is based on the simple observation that removal of outgroups alters the in-
group-only (unrooted) tree, precluding monophyly of the poneroids unless they are redefined to
include Leptanillinae and Martialis (Brady et al. 2006; P.S. Ward, unpublished data). Resolution
of these questions will clearly be aided by the use of more extensive (i.e., phylogenomic) data,
but this alone may not be sufficient (Philippe et al. 2011). It will also be important to (z) filter
the sequence data to reduce the likelihood of phylogenetic artifacts (Lemmon & Lemmon 2013),
(b) employ models that better capture process heterogeneity (Lartillot et al. 2007, Ronquist &
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Figure 3

Enigmatic subterranean ants of uncertain placement in the ant tree. (#) Apomyrma stygia, worker;

(b) Opamyrma bungvuong, worker; (c) Anomalonryrma boltoni, worker; (d) Leptanilla sp., worker; (e) Martialis
beureka, worker; (f) Scyphodon anomalum, male. Current subfamily assignments are (#,5) Amblyoponinae,
(¢,d) Leptanillinae, (¢) Martialinae, and (f) unplaced. Images reprinted from AntWeb (www.antweb.org)
with permission; photographers Michael Branstetter (¢), April Nobile (z, b, d, f), and Erin Prado (¢).

Deans 2010), and (c) sample a sufficiently representative diversity of taxa, both within ants and
among aculeate outgroups.

Exploring Ant Diversity and Expanding Taxon Representation

The world of ant diversity has not been exhaustively explored, and there is still the potential to
discover new species thatimprove our inferences about relationships among the major ant lineages.
The discovery of Martialis, a key taxon in our attempts to unravel the earliest branching events in
ant phylogeny, was recent and serendipitous (Rabeling etal. 2008). The rare Sri Lankan antspecies,
Aneuretus simoni, the sole surviving member of its subfamily, contributes importantly to accurate
reconstruction of relationships in its species-rich sister group, the Dolichoderinae (Ward et al.
2010). Among other relictual taxa, the ant Opamzyrma hungvuong, described recently from two pale,
blind workers found in Vietnam, manifests a peculiar mixture of leptanilline-like and poneroid-like
features (Yamane et al. 2008) (Figure 3). It is similar to the Afrotropical genus Apomyrma and has
been placed, along with that genus, in the subfamily Amblyoponinae, but in preliminary molecular
phylogenetic analyses it is a short-branched sister to Leptanillinae (P.S. Ward, unpublished).

Apomyrma itselfis a paradoxical ant. Known from one described and several undescribed species,
all from the Afrotropical region, this rare subterranean ant has been variously placed in the Am-
blyoponinae (Brown et al. 1971), in the Leptanillinae (Bolton 1990), and in its own subfamily
Apomyrminae (Baroni Urbani etal. 1992). The first studies to include a valid Apomzyrma sequence
(Brady et al. 2006, Moreau et al. 2006) situated this taxon near the base of the subfamily Ambly-
oponinae, but without strong support for any particular position. The morphological similarities
between Apomyrma and Opamyrma are intriguing (Figure 3), but because of instability in their
placement in molecular trees it is uncertain whether these are shared derived features, shared
ancestral similarities, or convergent traits associated with underground living.

Even more mysterious is the taxon Scyphodon anomalum, known only from a few males collected
in Sumatra and Kalimantan, Indonesia (Figure 3). This species was originally described as a wasp,
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of uncertain affinity, possibly in the Braconidae, Proctotrupidae, or Bethylidae (Brues 1925). It was
subsequently treated as an ant in the subfamily Leptanillinae (Petersen 1968), but some authors
have argued it should be considered incertae sedis (of uncertain placement) in the Aculeata (Ogata
etal. 1995). Noonilla copiosa is another enigmatic Asian species, known only from males and placed
in Leptanillinae (Petersen 1968) or as incertae sedis in Formicidae (Ogata et al. 1995). Sequence
data are not yet available for these taxa, but they and other as-yet-undiscovered species could prove
to be useful additions to the ant tree, shortening the branch leading to Leptanillinae or perhaps
even reducing the long branch separating ants from their nearest outgroup.

THE CHRONOLOGY OF ANT DIVERSIFICATION
The Fossil Record

There is an extensive fossil record of ants and other aculeate Hymenoptera (Grimaldi & Engel
2005), which provides critical information about their evolutionary history. Some of these fossils
are impressions in sedimentary deposits, but many are inclusions in fossil resin (amber), often with
strikingly well-preserved features (LaPolla et al. 2013). Ant-like fossils first appear about 100 Mya,
but they are scarce in Cretaceous deposits, typically comprising 1% or less of all insect specimens.
Ants become increasingly common in the Tertiary, accounting for 20-30% of all insects in some
Oligocene and Miocene deposits (LaPolla et al. 2013). Thus there is a clear signature in the fossil
record of the increasing prominence of ants in the last 50-60 million years.

In the following discussion “crown group ants” refers to the clade comprising the most recent
common ancestor of living ants and their descendants, whereas the “stem group” includes all taxa
more closely related to ants than to any other extant organisms (Magall6n 2004). Members of
the stem group that lie outside the crown group are here termed stem ants. Fossils that appear to
represent stem ants occur in deposits over a 26-Myr period from the middle Albian (~105 Mya) to
the middle Campanian (~79 Mya) (LaPolla et al. 2013). Placed in the subfamilies Armaniinae and
Sphecomyrminae, these fossils exhibit some but not all the features associated with modern ants.
Sphecomyrminae, for example, possess an ant-like petiole (a constricted second abdominal seg-
ment) and a metapleural gland, but lack the elongate first antennal segment (scape) seen in crown
group ants (Bolton 2003). Armaniinae have an ant-like petiole, but the presence of a metapleural
gland has not been confirmed in this group (LaPolla et al. 2013). Armaniinae are the first to appear
(and disappear) in the fossil record, and they are likely sister to all other known ants (Bolton 2003,
Ward 2007). The Sphecomyrminae encompass considerable morphological diversity (Perrichot
2014), including species with bizarrely modified mandibles (Barden & Grimaldi 2012), but nei-
ther they nor the Armaniinae apparently survived the K/Pg (Cretaceous-Paleogene) extinction
event.

Several putative crown group ants have been recorded from the Cretaceous (LaPolla etal. 2013).
None can be placed in living genera, and even assignment to a subfamily is often problematic.
The oldest definitive crown group ants are (#) a member of the subfamily Dolichoderinae in
Ethiopian amber (Late Cenomanian, 95 Mya) (Schmidt et al. 2010, LaPolla et al. 2013), and (b)) a
representative of the subfamily Formicinae in New Jersey amber (Turonian, 90 Mya) (Grimaldi
& Agosti 2000). Other ant fossils, placed provisionally in or near extant subfamilies, have been
recorded from French Charentese amber (100 Mya), Burmese amber (99 Mya), and Botswanan
Orapa mudstone (91 Mya) (summarized by LaPolla et al. 2013). In younger Canadian amber
(78 Mya) there is a greater diversity; putative members of the extant subfamilies Aneuretinae,
Dolichoderinae, and Ectatomminae coexist with the now extinct Sphecomyrminae (McKellar
etal. 2013).

www.annualreviews.org o Ant Phylogeny and Evolution



Annu. Rev. Ecol. Eval. Syst. 2014.45:23-43. Downloaded from www.annualreviews.org
Access provided by University of California- Davis on 11/25/14. For persona use only.

In contrast to their muted appearance in the Cretaceous, crown group ants become increasingly
abundant and diverse in the Paleogene. By the late Eocene (40 Mya) 12 of 16 extant subfamilies
are represented in the fossil record, and prominent contemporary genera, such as Camponotus,
Dolichoderus, Formica, Lasius, Myrmica, Oecophylla, and Tetraponera, are recognizable (Bolton 2003,
Dlussky & Rasnitsyn 2009, LaPolla et al. 2013). Recent discoveries of substantial ant diversity in
early Eocene amber deposits (Rust etal. 2010, Aria et al. 2011) suggest that this shift to a “modern”
ant fauna took place around the time of the Paleocene-Eocene thermal maximum (McInerney &
Wing 2011), although the paucity of ant fossils in the Paleocene reduces confidence in the timing
of this event. Another peculiarity of the Eocene ant fauna is giant winged ants of the extinct
subfamily Formiciinae, some as large as small hummingbirds (Archibald et al. 2011). The worker
caste of Formiciinae has not been discovered, and the winged forms appear in the fossil record for
only a short time period in the early and middle Eocene.

Among Neogene deposits, the ants in Dominican amber (early Miocene, 15-20 Mya) have
been particularly well studied (Wilson 1985, Arillo & Ortufio 2005), revealing a rich Neotropical
fauna, composed almost entirely of representatives of extant genera. Some of these taxa, such
as Neivamyrmex army ants, the giant poneroid Paraponera, and dolichoderine ants of the genera
Azteca and Dolichoderus, are now extinct in the Greater Antilles but survive in mainland Central
and South America, attesting to less favorable environmental conditions on Hispaniola since the
Miocene.

Divergence Dating

The foregoing discussion touches upon some of the highlights of the ant fossil record (for a more
detailed review see LaPolla et al. 2013). The diversity of ants in these deposits, along with a
respectable fossil record for other Hymenoptera (Rasnitsyn & Kulicka 1990, Grimaldi & Engel
2005), affords great opportunity for fossil-calibrated divergence dating of ants, in conjunction
with molecular phylogenies. The estimates of clade ages resulting from such studies have been
somewhat variable, however, even when based on similar data sets and modes of analysis (Brady
et al. 2006, Moreau et al. 2006), indicating sensitivity to methods of calibration and the range
of fossil taxa considered (Brady 2011, LaPolla et al. 2013). Moreau et al. (2006), for example,
inferred that crown ants originated 140-168 Mya, whereas Brady et al. (2006) obtained estimates
of 115-135 Mya using similar data and methods.

The most recent evaluation, employing Bayesian dating inference, yielded age estimates for
crown ants of 139-158 Mya (Moreau & Bell 2013). As with many molecular studies this is some-
what at variance with the fossil record and implies a 50-Myr gap between the time that crown ants
arose and their first appearance in the fossil record (95 Mya). The absence of even stem ants from
any formations older than 105 Mya, including a geographically diverse selection of insect-rich
early Cretaceous deposits (Perrichot et al. 2008, LaPolla et al. 2013), would seem to argue against
such an early origin of crown ants. Nevertheless, it is increasingly recognized that, for all but
the most complete series, fossils do not provide direct estimates of clade ages, owing to the va-
garies of fossil preservation and discovery (Wilkinson et al. 2011). Significant fossil ant discoveries
continue to be made and timelines are being expanded—only twenty-five years ago, for example,
the oldest definitive crown ants were from Paleocene deposits (~60 Mya) (Dlussky 1988). From
this perspective an early Cretaceous (i.e., Neocomian) origin of stem ants is not unreasonable,
especially because the fossil record of Apoidea, the likely sister group of ants, extends back to this
time period (Brady et al. 2009).

Topological uncertainty, particularly that associated with rooting of the ant tree (see above),
must introduce some uncertainty to node dating. This includes the phylogeny of the outgroup taxa
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because they also supply crucial fossil calibration points. The Moreau & Bell (2013) chronogram
places ants as sister to all other Aculeata including Chrysidoidea, an arrangement that is not
consistent with any previous hypothesis of aculeate Hymenoptera relationships (Debevec et al.
2012, Johnson et al. 2013) and one that tends to overestimate the age of ants because the crown
group is situated abnormally deep in the tree relative to other aculeates. Correcting for this
misalignment of the tree might bring the crown age estimates more in line with other studies that
suggest an origin of ants about 125 Mya (Brady et al. 2006, LaPolla et al. 2013, Schmidt 2013).
Crown age estimates of the major lineages (subfamilies) of formicoid ants show greater agree-
ment among multiple studies and methods of analysis and less conflict with fossil evidence (LaPolla
etal. 2013). The formicoid clade itself has a consistently estimated age of about 110 Mya; Dorylinae
appear to have arisen about 85 Mya; and the three large subfamilies Dolichoderinae, Formicinae,
and Myrmicinae have estimated crown ages of 60-70 Mya, 70-80 Mya, and 80-100 Mya, respec-
tively (Brady et al. 2006, 2014; Ward et al. 2010, 2014; Moreau & Bell 2013; Schmidt 2013).
Thus there is an emerging consensus that the major groups of formicoid ants all arose in the late
Cretaceous rather than the early Paleogene. Ancestral range reconstruction across an ant-wide
phylogeny placed the origin of most of these lineages in the Neotropics (Moreau & Bell 2013),
suggesting that this region was an important setting for early ant evolution, although one of the
larger subfamilies, Dolichoderinae, appears to have had a Paleotropical origin (Ward et al. 2010).

Diversification Rate Shifts

There have been several attempts to estimate changes in ant diversification rates, motivated in
part by the hypothesis that ants codiversified with angiosperms, as a result of the increased habitat
complexity of soil and ground litter in angiosperm-dominated forests (Wilson & Hélldobler
2005, Moreau et al. 2006). Using a lineage-through-time (L'TT) plot derived from a molecular
phylogeny, Moreau et al. (2006) found evidence for an increase in the diversification rate of ants
about 100 Mya, corresponding to the rise of angiosperm dominance. Pie & Tschd (2009) argued
on the basis of simulation studies that the apparent shift was an artifact of incomplete taxon
sampling. Using an expanded data set, Moreau & Bell (2013) contended that there was indeed a
late Cretaceous increase in diversification rate on the basis of an L'TT plot that departed from
null expectations. It remains unclear how much these results are biased by other factors such as
among-lineage rate variation, inclusion/exclusion of outgroups, and phylogenetic uncertainty in
the deeper parts of the ant tree. Estimation of diversification rate shifts is a challenging problem
in general (Stadler 2011), and this will be a fruitful area of further investigation.

Pie & T'schd (2009) and Moreau & Bell (2013) both found significant changes in diversification
rates among ant lineages, although the assignment of shifts to particular nodes was method sensitive
(Pie & Tschd 2009). The detection of lineage-specific shifts in diversification rates is hardly
surprising in view of the large discrepancies in species richness among some sister pairs of ant
taxa. The subfamily Dolichoderinae, for example, has 706 described species (AntCat 2014) and
many others as yet undescribed, compared with its sister group, the subfamily Aneuretinae, with
one extant species; the tribe Camponotini contains 1,840 described species, against its putative
sister group, Myrmoteras, with 39 species. Such examples abound and although it is often possible
to identify potential causes, such as enhanced chemical defenses in Dolichoderinae (Blum &
Hermann 1978) and obligate intracellular symbionts in Camponotini (Wernegreen et al. 2009),
these ad hoc explanations are difficult to test if the putative cause is evolutionarily unique (Nunn
2011). The success of ants as a whole is often attributed to the development in many ant taxa of close
associations with trophobionts: plant-feeding, honeydew-producing insects, primarily Hemiptera
(Delabie 2001, Wilson & Holldobler 2005). This is an appealing idea, especially considering the
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importance of carbohydrate-rich resources in contemporary ant communities (Davidson et al.
2003, Kay et al. 2014), but a rigorous phylogenetic test of this hypothesis has not been conducted.

EVOLUTIONARY TRENDS: CONVERGENCE, DIVERGENCE,
AND STASIS

It has long been evident that certain morphological features of ants have evolved repeatedly in
differentlineages—examples include the formation of a second node-like structure (postpetiole) on
the abdomen, loss of the sting, fusion of body sclerites, reduction of antennal segments, evolution
of specialized mandibles, and the development of phragmotic (plug-shaped) heads (Holldobler
& Wilson 1990, Bolton 2003). Loss of stinging ability has occurred independently in several
formicoid lineages and has been accompanied by (#) deployment of alternate modes of defense,
such as modified biting mandibles or chemical repellents, and (5) a reduced dependency upon
capture of live arthropod prey (Kugler 1979). Convergent evolution has also occurred in many
social traits such as polygyny, polyandry, and worker caste polymorphism (Holldobler & Wilson
1977, Oster & Wilson 1978, Hughes et al. 2008).

One of the findings to emerge from new molecular phylogenies is that convergence is even more
widespread than previously appreciated. For example, the ant genera Ankylomyrma and Tatuidyis,
placed in the Myrmicinae on the basis of morphological characteristics shared with members of
that subfamily, are now known to be poneroid ants, far removed phylogenetically from Myrmicinae
(Brady et al. 2006, Moreau et al. 2006, Ward et al. 2104). It is now apparent that several well-
known ant genera, including Camponotus and Messor, are nonmonophyletic because convergently
similar species have been placed erroneously in the same genus (Table 2). More often, however,
nonmonophyletic ant taxa can be traced to a different cause: marked heterogeneity in evolutionary
rates, with highly divergent taxa found to be nested within others that show much greater stasis
(Table 2). This is well illustrated by the iconic army ants, segregated in their own genera while
more conservative members of the doryline clade in which they arose have been lumped together
mistakenly in a single genus Cerapachys (Figure 4).

Table 2 Examples of ant genera whose nonmonophyly has been revealed by molecular phylogenetic studies

Subfamily Genus Cause Comments

Dorylinae Sphinctomyrmex | Convergence Independent evolution in Neotropics and Paleotropics

Formicinae Camponotus Convergence Subgenus Colobopsis is an independent lineage

Myrmicinae Messor Convergence Independent evolution of granivores in Nearctic region and Old World

Myrmicinae Monomorium Convergence Species in the destructor- and scabriceps-groups form an independent
lineage

Amblyoponinae Stigmatomma Divergence Divergent in-groups (Adetonyrma, Myopopone, Mystrium etc.) are excluded

Dorylinae Cerapachys Divergence Generalized dorylines within which army ants and others evolved

Mpyrmicinae Aphaenogaster | Divergence Generalized predators and scavengers, within which specialized clades
evolved

Mpyrmicinae Cyphomyrmex Divergence Paraphyletic with respect to fungus-growing ants with “higher”
agriculture

Mpyrmicinae Trachymyrmex | Divergence Leaf-cutter ants (Atta and Acromyrmex) evolved within the group

Ponerinae Pachycondyla Divergence Recently reconfigured to restore monophyly (see Schmidt & Shattuck
2014)

Pseudomyrmecinae Tetraponera Divergence Paraphyletic with respect to Myrcidris and Pseudonyrmex

Sources: Brady et al. (2006, 2014), Schultz & Brady (2008), Schmidt & Shattuck (2014), Ward (2011), and Ward et al. 2014).
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Cerapachys species Army ants

Phenotypic divergence

A
\

Figure 4

Heterogeneity in rates of morphological and social evolution as exemplified by doryline ants. Many of the more generalized members
of the doryline clade have been assigned to the catch-all genus Cerapachys. The highly derivative army ants are placed in their own
genera. Based on Brady et al. (2014). Images reprinted from AntWeb (www.antweb.org) with permission. Photographers: (first row,

left to right) April Nobile; (second row, left to right) Erin Prado, Shannon Hartman, April Nobile.

More generally, across the entire sweep of ant diversity, variation in rates of morphological
and social evolution has produced a striking comingling of “primitive” and highly derived species.
Attention is often focused on the more conspicuous and socially advanced ants, those with large
colony sizes, dense foraging trials, specialized worker subcastes, and well-organized systems of
communication and defense. These species justly excite our imagination and motivate the view
of ant colonies as superorganisms (Hoélldobler & Wilson 1990). Yet it is worth remembering that
in many of the same communities there are ant species living in small colonies, with much more
limited division of labor and less expansive capabilities of foraging, communication, and defense.
How is it that since their divergence from a common ancestor in the Cretaceous different ant
lineages have reached such different levels of social and anatomical complexity? What factors have
propelled some groups to diverge extensively while others have retained many ancestral charac-
teristics? Investigation of these questions will require detailed scrutiny of ecological, historical,
and phylogenetic influences.

CONCLUDING REMARKS

As this brief survey demonstrates, many aspects of ant evolutionary history have been clarified in
recent years, especially concerning the phylogeny of the formicoid clade. Although not a focus of
this review, there has also been substantial progress toward elucidating phylogenetic relationships
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within some ant subfamilies (Schultz & Brady 2008; Ward et al. 2010, 2014; Schmidt 2013; Brady
etal. 2014) and larger genera (Moreau 2008, Jansen et al. 2010, Blaimer 2012, Branstetter 2012,
Price et al. 2014). These studies at shallower taxonomic levels have employed more extensive
taxon sampling, which has enhanced inferences about diversification, biogeographic history, and
trait evolution. At deeper levels in the ant phylogeny there remains the challenging problem of
identifying the root of the tree, made difficult because of a long branch separating ants from the
nearest outgroup, and further complicated by heterogeneity of the evolutionary process within
ants. Phylogenomic approaches offer the prospect of resolving these basal relationships if sufficient
attention is paid to data filtering, model selection, and taxon sampling. As phylogenetic uncertainty
is reduced, this will in turn allow more precise testing of hypotheses about the tempo and mode
of evolution in ants.

Future work on ant phylogeny would benefit from greater integration of paleontological and
molecular data (Barden & Grimaldi 2012, LaPolla et al. 2013), ideally through analyses of data
matrices that combine character information from both fossils and extant taxa (Ronquist et al.
2012). This will require a renewed emphasis on morphology-based ant taxonomy, an activity that
has been eclipsed by the success of molecular phylogenetics. Detailed knowledge of morphology is
essential not only for understanding the relationship of fossils to extant taxa, and employing them
more effectively in divergence dating, but also to provide a pragmatic framework for identification
of living species. The taxonomy of many ant genera and tribes is in a chaotic state, with unknown
numbers of undescribed species and a woeful lack of clarity about the species limits of named
forms. It will be difficult to achieve complete taxon sampling in phylogenetic analyses of these
groups—or even obtain reliable estimates of species richness for subsampled clades—without
greater investment in taxonomy and better morphological characterization of species and higher
taxa.

DISCLOSURE STATEMENT

The author is not aware of any affiliations, memberships, funding, or financial holdings that might
be perceived as affecting the objectivity of this review.

ACKNOWLEDGMENTS

I thank my collaborators in the Ant AToL Project, Brian Fisher, Sedn Brady, and Ted Schultz,
for numerous discussions about the ant tree of life, and Brad Shaffer for helpful comments on
the manuscript. Research support from the US National Science Foundation (grants EF-0431330
and DEB-0842204) is gratefully acknowledged.

LITERATURE CITED

AntCat. 2014. AntCat. An Online Catalog of the Ants of the World. Accessed 1 May 2014. http://antcat.org/

Archibald SB, Johnson KR, Mathewes RW, Greenwood DR. 2011. Intercontinental dispersal of giant ther-
mophilic ants across the Arctic during early Eocene hyperthermals. Proc. R. Soc. B-Biol. Sci. 278:3679-86

Aria C, Perrichot V, Nel A. 2011. Fossil Ponerinae (Hymenoptera: Formicidae) in Early Eocene amber of
France. Zootaxa 2870:53-62

Arillo A, Ortufio VM. 2005. Catalogue of fossil insect species described from Dominican amber (Miocene).
Stuttg. Beitr. Naturkd. Ser. B (Geol. Paliiontol.) 352:1-68

Barden P, Grimaldi D. 2012. Rediscovery of the bizarre Cretaceous ant Haidonyrmex Dlussky (Hymenoptera:
Formicidae), with two new species. Amz. Mus. Novit. 3755:1-16

Ward


http://antcat.org/

Annu. Rev. Ecol. Eval. Syst. 2014.45:23-43. Downloaded from www.annualreviews.org
Access provided by University of California- Davis on 11/25/14. For persona use only.

Baroni Urbani C, Bolton B, Ward PS. 1992. The internal phylogeny of ants (Hymenoptera: Formicidae). Syst.
Entomol. 17:301-29

Bergsten J. 2005. A review of long-branch attraction. Cladistics 21:163-93

Blaimer BB. 2012. Acrobat ants go global—origin, evolution and systematics of the genus Crematogaster
(Hymenoptera: Formicidae). Mol. Phylogenet. Evol. 65:421-36

Blum MS, Hermann HR. 1978. Venoms and venom apparatuses of the Formicidae: Dolichoderinae and
Aneuretinae. Handb. Exp. Pharmakol. 48:871-94

Bohart RM, Menke AS. 1976. Sphecid Wasps of the World. A Generic Revision. Berkeley: Univ. Calif. Press

Bolton B. 1990. The higher classification of the ant subfamily Leptanillinae (Hymenoptera: Formicidae). Syst.
Entomol. 15:267-82

Bolton B. 2003. Synopsis and classification of Formicidae. Mem. Am. Entomol. Inst. 71:1-370

Bourke AFG. 2011. The validity and value of inclusive fitness theory. Proc. R. Soc. B 278:3313-20

Brady SG. 2011. Effects of fossil calibration uncertainty on divergence dating in ants and bees. Anz. Entomol.
57:56-57

Brady SG, Fisher BL, Schultz TR, Ward PS. 2014. The rise of army ants and their relatives: diversification
of the specialized predatory doryline ants. BMC Evol. Biol. 14:93

Brady SG, Larkin L, Danforth BN. 2009. Bees, ants, and stinging wasps (Aculeata). In The Timetree of Life,
ed. SB Hedges, S Kumar, pp. 264-69. New York: Oxford Univ. Press

Brady SG, Schultz TR, Fisher BL, Ward PS. 2006. Evaluating alternative hypotheses for the early evolution
and diversification of ants. Proc. Natl. Acad. Sci. USA 103:18172-77

Branstetter MG. 2012. Origin and diversification of the cryptic ant genus Stenamma Westwood (Hymenoptera:
Formicidae), inferred from multilocus molecular data, biogeography and natural history. Syst. Entormol.
37:478-96

Brothers DJ. 1975. Phylogeny and classification of the aculeate Hymenoptera, with special reference to Mu-
tillidae. Univ. Kans. Sci. Bull. 50:483-648

Brothers D]J. 1999. Phylogeny and evolution of wasps, ants and bees (Hymenoptera, Chrysidoidea, Vespoidea
and Apoidea). Zool. Scr. 28:233-49

Brown WL. 1954. Remarks on the internal phylogeny and subfamily classification of the family Formicidae.
Insectes Soc. 1:21-31

Brown WL. 2000. Diversity of ants. In Ants. Standard Methods for Measuring and Monitoring Biodiversity, ed.
D Agosti, JD Majer, LE Alonso, TR Schultz, pp. 45-79. Washington, DC: Smithson. Inst.

Brown WL, Gotwald WH, Lévieux J. 1971. A new genus of ponerine ants from West Africa (Hymenoptera:
Formicidae) with ecological notes. Psyche 77:259-75

Brues CT. 1925. Scyphodon, an anomalous genus of Hymenoptera of doubtful affinities. Treubia 6:93-96

Corona M, Libbrecht R, Wurm Y, Riba-Grognuz O, Studer RA, Keller L. 2013. Vitellogenin underwent
subfunctionalization to acquire caste and behavioral specific expression in the harvester ant Pogonomzyrmex
barbatus. PLOS Genet. 9:¢1003730

Cronin AL, Molet M, Doums C, Monnin T, Peeters C. 2013. Recurrent evolution of dependent colony
foundation across eusocial insects. Annu. Rev. Entomol. 58:37-55

Danforth BN. 2013. Social insects: Are ants just wingless bees? Curr. Biol. 23:R1011-12

Davidson DW, Cook SC, Snelling RR, Chua TH. 2003. Explaining the abundance of ants in lowland tropical
rainforest canopies. Science 300:969-72

Davidson DW, McKey D. 1993. Ant-plant symbioses: stalking the Chuyachaqui. Trends Ecol. Evol. 8:326-32

Debevec AH, Cardinal S, Danforth BN. 2012. Identifying the sister group to the bees: a molecular phylogeny
of Aculeata with an emphasis on the superfamily Apoidea. Zool. Scr. 41:527-35

Delabie JHC. 2001. Trophobiosis between Formicidae and Hemiptera (Sternorrhyncha and Auchenorrhyn-
cha): an overview. Neotrop. Entomol. 30:501-16

Dlussky GM. 1983. A new family of Upper Cretaceous Hymenoptera: an “intermediate link” between the
ants and the scolioids [In Russian]. Paleontol. Zh. 1983(3):65-78

Dlussky GM. 1988. Ants of Sakhalin amber (Paleocene?) [In Russian]. Paleontol. Zh. 1988(1):50-61

Dlussky GM. 1999. The first find of the Formicoidea (Hymenoptera) in the lower Cretaceous of the Northern
Hemisphere [in Russian]. Paleontol. Zh. 1999(3):62-66

www.annualreviews.org o Ant Phylogeny and Evolution

39



Annu. Rev. Ecol. Eval. Syst. 2014.45:23-43. Downloaded from www.annualreviews.org
Access provided by University of California- Davis on 11/25/14. For persona use only.

40

Dlussky GM, Rasnitsyn AP. 2009. Ants (Insecta: Vespida: Formicidae) in the Upper Eocene amber of central
and eastern Europe. Paleontol. §. 43:1024-42

Fittkau EJ, Klinge H. 1973. On biomass and trophic structure of the central Amazonian rain forest ecosystem.
Biotropica 5:2-14

Folgarait PJ. 1998. Ant biodiversity and its relationship to ecosystem functioning: a review. Biodivers. Conserv.
7:1221-44

Gauld I, Bolton B, eds. 1988. The Hymenoptera. Oxford: Oxford Univ. Press

Grimaldi D, Agosti D. 2000. A formicine in New Jersey Cretaceous amber (Hymenoptera: Formicidae) and
early evolution of the ants. Proc. Natl. Acad. Sci. USA 97:13678-83

Grimaldi D, Agosti D, Carpenter JM. 1997. New and rediscovered primitive ants (Hymenoptera: Formicidae)
in Cretaceous amber from New Jersey, and their phylogenetic relationships. Anz. Mus. Novit. 3208:1-43

Grimaldi D, Engel MS. 2005. Evolution of the Insects. New York: Cambridge Univ. Press

Heraty ], Ronquist F, Carpenter JM, Hawks D, Schulmeister S, et al. 2011. Evolution of the hymenopteran
megaradiation. Mol. Phylogenet. Evol. 60:73-88

Holland BR, Penny D, Hendy MD. 2003. Outgroup misplacement and phylogenetic inaccuracy under a
molecular clock—a simulation study. Syst. Biol. 52:229-38

Holldobler B, Wilson EO. 1977. The number of queens: an important traitin ant evolution. Naturwissenschaften
64:8-15

Holldobler B, Wilson EO. 1990. The Ants. Cambridge, MA: Harvard Univ. Press

Huber JT. 2009. Biodiversity of Hymenoptera. In Insect Biodiversity: Science and Society, ed. R Footit, P Adler,
pp- 303-23. Oxford, UK: Wiley-Blackwell

Hughes WOH, Oldroyd BP, Beekman M, Ratnieks FLW. 2008. Ancestral monogamy shows kin selection is
key to the evolution of eusociality. Science 320:1213-16

Inward D, Beccaloni G, Eggleton P. 2007. Death of an order: a comprehensive molecular phylogenetic study
confirms that termites are eusocial cockroaches. Biol. Lett. 3:331-35

Jansen G, Savolainen R, Vepsiliinen K. 2010. Phylogeny, divergence-time estimation, biogeography and
social parasite-host relationships of the Holarctic ant genus Myrmica (Hymenoptera: Formicidae). Mol.
Phylogenet. Evol. 56:294-304

Jeffroy O, Brinkmann H, Delsuc F, Philippe H. 2006. Phylogenomics: the beginning of incongruence? Trends
Gener. 22:225-31

Johnson BR, Borowiec ML, Chiu JC, Lee EK, Atallah J, Ward PS. 2013. Phylogenomics resolves evolutionary
relationships among ants, bees, and wasps. Curr. Biol. 23:2058-62

Kay AD, Bruning AJ, van Alst A, Abrahamson T'T, Hughes WHO, Kaspari M. 2014. A carbohydrate-rich
diet increases social immunity in ants. Proc. R. Soc. B 281:20132374

Keller RA. 2011. A phylogenetic analysis of ant morphology (Hymenoptera: Formicidae) with special reference
to the poneromorph subfamilies. Bull. Am. Mus. Nat. Hist. 355:1-90

Keller RA, Peeters C, Beldade P. 2014. Evolution of thorax architecture in ant castes highlights trade-off
between flight and ground behaviors. Elife 3:¢01539

Klopfstein S, Vilhelmsen L, Heraty JM, Sharkey M, Ronquist F. 2013. The hymenopteran tree oflife: evidence
from protein-coding genes and objectively aligned ribosomal data. PLOS ONE 8:¢69344

Kiick P, Hita Garcia F, Misof B, Meusemann K. 2011. Improved phylogenetic analyses corroborate a plausible
position of Martialis heureka in the ant tree of life. PLOS ONE 6:¢21031

Kugler C. 1979. Evolution of the sting apparatus in the myrmicine ants. Evolution 33:117-30

Lach L, Parr CL, Abbott K, eds. 2009. Ant Ecology. Oxford, UK: Oxford Univ. Press

LaPolla JS, Dlussky GM, Perrichot V. 2013. Ants and the fossil record. Annu. Rev. Entomol. 58:609-30

Lartillot N, Brinkmann H, Philippe H. 2007. Suppression of long-branch attraction artefacts in the animal
phylogeny using a site-heterogeneous model. BMC Evol. Biol. 7(Suppl 1):S4

Lemmon EM, Lemmon AR. 2013. High-throughput genomic data in systematics and phylogenetics. Annu.
Rev. Ecol. Evol. Syst. 44:99-121

Lucky A, Trautwein MD, Guénard B, Weiser MD, Dunn RR. 2013. Tracing the rise of the ants - out of the
ground. PLOS ONE 8:¢84012

Lutz H. 1986. Eine neue Unterfamilie der Formicidae (Insecta: Hymenoptera) aus dem mittel-eozinen
Olschiefer der “Grube Messel” bei Darmstadt (Deutschland, S-Hessen). Senckenb. Lethaea 67:177-218

Ward



Annu. Rev. Ecol. Eval. Syst. 2014.45:23-43. Downloaded from www.annualreviews.org
Access provided by University of California- Davis on 11/25/14. For persona use only.

Magall6n S. 2004. Dating lineages: molecular and paleontological approaches to the temporal framework of
clades. Int. 7. Plant Sci. 165(Suppl 4):S7-21

Matthews RW. 1991. The evolution of social behavior in sphecid wasps. In The Social Biology of Wasps, ed. KG
Ross, RW Matthews, pp. 570-602. Ithaca, NY: Cornell Univ. Press

Meclnerney FA, Wing SL. 2011. The Paleocene-Eocene thermal maximum: a perturbation of carbon cycle,
climate, and biosphere with implications for the future. Annu. Rev. Earth Planet. Sci. 39:489-516

McKellar RC, Glasier JRN, Engel MS. 2013. New ants (Hymenoptera: Formicidae: Dolichoderinae) from
Canadian Late Cretaceous amber. Bull. Geosci. 88:583-94

Moreau CS. 2008. Unraveling the evolutionary history of the hyperdiverse ant genus Pheidole (Hymenoptera:
Formicidae). Mol. Phylogenet. Evol. 48:224-39

Moreau CS. 2009. Inferring ant evolution in the age of molecular data (Hymenoptera: Formicidae). Myrmnecol.
News 12:201-10

Moreau CS, Bell CD. 2013. Testing the museum versus cradle tropical biological diversity hypothesis: phy-
logeny, diversification, and ancestral biogeographic range evolution of the ants. Evolution 67:2240-57

Moreau CS, Bell CD, Vila R, Archibald SB, Pierce NE. 2006. Phylogeny of the ants: diversification in the age
of angiosperms. Science 312:101-4

Morgan C, Foster PG, Webb A, Pisani D, McInerney JO, O’Connell M. 2013. Heterogeneous models place
the root of the placental mammal phylogeny. Mol. Biol. Evol. 30:2145-56

Mueller UG, Schultz TR, Currie CR, Adams RMM, Malloch D. 2001. The origin of the attine ant-fungus
mutualism. Q. Rev. Biol. 76:171-97

Nunn CL. 2011. The Comparative Approach in Evolutionary Anthropology and Biology. Chicago: Univ. Chic.
Press

Ogata K, Terayama M, Masuko K. 1995. The ant genus Leptanilla: discovery of the worker-associated male of
L. japonica, and a description of a new species from Taiwan (Hymenoptera: Formicidae: Leptanillinae).
Syst. Entomol. 20:27-34

Oster GF, Wilson EO. 1978. Caste and Ecology in the Social Insects. Princeton: Princeton Univ. Press

Oxley PR, Ji L, Fetter-Pruneda I, McKenzie SK, Li C, et al. 2014. The genome of the clonal raider ant
(Cerapachys biroi). Curr. Biol. 24:451-58

Perrichot V. 2014. A new species of the Cretaceous ant Zigrasimecia based on the worker caste reveals placement
of the genus in the Sphecomyrminae (Hymenoptera: Formicidae). Myrmecol. News 19:165-69

Perrichot V, Lacau S, Néraudeau D, Nel A. 2008. Fossil evidence for the early ant evolution. Naturwissenschaften
95:85-90

Petersen B. 1968. Some novelties in presumed males of Leptanillinae (Hym., Formicidae). Entomol. Medd.
36:577-98

Philippe H, Brinkmann H, Lavrov DV, Littlewood DT, Manuel M, etal. 201 1. Resolving difficult phylogenetic
questions: why more sequences are not enough. PLOS Biol. 9:1000602

Philippe H, Lartillot N, Brinkmann H. 2005. Multigene analyses of bilaterian animals corroborate the mono-
phyly of Ecdysozoa, Lophotrochozoa, and Protostomia. Mol. Biol. Evol. 22:1246-53

Pie MR, Tschd MK. 2009. The macroevolutionary dynamics of ant diversification. Evolution 63:3023-30

Pilgrim EM, von Dohlen CD, Pitts JP. 2008. Molecular phylogenetics of Vespoidea indicate paraphyly of the
superfamily and novel relationships of its component families and subfamilies. Zool. Scr. 37:539-60

Price SL, Powell S, Kronauer DJC, Tran LAP, Pierce NE, Wayne RK. 2014. Renewed diversification is
associated with new ecological opportunity in the Neotropical turtle ants. 7. Evol. Biol. 27:242-58

Rabeling C, Brown JM, Verhaagh M. 2008. Newly discovered sister lineage sheds light on early ant evolution.
Proc. Natl. Acad. Sci. USA 105:14913-17

Rasnitsyn AP. 1975. Hymenoptera Apocrita of Mesozoic [In Russian]. 77. Paleontol. Inst. Akad. Nauk SSSR
147:1-134

Rasnitsyn AP, Kulicka R. 1990. Hymenopteran insects in Baltic amber with respect to the overall history of
the order. Pr. Muz. Ziemi 41:53-64

Romiguier J, Ranwez V, Delsuc F, Galtier N, Douzery EJ. 2013. Less is more in mammalian phylogenomics:
AT-rich genes minimize tree conflicts and unravel the root of placental mammals. Mol. Biol. Evol. 30:2124—

44

www.annualreviews.org o Ant Phylogeny and Evolution

41



Annu. Rev. Ecol. Eval. Syst. 2014.45:23-43. Downloaded from www.annualreviews.org
Access provided by University of California- Davis on 11/25/14. For persona use only.

42

Ronquist F, Deans AR. 2010. Bayesian phylogenetics and its influence on insect systematics. Annu. Rev.
Entomol. 55:189-206

Ronquist F, Klopfstein S, Vilhemsen L, Schulmeister S, Murray DL, Rasnitsyn AP. 2012. A total-evidence
approach to dating with fossils, applied to the early radiation of the Hymenoptera. Syst. Biol. 61:973-99

Rota-Stabelli O, Campbell L, Brinkmann H, Edgecombe GD, Longhorn SJ, etal. 2011. A congruent solution
to arthropod phylogeny: phylogenomics, microRINAs and morphology support monophyletic Mandibu-
lata. Proc. R. Soc. B-Biol. Sci. 278:298-306

Rota-Stabelli O, Lartillot N, Philippe H, Pisani D. 2013. Serine codon usage bias in deep phylogenomics:
pancrustacean relationships as a case study. Sysz. Biol. 62:121-33

Russell JA, Moreau CS, Goldman-Huertas B, Fujiwara M, Lohman D], Pierce NE. 2009. Bacterial gut
symbionts are tightly linked with the evolution of herbivory in ants. Proc. Natl. Acad. Sci. USA 106:21236-
41

Rust ], Singh H, Rana RS, McCann T, Singh L, et al. 2010. Biogeographic and evolutionary implications of
a diverse paleobiota in amber from the early Eocene of India. Proc. Natl. Acad. Sci. USA 107:18360-65

Saux C, Fisher BL, Spicer GS. 2004. Dracula ant phylogeny as inferred by nuclear 28S rDNA sequences
and implications for ant systematics (Hymenoptera: Formicidae: Amblyoponinae). Mol. Phylogenet. Evol.
33:457-68

Schmidt AR, Perrichot V, Svojtka M, Anderson KB, Belete KH, et al. 2010. Cretaceous African life captured
in amber. Proc. Natl. Acad. Sci. USA 107:7329-34

Schmidt C. 2013. Molecular phylogenetics of ponerine ants (Hymenoptera: Formicidae: Ponerinae). Zootaxa
3647:201-50

Schmidt CA, Shattuck SO. 2014. The higher classification of the ant subfamily Ponerinae (Hymenoptera:
Formicidae), with a review of ponerine ecology and behavior. Zootaxa 3817:1-242

Schultz TR, Brady SG. 2008. Major evolutionary transitions in ant agriculture. Proc. Natl. Acad. Sci. USA
105:5435-40

Shimodaira H, Hasegawa M. 1999. Multiple comparisons of log-likelihoods with applications to phylogenetic
inference. Mol. Biol. Evol. 16:1114-16

Stadler T. 2011. Inferring speciation and extinction processes from extant species data. Proc. Natl. Acad. Sci.
USA 108:16145-46

Stefanovic S, Rice D, Palmer J. 2004. Long branch attraction, taxon sampling, and the earliest angiosperms:
Amborella or monocots? BMC Evol. Biol. 4:35

Strimmler K, von Haeseler A. 1997. Likelihood-mapping: a simple method to visualize phylogenetic content
of a sequence alignment. Proc. Natl. Acad. Sci. USA 94:6815-19

Taylor RW. 1978. Nothomyrmecia macrops: a living-fossil ant rediscovered. Science 201:979-85

Teeling EC, Hedges SB. 2013. Making the impossible possible: rooting the tree of placental mammals. Mol.
Biol. Evol. 30:1999-2000

Ward PS. 1990. The ant subfamily Pseudomyrmecinae (Hymenoptera: Formicidae): generic revision and
relationship to other formicids. Syst. Entomol. 15:449-89

Ward PS. 1994. Adetomyrma, an enigmatic new ant genus from Madagascar (Hymenoptera: Formicidae), and
its implications for ant phylogeny. Syst. Entomol. 19:159-75

Ward PS. 2007. Phylogeny, classification, and species-level taxonomy of ants (Hymenoptera: Formicidae).
Zootaxa 1668:549-63

Ward PS. 2009. Taxonomy, phylogenetics, and evolution. In Ant Ecology, ed. L Lach, CL Parr, K Abbott,
pp- 3-17. Oxford, UK: Oxford Univ. Press

Ward PS. 2011. Integrating molecular phylogenetic results into ant taxonomy (Hymenoptera: Formicidae).
Myrmecol. News 15:21-29

Ward PS, Brady SG. 2003. Phylogeny and biogeography of the ant subfamily Myrmeciinae (Hymenoptera:
Formicidae). Invertebr. Syst. 17:361-86

Ward PS, Brady SG, Fisher BL, Schultz TR. 2010. Phylogeny and biogeography of dolichoderine ants: effects
of data partitioning and relict taxa on historical inference. Syst. Biol. 59:342-62

Ward PS, Brady SG, Fisher BL, Schultz TR. 2014. The evolution of myrmicine ants: phylogeny and
biogeography of a hyperdiverse ant clade (Hymenoptera: Formicidae). Syst. Entomol. In press. doi:
10.1111/syen.12090

Ward



Annu. Rev. Ecol. Eval. Syst. 2014.45:23-43. Downloaded from www.annualreviews.org
Access provided by University of California- Davis on 11/25/14. For persona use only.

Ward PS, Downie DA. 2005. The ant subfamily Pseudomyrmecinae (Hymenoptera: Formicidae): phylogeny
and evolution of big-eyed arboreal ants. Syst. Entomol. 30:310-35

Wernegreen JJ, Kauppinen SN, Brady SG, Ward PS. 2009. One nutritional symbiosis begat another: phylo-
genetic evidence that the ant tribe Camponotini acquired Blochmannia by tending sap-feeding insects.
BMC Evol. Biol. 9:292

Wheeler WM. 1928. The Social Insects: Their Origin and Evolution. New York: Harcourt, Brace

Wilkinson RD, Steiper ME, Soligo C, Martin RD, Yang Z, Tavare S. 2011 Dating primate divergences
through an integrated analysis of palaecontological and molecular data. Syst. Biol. 60:16-31

Wilson EO. 1971. The Insect Societies. Cambridge, MA: Harvard Univ. Press

Wilson EO. 1985. Invasion and extinction in the West Indian ant fauna: evidence from the Dominican amber.
Science 229:265-67

Wilson EO. 1987. Causes of ecological success: the case of the ants. 7. Anim. Ecol. 56:1-9

Wilson EO, Carpenter FM, Brown WL. 1967. The first Mesozoic ants, with the description of a new subfamily.
Psyche 74:1-19

Wilson EO, Holldobler B. 2005. The rise of the ants: a phylogenetic and ecological explanation. Proc. Natl.
Acad. Sci. USA 102:7411-14

Wilson JS, von Dohlen CD, Forister ML, Pitts JP. 2013. Family-level divergences in the stinging wasps
(Hymenoptera: Aculeata), with correlations to angiosperm diversification. Evol. Biol. 40:101-7

Yamane S, Bui TV, Eguchi K. 2008. Opamyrma bungvuong, a new genus and species of ant related to Apomyrma
(Hymenoptera: Formicidae: Amblyoponinae). Zootaxa 1767:55-63

Yek SH, Mueller UG. 2011. The metapleural gland of ants. Biol. Rev. 86:774-91

www.annualreviews.org o Ant Phylogeny and Evolution

43



	Annual Reviews Online
	Search Annual Reviews
	Annual Review of Ecology, Evolution, and Systematics  Online
	Most Downloaded Ecology, Evolution, and Systematics 
Reviews 
	Most Cited Ecology, Evolution, and Systematics Reviews 
	Annual Review of Ecology, Evolution, and Systematics 
Errata 
	View Current Editorial Committee

	All Articles in the Annual Review of Ecology, Evolution, and Systematics, Vol. 45

	Prescriptive Evolution to Conserve and Manage Biodiversity
	The Phylogeny and Evolution of Ants
	What Are Species Pools and When Are They Important?
	Biogeomorphic Impacts of Invasive Species
	Mutualistic Interactions and Biological Invasions
	The Evolution of Animal Domestication
	Complex Ecological Interactions in the Coffee Agroecosystem
	Reversible Trait Loss: The Genetic Architecture of Female Ornaments
	The Utility of Fisher’s Geometric Model in Evolutionary Genetics
	The Molecular Basis of Phenotypic Convergence
	Advances in the Study of Coevolution Between Avian Brood Parasites andTheir Hosts
	Ecological Restoration of Streams and Rivers: Shifting Strategies andShifting Goals
	Warmer Shorter Winters Disrupt Arctic Terrestrial Ecosystems
	Unifying Species Diversity, Phylogenetic Diversity, Functional Diversity,and Related Similarity and Differentiation Measures Through HillNumbers
	Trophic Cascades in a Multicausal World: Isle Royale and Yellowstone
	Origins of Plant Diversity in the California Floristic Province
	Animal Phylogeny and Its Evolutionary Implications
	A Multiscale, Hierachical Model of Pulse Dynamics in Arid-LandEcosystems
	Population Biology of Aging in the Wild
	Gecko Adhesion as a Model System for Integrative Biology, InterdisciplinaryScience, and Bioinspired Engineering
	Biodiversity and Ecosystem Functioning
	On the Nature and Evolutionary Impact of Phenotypic RobustnessMechanisms
	Ecology and Evolution of the African Great Lakes and Their Faunas
	Biome Shifts and Niche Evolution in Plants
	Using Ancient DNA to Understand Evolutionary and Ecological Processes
	Resolving Conflicts During the Evolutionary Transition to Multicellular Life
	Speciation in Freshwater Fishes


	ar: 
	logo: 



