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Inferring ant evolution in the age of molecular data (Hymenoptera: Formicidae)

Corrie S. MOREAU

Abstract

Molecular data have revolutionized our understanding of ant evolution and systematics by making available large
quantities of data and providing an independent character set to infer phylogenetic relationships. Although the first ant
phylogeny from molecular sequence data was published less than 15 years ago, the field has grown rapidly with impli-
cations for all levels of ant biology. Not only has molecular data helped resolve the phylogenetic relationships of many
ant groups, but with well-resolved phylogenies inferences about the evolution of morphology, ages of clades, diversifi-
N cation, associations with mutualists, behavior, development, and other areas of research in ant biology have benefited
from this active avenue of research. Questions of speciation, population genetics, phylogeography, systematics, biogeo-
graphy, and many other active lines of ant research are now routinely addressed with molecular data. With the ease of
generating large amounts of sequence data increasing and costs decreasing the next frontier in myrmecology will be to
insure that future ant biologists are able to take advantage of this important tool while still being trained in basic ant biol-
ogy and taxonomy.
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Introduction

Over the past few decades, evolutionary biologists have
made substantial progress inferring the "Tree of Life". This
increased understanding of the evolutionary relationships
of the planet's organisms has come from several fields and
to a great extent from value being placed on cataloguing,
describing and understanding global biodiversity. Projects
like the Tree of Life (www.tol.org) and the Encyclopedia
of Life (www.eol.org) websites have helped promote and
explain the importance of understanding the evolutionary
history of the planet's biodiversity to the general public and
scientific community. In many cases funding for this science
has become available through national science organizations
around the world. Scientists from a wide array of fields
rely on the efforts of taxonomists and systematists to in-
form them if the organisms they are working on are closely
related or even a single species, whether characters they
are interested in have evolved independently, provide a time-
line for the history of a particular species, and overall offer
a framework for their findings in the larger evolutionary
picture.

Not only has the ever improving technology of micro-
scopes and image capture systems allowed us finer and
clearer views of the morphological characters biologists
have been looking at for centuries, but the use of molecular
markers has become routine in the fields of phylogene-
tics, systematics, biogeography, development, behavior,
ecology, phylogeography, and population biology. Theo-
retical advances in the field of phylogenetics and popula-
tion genetics and increased computing power has also per-
mitted better understanding of the evolutionary relation-

ships of fossil and modern taxa by providing the mecha-
nisms to handle the analyses of large quantities of data.

Nowhere in ant research have we seen a more marked
advance due to the use of molecular genetics than in the
field of systematics / phylogenetics. From understanding
how the extant ant subfamilies are related and the factors
that shaped their diversification to unraveling species level
relationships to using DNA "barcodes" to target areas and
groups of understudied diversity, DNA has become a pow-
erful tool for myrmecologists. CROZIER & al. (1995) pub-
lished the first ant phylogeny based on DNA sequence data
for the Australian jack-jumper ants from the genus Myr-
mecia. From this humble beginning with only 15 taxa se-
quenced for ~ 1150 base pairs (bp) of mitochondrial DNA,
we have advanced in less than 15 years to a state where se-
quencing thousands of base pairs in an afternoon for hun-
dreds of ant taxa is the norm. As of April 2009 there are
over 13,600 individual nucleotide sequences for Formicidae
available on the online GenBank database (www.ncbi.nlm.
nih.gov) and plans to sequence the first six ant genomes
have recently been announced (www.antgenomics.org). It
should be noted that prior to DNA sequencing, many re-
searchers were already taking advantage of allozyme (CRo-
ZIER & al. 1986, HiLLIs 1987) and AFLP (KoOPMAN
2005, SIRVIO & al. 2006) data although these approaches
will not be discussed in detail here. But with this ever-
increasing mountain of DNA sequence data, what have we
learned?

The use of molecular data in myrmecology has allowed
researchers to infer phylogenetic relationships of ants from



higher level systematics through species level relationships
with far more data than has traditionally been available with
morphology. In addition, several myrmecologists have used
molecular data to address questions of phylogeography and
the utility of DNA for species identification and delimita-
tion. With molecular phylogenies in hand (either generated
by themselves or by previous authors), biologists have
then been able to utilize this data to ask comparative ques-
tions of life history strategies and the evolution of morphol-
ogy. One of the strengths that molecular data has pro-
vided is the ability to incorporate the fossil record to cali-
brate molecular clocks for dating events in the evolution-
ary history of the ants. Although there are potential pro-
blems and shortcomings of molecular data, the wealth of
scientific opportunity this tool provides opens up many pro-
mising avenues of research for future myrmecologists. In
addition with several ant genomes to become available in
the near future, it is undoubtedly an exciting time to be in-
volved in inferring ant evolution in the age of molecular
data.

Phylogeny of the ants

Although there have been several significant contributions
towards understanding the phylogenetic relationships of the
subfamilies of Formicidae before the use of widespread
molecular DNA sequencing (BROWN 1954, BARONI URBA-
NI & al. 1992, BOLTON 1994, GRIMALDI & al. 1997, BoL-
TON 2003), one advantage is the relative independence of
molecular characters compared with morphological char-
acters (CROZIER 1983). In addition, the problem of limited
character data led to a lack of resolution for many ant sub-
family relationships and in some cases conflicting results
between morphological studies. Although BROWN (1954)
presented a phylogenetic tree for the subfamilies of Formi-
cidae, this tree was not constructed from a morphological
matrix, and from the words of the author "serves only to
shake the peculiarly fixed faith with which some myrmeco-
graphers regard the speculations of [W.M.] Wheeler and
his predecessors." BARONI URBANI & al. (1992) were the
first to construct an extensive morphological matrix of 68
characters to infer the phylogenetic relationships of the ants.
Building on the work of BARONI URBANI & al. (1992),
GRIMALDI & al. (1997) included additional fossil taxa in
their phylogenetic analysis. Even in these cases where over
60 morphological characters where scored for multiple spe-
cies, phylogenetic relationships for several groups (i.e.,
Amblyponinae; subfamily relationships) could not be re-
solved (BARONI URBANI & al. 1992, GRIMALDI & al. 1997).
These important morphological studies provided a frame-
work to understand the evolution of the Formicidae and
hypotheses on the evolution of the ants to test not only with
additional morphological studies, but also using molecular
sequence data. One of the strengths that these studies pro-
vide that still overshadows all molecular phylogenetic stud-
ies is their ability to include extinct taxa to infer their phy-
logenetic affinities. With this said, all fossil information
is not lost in modern molecular phylogenetics as data on
the minimum age for modern groups is frequently used to
date events in molecular phylogenies (see fossils and mole-
cular clock section below).

Several early attempts using molecular sequence data
from limited sampling were made to understand the higher-
level phylogenetic relationships of the ants (15 species:
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OHNISHI & al. 2003, 49 species: ASTRUC & al. 2004). Al-
though these two studies provided important contributions
to the field of ant systematics, the first major hurdles in
resolving the major relationships of the ant subfamilies were
overcome with the publications of MOREAU & al. (April
2006: 143 species from 139 genera) and BRADY & al. (No-
vember 2006: 162 species from 125 genera).

MOREAU & al. (2006) presented the first large-scale
molecular phylogeny of the ants with 19 of the then known
20 modern subfamilies represented. This study recovered
the monophyly of all the included subfamilies with the ex-
ception of the Cerapachyinae based on the subfamily dia-
gnosis of BoLTON (2003). Support of the monophyly of
Amblyoponinae was lacking, although members of this sub-
family included in the study did group together topologically
and had received support for their monophyly in a previous
molecular phylogenetic study (SAuX & al. 2004). The find-
ing of Leptanillinae as sister to all other modern ants is strik-
ing and had never been suggested based on morphology.
Leptanilline ants are minute and due to their subterranean
lifestyle are pale in color and eyeless, hardly how previous
authors had hypothesized the earliest living ant lineage
would appear (WHEELER 1910, BROWN 1954, WILSON &
al. 1967, WILSON 1971, WARD 1994). This finding of the
Leptanillinae as a possible early lineage in a molecular phy-
logenetic study was not entirely novel as this relationship
was suggested in a previous study on a much more re-
strictive set of taxa (SAUX & al. 2004), and considered as
potentially controversial by a subsequent study (BRADY &
al. 2006). Although the more recent findings by RABE-
LING & al. (2008) suggest this finding of Leptanillinae as
an early lineage may reflect the true evolutionary history
of the Formicidae. In the study of MOREAU & al. (2006),
inclusion of the rich fossil record of ants allowed for mole-
cular clock analyses that provided a timeline for the evolu-
tion of the ants and suggested that the ants began diversify-
ing much earlier than had been previously suggested from
the fossil record. From this evolutionary timeline, MOREAU
& al. (2006) found a correlation with the rapid diversifica-
tion of the ants with that of the flowering plants and many
sap-feeding insects, a pattern that had been anticipated by
WILSON & HOLLDOBLER (2005).

In the same year, BRADY & al. (2006) published the
next large molecular phylogeny of the ants including all 20
of the then known ant subfamilies. Overall the findings of
BRADY & al. (2006) were in agreement with those of Mo-
REAU & al. (2006) and as stated by CROZIER (2006), "There
is now the emergence of the promise of stability in ant
phylogeny." One important difference between the two
studies was the question of the effect of alternative root-
ings on the topology. To address the potential problem of
the long branch from the ants to any other Hymenoptera
outgroups, BRADY & al. (2006) experimented with chang-
ing the root position on the unrooted ant phylogeny and
the effect this had on reconstructing the earliest lineages
within the Formicidae. From their results, they concluded
that several other possible rootings could not be statistically
rejected suggesting that Leptanillinae may not be the sister
to modern ants as found in MOREAU & al. (2006).

More recently using DNA from three legs of the sin-
gle known specimen of a new species and subfamily from
Brazil, RABELING and colleagues (2008) were able to de-
monstrate this new species may present one of the earliest
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Fig. 1: Phylogeny of the extant Formicidae based on preliminary results (C.S. Moreau & C.D. Bell, unpubl.) from the
combined molecular data of MOREAU & al. (2006), BRADY & al. (2006), and RABELING & al. (2008). Outgroup taxa not
shown. Branch lengths, which end at the right edge of the triangles, are proportional to estimated divergence. Height of
subfamily triangles are proportional to number of taxa included in molecular analysis and do not reflect the number of
known species in each clade. First branching event within a subfamily clade is denoted by the origin of the triangles and
does not necessarily reflect the origin of the diversification of the modern lineage. All subfamilies were recovered as
monophyletic, with the exception of Cerapachyinae (indicated by bracket). Included are estimates of number of extant
species for each of the subfamilies following the subfamily names after BoLTON & al. (2007).

living groups of ants. Their finding of Martialinae as sister hypothesized earliest lineage that had been suggested based
to all remaining extant ants also helped confirm the place- on molecular data, as both are essentially eyeless, pale, and
ment of Leptanillinae as an early lineage within the modern likely have an entirely subterranean lifestyle. Although the
ants. Surprisingly this putative sister lineage to modern ants sister position of Martialinae and Leptanillinae to the mod-
shared some startling features with leptanillines, the other ern ants seems counterintuitive based on morphology and
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ecology, this finding suggests that the earliest ants may have
been able to endure the test of evolutionary time by adopt-
ing a subterranean lifestyle.

Preliminary results are presented here for a study com-
bining the molecular sequence data of MOREAU & al. (2006),
BRADY & al. (2006), and RABELING & al. (2008) into a sin-
gle large dataset (C.S. Moreau & C.D. Bell, unpubl.) to infer
the phylogenetic relationships of the living ants and tease
apart the timeframe involved in the diversification of this
ecologically important and abundant group (Fig. 1). Based
on these preliminary results the two earliest lineages Mar-
tialinae and Leptanillinae are recovered as a basal poly-
tomy, but their sister relationship to all other modern ants
is recovered as in MOREAU & al. (2006) and RABELING &
al. (2008). In addition, another interesting finding is the two
sister subfamilies Ectatomminae and Heteroponerinae are
recovered as sister to the Myrmicinae, a finding that had
been suggested by BROWN (1958) in his statement that
the "subfamily Myrmicinae arose from an ectatommine an-
cestor."

Although these molecular phylogenies have helped pro-
vide a stable framework for the relationships of the ant sub-
families, one of the most striking results is how accurately
BoLTON (1994, 2003) was able to circumscribe the genera
within each subfamily (WARD & al. 2005). The contribu-
tions of BOLTON (1994, 2003) are all the more remarkable
when one considers that he was able to delimit each subfam-
ily based on intuitive insights and familiarity with morpho-
logical characters and Bolton's contributions extend well
beyond higher level ant systematics (BoLTON 1990a, 1990b,
BoLTON 1995, BoLTON 1999, BoLTON 2007, among others).

Molecular systematics above the genus level

Much has been gained in ant systematics from the use of
molecular sequence data beyond a better understanding of
the higher-level relationships. DNA sequencing has pro-
vided a rapid and useful way to understand relationships
among members of subfamilies, tribes, or genera and an
independent means to test morphological hypotheses. To
demonstrate the contributions that molecular data has af-
forded ant systematics above the genus level, | will outline
the findings of several studies here. The first attempt to
understand the phylogenetic relationships of the fungus-
growing ants was published in 1998 by WETTERER & al.
with a much more complete study completed recently by
SCHULTZ & BRADY (2008) affording a clearer understanding
of the evolution of ant agriculture. CHIOTIS & al. (2000)
found for the Dolichoderinae the relationships recovered
using sequence data were in agreement for the most part
with morphological studies, a finding that most molecular
studies on ant systematics also find. For the army ants,
BRADY (2003) was able to demonstrate that the army ant
syndrome, which Brady outlines as a suite of behavioral
and reproductive traits, evolved once in the evolutionary
history of the group. This finding was important and de-
monstrated that army ants shared a common ancestor and
had not evolved this syndrome independently through con-
vergence on separate continents. Also in 2003 two additional
studies were published addressing the phylogenetic rela-
tionships of the Formicinae (JOHNSON & al. 2003) and the
Myrmeciinae (WARD & BRADY 2003). In using sequence
data to examine the relationships of members of the Ambly-
oponinae, SAUX & al. (2004) were able to couple the find-
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ings from their molecular data with morphology to provide
a morphological diagnosis of the subfamily, which in-
cluded the inclusion of Apomyrma within Amblyoponinae.
Using a combination of morphological and molecular data,
WARD & DoOwNIE (2005) were able to infer the phylogen-
etic relationships among the species and infer that mem-
bers of Pseudomyrmecinae have evolved obligate associa-
tions with domatia-bearing ant-plants at least twelve times.
OUELLETTE & al. (2006) investigated the relationships among
the poneroid subfamilies using molecular sequence data to
look across several subfamilies. All these studies highlight
that using molecular sequence data have permitted us to
begin to understand the complex and intriguing evolutio-
nary history of ants above the genus level and provide an
independent means to test questions of morphological,
behavioral, and ecological evolution. In almost all cases the
morphological characters that allowed early myrmecologists
to group these lineage into single taxonomic units have been
confirmed with molecular data and these studies have high-
lighted the need for additional taxonomic work within many
of the groups explored.

Species level phylogenies

At an even finer scale, many ant biologists have used mo-
lecular systematics to help address questions of species
level relationships. From the first ant molecular phylogeny
of CROZIER & al. (1995) the number of publications on ant
phylogenetic relationships using molecular sequence data
has grown at an astonishing rate allowing for the investi-
gation of the species level relationships for a large number
of genera. The studies included here are far from exhaus-
tive, but highlight some of the ways that ant researchers
have been able to use the findings of molecular data to gain
insights into the evolution of the ants. AYALA & al. (1996)
were able to infer multiple independent colonizations of
Cecropia trees by Azteca ants. Other notable molecular phy-
logenies for ant genera include Acropyga (LAPOLLA & al.
2006), Myrmecocystus (KRONAUER & al. 2004), Lasius
(JANDA & al. 2004), Pseudomyrmex and Tetraponera
(WARD & DowNIE 2005), Myrmecia (HASEGAWA & CRO-
ZIER 2006), Myrmecina (STEINER & al. 2006a), Dorylus
(KRONAUER & al. 2007), Trachymyrmex (RABELING & al.
2007), Pheidole (MOREAU 2008), Atta (SOLOMON & al.
2008), Lasius (MARUYAMA & al. 2008), and Linepithema
(WILD 2009). One major finding that has resulted from
all of these studies is there is always more work to be done,
whether it is including missing taxa, finding additional mo-
lecular markers, or looking for morphological or other char-
acters that may support the findings of the molecular data
when they are in conflict. For every conclusion that is in-
ferred from these molecular phylogenies, many more ques-
tions are uncovered and others left unresolved.

Phylogeography

Modern molecular methods have also advanced the field
of phylogeography permitting us to better understand the
historical processes that shape distributions of modern
species (AvisSe 2009). Inferring phylogeographic patterns
within ant lineages has improved our knowledge of how
factors including population expansion, population bottle-
necks, vicariance and migration have influenced ant popu-
lations found today. Researchers have been able to docu-
ment how ants and their mutualistic partners have shaped



the distribution and diversification of each other and the
role that historical climate change has played in the under-
standing the genetic structure of modern populations (QUEK
& al. 2007, MIKHEYEV & al. 2008). Phylogeography stud-
ies can also examine whether past distributions of conti-
nents, islands, and seas during glacial and other periods ex-
plain current genetic diversity as was found in weaver ants
(AzuMA & al. 2006), although SCHLUNS & al. (2009) found
in the same species that phylogeny does not predict social
structure. In some cases the amount of genetic structure
found within ant populations has led researchers to the con-
clusion that recent speciation explains the data (GOROPASH-
NAYA & al. 2004a). While at the other extreme a lack of
genetic structure among what were considered separate spe-
cies or populations suggest that much more gene flow is
occurring than had been previously suspected or that po-
tentially selection on morphology as well as gene flow ex-
plains the data (GOROPASHNAYA & al. 2004b, STEINER &
al. 2006b). Population genetic information has also provided
an avenue of research to understand alterative social strate-
gies including differing queen size and queen number in se-
parate populations (SCHLICK-STEINER & al. 2007) and the
genetic structure of a parasitic ant and its host ant (BEiBL
& al. 2007). Another productive line of phylogeographic
research has been to examine the genetic structure between
native and introduced populations of ants (TsuTsul & CASE
2001, AHRENS & al. 2005, MIKHEYEV & MUELLER 2007),
with the hope that these findings may provide a better un-
derstanding of the factors that promote the ecological suc-
cess of invasive species outside of their native ranges. In
some cases inferences from the phylogeography of ants
may explain broader patterns of diversity (SOLOMON & al.
2008). Overall understanding the factors shaping ant pop-
ulations will not only help us to better understand the evo-
lutionary history of the Formicidae, but may also allow us
to explain broader patterns in biology.

DNA species identification and delimitation

The use of DNA alone to inform species identifications and
delimit species boundaries has not been well tested in ants
(SEIFERT 2009) and remains a controversial idea across al-
most all of life outside of bacteria (MORITZ & CICERO 2004).
Determining the criterion for delimiting species is not al-
ways clear, although attempts have been made to include
DNA as a measure (SITES & MARSHALL 2004). Although
the use of a DNA "barcode™ (a small region of DNA) to
document and understand diversity has many potential pit-
falls including unknowingly amplifying pseudo genes, is-
sues caused by hybridization / introgression, among others
(RuBINOFF & al. 2006), this tool can be very useful in ant
biology. SMITH & al. (2005) were able to demonstrate that
in the Malagasy region the use of the DNA "barcode" was
effective in assessing biodiversity of ant communities. More
recently FISHER & SMITH (2008) have used the information
from DNA "barcoding" coupled with careful morpholog-
ical taxonomy to revise two genera of ants in Madagascar.
The potential for this molecular tool in ant biology is grow-
ing (CROZIER & al. in press), but additional studies of how
comparable the results are from DNA "barcodes™ across ants
and other species are necessary to infer their widespread
utility (MoRITz & CICERO 2004). Another approach is to
couple information gained from DNA with other sources of
information (i.e., morphology, behavior, ecology, etc.) and

to use all of these resources combined to guide the identi-
fication of species and delimit species boundaries (RUBIN-
OFF & HoLLAND 2005).

Uses of ant phylogenies

Although the taxonomic information provided by phylo-
genies is worthwhile in and of itself, one interesting bypro-
duct is how the phylogenies are eventually used to under-
stand other traits, behaviors, and characters of interest. In
some cases these questions are addressed by the authors
of the original phylogenetic study, while in other cases re-
searchers interested in a specific question have used the
phylogeny generated in previous studies to gain insight
into the evolutionary history of their question of interest.
With a phylogeny for a group available understanding how
a trait has evolved within a lineage is put within an evo-
lutionary framework and phylogenetic uncertainty can be
taken into account in comparative analyses such as the re-
construction of ancestral states and the evolutionary associ-
ation of states across characters (RONQUIST 2004). Using
these methods, we have begun to understand the evolution
of a diversity of traits, behaviors, and characters in ants in-
cluding genome size (TsuTsul & al. 2008), trophobiosis
with Hemiptera (OLIVER & al. 2008), territoriality and pre-
datory behavior (DEJEAN & al. 2007), body size and ant-
plant mutualisms (CHAMBERLAIN & HOLLAND 2008), re-
productive division of labor (KHILA & ABOUHEIF 2008),
associations with endosymbiotic bacteria (DEGNAN & al.
2004, RUSSELL & al. 2009), mutualism specialization of
plant-ants (KAUTZz & al. in press), and morphological, be-
havioral and developmental trait mapping (JOHNSON & al.
2003, MOREAU 2008, SPAGNA & al. 2008). What these and
the countless other studies that make use of the informa-
tion provided by a phylogeny demonstrate is in order to
understand the evolution of any character or trait, one
must first have an understanding of the evolutionary hist-
ory of the group of interest. Without this information (the
phylogeny) inferences about homology or development of
a trait are only speculations.

Fossils and molecular clocks

The notion of a molecular clock is far from a new concept
(ZUCKERKANDL & PAULING 1962), but with the recent abi-
lity to sequence large amounts of DNA inexpensively and
quickly, the use of molecular clock methods have become
widely used in evolutionary biology (PULQUERIO & NICH-
oLS 2007). Molecular clock methods allow the user to ca-
librate the rate of molecular evolution expected within the
data from fossils, biogeographic data or knowledge of the
rates of molecular change within a specific gene or line-
age. With an incredibly rich fossil record, widespread distri-
butions, and more molecular genetic material becoming
available at an ever-increasing rate, the ants are the ideal
group to take advantage of molecular clock methods.

The first study to incorporate molecular clock methods
to attempt to date the extant ants with sequence data was
that of CROZIER & al. (1997). Using sequence divergence
between mitochondrial DNA sequences from six ant sub-
families and a vespid wasp, CROZIER & al. (1997) inferred
a Jurassic origin for the ants. This finding was the first mo-
lecular clock study of ant evolution to push back the age of
the group well beyond the oldest known fossils. One very
interesting implication of this study, highlighted by the
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authors is that this finding suggests ants arose before the
breakup of Pangaea and this may account for the current
distributions of many of the major ant groups. Interestingly
a more recent study has supported these findings using far
more taxa and incorporating fossil information (MOREAU
& al. 2006).

Several studies have used fossil information to put a
timeline on the evolution of specific lineages within the
modern ants. BRADY (2003) was able to demonstrate that
army ants have their origin in the mid-Cretaceous consistent
with a Gondwanan origin. This finding of an age of ~ 105
million years (Ma) for the army ants reinforces the hypo-
thesis of a single origin of the group with subsequent di-
vergence after the breakup of Gondwana into Africa and
South America. To understand the timeline for the evolu-
tion of the subfamily Myrmeciinae, currently found only in
the Australian region, WARD & BRADY (2003) incorporated
molecular data with seven fossil minimum calibration points.
Interestingly the fossils of Myrmeciinae are all found out-
side of the Australian region, demonstrating that at some
time in the ~ 74 million years of evolutionary history of this
group, they were once far more widespread. In an attempt
to understand the diversification of a "hyperdiverse" ant line-
age, MOREAU (2008) used molecular clock methods to es-
timate an age for the genus Pheidole and the number of spe-
ciation events per million years. From this study, MOREAU
(2008) found that the genus Pheidole has undergone 0.120
- 0.114 (incorrectly underestimated as 0.108 - 0.103 in the
original publication due to an inadvertent mathematical er-
ror) speciation / diversification events per million years, a
rate higher than found in many groups in which this has
been investigated.

Resolving the timing for the origin and diversification
for the modern (extant) ants has become a topic of interest
in the ant phylogenetics community. The oldest known for-
micid fossils date back to the Albian (~ 100 million years)
(GRIMALDI & al. 2002, PERRICHOT & al. 2007a, 2007b)
leading to the question of how long before this did ants be-
gin to diversify? MoOREAU & al. (2006) found an age of 140
- 168 million years for the crown group ants with a burst
in diversification, which seems to be correlated with the
rise of the flowering plants (angiosperms). Using different
calibration points, BRADY & al. (2006) found a younger
age for the ants (115 - 135 Ma), which is more in line with
the fossil evidence, although still not entirely supported.
Although we are still not certain of the age of the modern
crown group ants, | am hopeful that with the ever-increasing
molecular data available, increased taxon sampling, and in-
corporation of as many fossil calibration points as possible,
we will be able to infer when this diverse group originated.

Potential problems

No method is without its shortcomings and molecular tools
are no exception. Some shortcomings of molecular data are
shared among all types of data. These include missing taxa
in the analyses and data that are unable to resolve the parti-
cular question addressed. On the other hand, molecular data
provide an independent means to address questions of mor-
phological evolution, which is difficult to do otherwise. Al-
though molecular data are susceptible to unique issues such
as amplification of pseudogenes (hnumts and others), intro-
gression, saturation and long branch attraction (FELSENSTEIN
1978, BROWER & al. 1996, SONG & al. 2008), the ease at
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which you can gather immense amounts of data make them
often the data source of choice. Another important and in-
teresting result of the recent interest in molecular sequence
data from ants is the discrepancies between the fossil and
molecular clock estimates. Although it is nearly impossible
to determine which, if either, is correct hopefully with the
incorporation of more and more sequence data and well-
placed fossil calibration points, we may be able to come to
a common ground between the two sources of data. Over-
all, molecular data provides a source of information that has
allowed us to advance the state of ant biology in ways that
would otherwise be difficult or impossible.

Conclusions

Without a doubt the use of molecular systematics has revo-
lutionized our understanding of ant evolution. Molecular
sequence data has allowed us to begin to unravel even some
of the more difficult to infer phylogenetic relationships with-
in the ants from the higher-level relationships (Fig. 1) to
species and population level dynamics. Not only has syste-
matics benefited from this tool, but also areas such as evo-
lutionary development, behavior, ecology, and other disci-
plines have incorporated the findings from molecular phylo-
genetics to place their areas of research in an evolutionary
framework.

The ant fossil record is not entirely in agreement with
molecular clock estimates, which suggest older ages than
the fossil record has provided and this is not unique to the
ants. Is this due to an incomplete fossil record with several
ghost lineages still to be found or are the molecular clock
estimates simply far too old? As we are able to gather ad-
ditional molecular data from a greater number of species,
subject these data to newer and better molecular clock meth-
ods, and as additional fossils are uncovered, it will be inter-
esting to try to grapple with these discrepancies between
the two sources of data.

One of the major hurdles we are on the cusp of over-
coming to understand the evolutionary history of the ants is
that several ant genomes will finally be sequenced (www.
antgenomics.org). Although we now have six ant genomes
from three separate subfamilies in the genome sequencing
queue, increasing the taxonomic diversity of genomes se-
guenced is as important as looking at genomic differences
among closely related ant species. Many interesting ques-
tions can be addressed from the sequencing of ant genomes,
including understanding factors that may be shaping the
molecular evolution of the genome and how and why ge-
nomes between ant species differ. In addition to these di-
rect questions, there are many indirect benefits that await
myrmecologists. The availability of ant genomes will faci-
litate the development of additional molecular markers for
phylogenetic and developmental studies from the higher lev-
els to population genetics. Furthermore, we will begin to
identify regions of the genome that have undergone selec-
tion among different ant lineages and between ants and
other hymenopterans, which may provide insight to the
genomic changes associated with the origin of eusociality.
This potential outcome of genomic data is one of the most
exciting.

Although ants provide a novel system to address ques-
tions of levels of eusociality, caste development and beha-
vior, among others, one factor may potentially always keep
ants from becoming a laboratory model system. Since most



ant species require a mating flight for reproduction, mani-
pulating them in the laboratory and creating controlled
crosses is difficult (but see, e.g., Cupp & al. 1973, HUNG
1973, BUSCHINGER 1975, BALL & al. 1983, WINTER &
BUSCHINGER 1986). Unless we are able to find a broad
number of species that will mate easily in the laboratory
or perfect the methods to inseminate ant queens in the labo-
ratory, we will not be able to see this biologically interest-
ing group realized as a true model system.

Lastly as molecular sequencing becomes easier and chea-
per the next frontier in ant biology will be to find myrmeco-
logists that are able to couple molecular data with know-
ledge of ant taxonomy and natural history to tease apart the
complex evolutionary biology of the ants. Without a clear
understanding of what you are sequencing and some know-
ledge of the basic biology of the species little is gained by
having its DNA sequence alone. In closing to borrow (and
modify) a quote from Theodosius DOBZHANSKY (1973):
"Nothing in [ant] biology makes sense except in the light
of [phylogenetics and] evolution."
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Zusammenfassung

Molekulare Daten haben unser Verstandnis von Evolution
und Systematik der Ameisen revolutioniert, indem sie un-
abhéngige Merkmale fur die Rekonstruktion phylogeneti-
scher Beziehungen zuganglich gemacht und eine wesent-
liche Steigerung des Datenumfangs ermdglicht haben. Die
erste Ameisenphylogenie auf der Basis molekularer Daten
wurde erst vor weniger als 15 Jahren verdffentlicht, aber
die Forschungsrichtung ist seither rasch gewachsen und hat
die biologische Forschung tiber Ameisen auf allen Ebenen
verdndert. Nicht nur haben molekulare Daten geholfen, die
phylogenetischen Beziehungen vieler Ameisengruppen zu
klaren, sondern durch gut unterstiitzte Phylogenien war es
auch maglich, weiterreichende Schlisse zur Evolution der
Morphologie, zum Alter von Gruppen, zu Diversifizierung,
Beziehungen mit Mutualisten, Verhalten, Entwicklungsbio-
logie und anderen Sparten der Ameisenbiologie zu ziehen.
So werden heute Fragen zu Speziation, Populationsgenetik,
Phylogeographie, Systematik, Biogeographie und vielen
anderen Bereichen in der myrmekologischen Forschung

routinemalig mit molekularen Daten bearbeitet. Es wird
bei weiter sinkenden Kosten immer einfacher werden, groRRe
Sequenzdatensétze zu generieren. Die néchste Herausfor-
derung fiir die Myrmekologie wird sein, einerseits sicher-
zustellen, dass zukiinftige Ameisenforscher diese wichtigen
Werkzeuge einsetzen kdnnen, und andererseits, dass sie
auch weiterhin eine gute Ausbildung in der grundlegen-
den Biologie und der Taxonomie der Ameisen erfahren.
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