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Abstract

Ants of the tribe Attini are characterized by their obligate
cultivation of symbiotic fungi. In addition to the complex
chemical communication system of ants in general, sub-
strate selection and fungus cultivation pose high demands
on the olfactory system of the Attini. Indeed, behavioral
studies have shown a rich diversity of olfactory-guided be-
haviors and tremendous odor sensitivity has been demon-
strated. To allow fine-tuned behavioral responses, adapta-
tions within the olfactory system of the Attini are expected.
We compared the number, volumes and position of the
glomeruli (functional units) of the antennal lobe of 25 differ-
ent species from all three major Attini groups (lower, higher
and leaf-cutting Attini). The antennal lobes of all investigat-
ed Attini comprise a high number of glomeruli (>257). The
highest number (630) was found in Apterostigma cf. mayri.
This speciesis ata basal position within the Attini phylogeny,
and we suggest that a high number of glomeruli might have
been advantageous in the evolution of the advanced olfac-
tory systems of the Attini. In the leaf-cutting Attini, an ex-
tremely large glomerulus (macroglomerulus) near the an-
tennal nerve entrance was recently described in two species.
Preliminary results show that this macroglomerulus is in-

volved in processing of trail-pheromone information. In our
comparative study, we find this macroglomerulus in all in-
vestigated leaf-cutting Attini, but in none of the lower and
higher Attini species. It is found only in large workers, and
for all investigated species it is located close to the entrance
of the antennal nerve. Our results indicate that the presence
of a macroglomerulus in large workers of leaf-cutting Attini
is a derived over-expression of a trait in the polymorphic
leaf-cutting species. It presumably represents an olfactory
adaptation to elaborate foraging and mass recruitment sys-
tems, and adds to the complexity of division of labor and
social organization known for this group.

Copyright © 2009 S. Karger AG, Basel

Introduction

The tribe Attini is a monophyletic taxon with 13 gen-
era and over 230 species restricted to the new world.
Based on studies of behavioral ecology [Weber, 1956;
Wilson, 1971; Holldobler and Wilson, 1990], larval mor-
phology [Schultz and Meier, 1995], and mDNA sequence
analyses [Wetterer et al., 1998] three major groups are
distinguished. The first group comprises the lower (for-
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merly basal) Attini with nine different genera and small
colonies housing only several hundred individuals. The
second group, the higher (formerly intermediate) Attini
contains the two genera Sericomyrmex and Trachymyr-
mex with colony sizes restricted to several thousands of
individuals [Weber, 1972; Holldobler and Wilson, 1990].
The last group, the leaf-cutting Attini, comprises two
genera, Atta and Acromyrmex, with colonies composed
of up to millions of individuals. A recent phylogenetic
study allows a more detailed separation of species groups
based on their agricultural systems [Schultz and Brady,
2008], but the basic division in three major groups re-
mains unchanged.

All Attini species are characterized by an obligate cul-
tivation of symbiotic fungi; an association which origi-
nated 45-60 million years ago in the early Tertiary. Since
then, the success of fungus gardening improved by the
coevolution of both partners - the ants and the fungus -
and includes derived fungus-care procedures by the ants,
such as fertilization, and the use of antibiotic substances
[Currie et al., 1999; Mueller et al., 2001]. The complexity
of resource selection and fungus cultivation are expected
to pose high demands on the Attini olfactory system.
Furthermore, chemical communication along the forag-
ing trails and the evolution of complex foraging systems
add to the multitude of relevant odors in the life of Attini
ants.

The three Attini groups differ in both the food re-
sources and the foraging strategies they use. The fungus
of lower and higher Attini colonies is reared mainly with
insect carcasses, feces, dead plant parts, and to a lesser
extent with living plant tissue [Weber, 1972; Holldobler
and Wilson, 1990; Mueller and Wcislo, 1998; Mackay et
al., 2004]. The small body size and the small mandibles
of lower and of most higher Attini workers are unsuited
to cut fresh leaves [Wilson, 1980a, b]. In the leaf-cutting
Attini, the worker caste shows a pronounced size-poly-
morphism, and the division of labor is largely dependent
on worker size (alloethism). Large workers are equipped
with powerful mandibles suited to cut and transport
fresh leaves and grasses [Weber, 1972; Roces and Lighton,
1995; Roschard and Roces, 2002], thus a huge and renew-
able food source stands open for the leaf-cutting Attini.
Important for the utilization of this resource is an effi-
cient mass recruitment system. Indeed, the majority of
leaf-cutting Attini forage on well established pheromone
trails that are even physically maintained, and division of
labor can be observed along transport chains on the trail
[Roschard and Roces, 2003]. In contrast, lower Attini
workers forage alone or in small groups [Weber, 1972;
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Leal and Oliveira, 2000]. We expect that all fungus-grow-
ing Attini have a highly developed olfactory system, nec-
essary to meet the demands of complex olfactory-guided
tasks such as pheromone communication or substrate se-
lection. Indeed, several behavioral studies show how sen-
sitive and fine-tuned the odor responses in leaf-cutting
Attini are [Tumlinson et al., 1972; Andryszak et al., 1990;
Kleineidam et al., 2005, 2007; Morgan et al., 2006]. We
expect that the demands on the olfactory system of fun-
gus growing Attini differ among the different groups ac-
cording to differences in olfactory-guided behaviors such
as foraging strategies and the use of chemical mass re-
cruitment.

In ants - as in other insects — axons of antennal olfac-
tory receptor neurons (ORNs) project to the first olfac-
tory neuropil, the antennal lobe (AL) in the brain and
terminate in the functional units of the AL, the glomer-
uli. For both vertebrate and invertebrate olfactory sys-
tems, it is assumed that axons from ORNs that express
the same odorant receptor gene converge onto the same
glomerulus [Rodrigues, 1988; Vassar et al., 1994; Mom-
baerts et al., 1996]. This is supported by a good match in
the number of functional odorant receptor genes and the
number of glomeruli found in the AL, as shown for ex-
ample in the honeybee Apis mellifera or in Drosophila
[Vosshall et al., 2000; Robertson and Wanner, 2006]. This
organization results in a spatial representation of odors
in the AL glomeruli, which was documented by func-
tional calcium-imaging studies, especially in the honey-
bee, and more recently in the carpenter ant Camponotus
floridanus [Joerges et al., 1997; Galizia et al.,, 1999b;
Sachse et al., 1999; Zube et al., 2008].

The olfactory system in social Hymenoptera shows
some interesting peculiarities compared to the olfactory
system in other insects [Kleineidam and Réssler, 2009].
Individual olfactory sensilla on the antennae are gener-
ally equipped with a high number of ORNs [Schneider
and Steinbrecht, 1968; Esslen and Kaissling, 1976; Kelber
etal., 2006] compared, for example, to moths or flies that
have only one to three receptor neurons in a single sensil-
lum. The advantages of multiple ORNs are not yet clear.
Another difference is the high number of glomeruliin the
AL. Glomerular numbers in most insects studied so far
do not exceed 100, for example ~43 glomeruli in Dro-
sophila melanogaster, ~50 glomeruli in the mosquito Ae-
des aegypti, and ~65 in Manduca sexta [Stocker, 1994;
Laissue et al., 1999; Huetteroth and Schachtner, 2005; Ig-
nell et al.,, 2005], whereas the number of glomeruli in so-
cial Hymenoptera ranges from ~164 in the honeybee
Apis mellifera and up to ~460 in the Carpenter ant Cam-
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ponotus floridanus [Arnold et al., 1985; Flanagan and
Mercer, 1989; Galizia et al., 1999a; Zube et al., 2008]. It
seems that the high number of glomeruli in social insects
is related to the diverse demands on the olfactory system
and possibly reflects the high level of social organization
based on olfactory communication using pheromones
and chemical recognition cues.

Regarding the size of the glomeruli in the AL, striking
differences can be found. Exceptionally large glomeruli
(macroglomeruli, MG) have been found in moths, but
also in males of social Hymenoptera [Arnold et al., 1985;
Hansson and Anton, 2000] and these MG were shown to
process information about sex pheromones [Arnold etal.,
1985; Sandoz, 2006]. Because the size of a glomerulus is
mainly determined by the number of ORN axons termi-
nating in it, individual AL glomeruli can be considered
as a trait, and a large glomerulus or MG is likely to repre-
sent an over-representation of a particular trait. Large
glomeruli might also reflect the importance of an odor,
which was shown to be the case for sex pheromone-spe-
cific MG. Recently, an MG was described in the AL of
large leaf-cutting ant workers of Atta vollenweideri and
Atta sexdens [Kleineidam et al., 2005]. Preliminary phys-
iological data show that olfactory information about the
trail pheromone is represented in this MG [Kleineidam,
unpublished results].

In this study we investigate the neuroanatomy of the
AL in many species across all three major Attini groups
to reveal potential differences in the glomerular organi-
zation. The selected species differ in life history, behav-
ioral ecology and olfactory-guided behavior, and we com-
pare several aspects of the AL: the number of glomeruli,
their size and their position. This study is designed to
gain new insights into the evolution of an important
brain compartment by a comparison of many species
within a monophyletic taxon.

Material and Methods

We investigated workers of 25 Attini species, both from labo-
ratory colonies as well as from field colonies in Central and South
America. The species investigated, their origin and the major AL
parameters analyzed are summarized in table 1.

Fixation and Preparation

We used specimens fixed and stored under different condi-
tions. Some of the specimens were fixed as whole animals in an
alcoholic Bouin solution (0.9% Picric acid, 40% formaldehyde,
4.8% glacial acetic acid in 70% ethyl alcohol) and then stored in
70% ethanol. For other specimens, the perforated heads were
fixed in a mixture of 2% glutaraldehyde and 2% paraformalde-
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hyde (fix-mix) or in a solution containing 4% paraformaldehyde
in phosphate-buffered saline (PBS, pH 7.2). For all specimens, the
head width was measured between the outer edges of the eyes.
Afterwards, heads were cut open and the brains were dissected in
saline solution (127 mM NaCl, 7 mM KCl, 1.5 mM CaCl,, 0.8 mM
Na,HPO,, 0.4 mM KH,PO,, 4.8 mM TES, 3.2 mM Trehalose). For
specimens collected from laboratory colonies, the head was cut
off immediately after removing these workers from the colony
and the brains were also dissected in saline solution.

After dissection, the brains were immediately transferred to
ice-cold fix-mix and then stored for 5-7 days at 4°C. Brains were
then rinsed in PBS (3 times for 10 min), dehydrated in an ascend-
ing series of ethanol (50, 70, 80, 90, and 95% and 2 times 100%, 10
min each) and finally transferred to methylsalicylic acid (M-2047,
Sigma-Aldrich, Steinheim, Germany). Glutaraldehyde fixation
intensifies the autofluorescence of the brain and allows confocal
analyses and 3D-reconstructions of neuropiles without any ad-
ditional staining. The brains were examined with a laser-scan-
ning confocal microscope (20X 0.7 NA lens, Leica TCS SP2
AOBS, Leica Microsystems AG, Wetzlar, Germany).

Antennal Lobe Anatomy across 25 Species

The number and the volume of all glomeruli in a single AL
were determined for all investigated species by 3D reconstruction
of all glomeruli with the help of the 3D software AMIRA 3.1.1
(Mercury Computer Systems, Berlin, Germany). Prior to the 3D-
reconstructions, we inspected visually the confocal image stacks
of the ALs to ensure adequate image quality. For most species,
confocal stacks of 2-4 specimens were selected for detailed inves-
tigation and one was chosen for reconstruction. The other stacks
were examined for the existence of, for example, an extremely
large glomerulus, but no 3D reconstruction was made (see ta-
ble 1). Each glomerulus in the AL was labeled individually in all
three planes (xy, xz, yz) and subsequently reconstructed by using
the wrapping function of AMIRA 3.1.1. The antennal nerve was
reconstructed as alandmark for the comparison of the position of
glomeruli in different species. Subsequently, we measured the vol-
ume of each glomerulus and the total number of glomeruli in the
AL.

Classification of a Macroglomerulus

Across all investigated species and also across workers within
polymorphic species, the size of the AL and its glomeruli varied
considerably. In order to compare the size of glomeruli among
different ALs, we used a relative measure based on the variance
found in all (or a large subset of) glomeruli. First, the volume of
glomeruli obtained from the 3D reconstructions was used to cal-
culate the radius of a sphere having the same volume as the glom-
erulus. Second, the mean radius (Ry) of these spheres and the
standard deviation (SD) were calculated. Third, for the largest
and the second largest radius (Ry and Rg), the radius value (Ry)
was calculated using: Ry = (R - Ry)/SD. We used the calculated
radii of the glomerular volumes because the size distribution
based on volumes is skewed, whereas the size distribution based
on the radii is normally distributed. Our measure of Ry describes
how much bigger the largest (second largest) glomerulus is com-
pared to the mean size of a glomerulus and with respect to the
variance of glomerular volumes. We defined a glomerulus as a
macroglomerulus if its radius was 5 X SD larger than the mean
radius of the glomeruli of the AL (MG: Ry >5).

Brain Behav Evol 2009;73:273-284 275



Table 1. Investigated Attini species and the major antennal lobe parameters analyzed

Species Type Origin Date  Fix. Head 3D-R. No. Vol. Vol R, ALVol. AL/
width min  max. OL
mm pm?®  pm? wm?
Leaf-cutting Attini
Atta cephalotes 1 Panama 2003 fix-mix 2.29 1(2) 349 922 36,651 7.5 1,262,390 5.83
Atta colombica 1 Panama 2003 fix-mix 2.0 1(2) 411 777 40,161 6.8 1,707,621 5.89
Atta texana f USA 2007 fix-mix 1.34 1(2) 336 1086 42,173 7.2 1,709,900 4.80
Atta laevigata 1 Brazil 2005 fix-mix 2.96 2(1) 452 500 47,019 7.0 1,897,535 -
Atta sexdens 1 Brazil 2002 fix-mix 2.16 1(2) 382 646 32,520 7.0 1,125,748 5.13
Atta capiguara f Brazil 2007 fix-mix 24 1(1) 389 724 47,645 6.6 1,690,539 5.21
Atta vollenweideri 1 Argentina 2005 fix-mix 2.56 6 (10) 450 165 16,575 6.1 707,377 4.90
Atta bisphaerica f Brazil 2007 fix-mix 2.64 1(1) 406 412 27,564 6.7 1,020,307 -
Acromyrmex ambiguus 1 Uruguay 2003 fix-mix 1.89 1(3) 409 418 22,210 6.7 961,455 7.36
Acromyrmex lundi 1 Argentina 1997 fix-mix 1.03 1(1) 477 451 30,448 6.2 1,579,262 15.84
Acromyrmex octospinosus 1 CostaRica 1995 fix-mix 2.08 1(1) 438 465 30,655 6.4 1,544,938 8.70
Acromyrmex fracticornis t Argentina 2008 fix-mix 2.4 1(2) 437 575 24,629 63 1,260,251 -
Acromyrmex heyeri 1 Uruguay 2000 fix-mix 1.99 1(1) 459 416 35411 7.7 1,422,295 12.99
Acromyrmex balzani f Brazil 2007 fix-mix 2.16 1(2) 400 667 33,445 59 1,512,781 -
Acromyrmex striatus f Argentina 2006 fix-mix 148  2(2) 369 405 13,205 58 628,966 3.89
Higher Attini
Sericomyrmex amabilis 1 Panama 2007 fix-mix 1.08 1(1) 344 424 5,853 4.5 476033 9.34
Trachymyrmex cornetzi 1 Panama 2007 fix-mix 0.8 1(1) 363 81 1,490 4.4 121733 -
Trachymyrmex septentrionalis ~ { USA 1993 Bouin  1.02 1(2) 362 312 6,846 4.2 549439 7.25
Lower Attini
Mycetosiritis cf. hartmanni f CostaRica 1995 Bouin  0.68  1(1) 309 146 3,285 4.2 229412 -
Mycetophylax conformis f Trinidad 1995 Bouin 059  1(1) 288 234 5009 44 283,656 8.15
Cyphomyrmex costatus 1 Panama 2007 fix-mix 0.52 1(1) 257 16l 2,281 3.7 142,993 -
Cyphomyrmex minutus f USA 2001 Bouin  0.61 1(1) 364 245 3,600 4.7 290,100 -
Apterostigma cf. mayri t Panama 1995 Bouin  0.64 1(2) 630 97 4888 4.1 469,871 17.17
Mycocepurus smithi f CostaRica 1995 Bouin 0.62 1(2) 461 108 2,058 4.4 206,685 6.97
Mpycocepurus sp. t CostaRica 1995 Bouin  0.64 1(1) 360 127 1,074 2.8 144,779 6.17

Species: affiliation of investigated workers to one of the three
Attini groups [Wetterer et al., 1998; Schultz and Brady, 2008]
Type:laboratory (1) or field (f) colony; Origin: country, where col-
ony or founding queen was collected; Date: year, when founding
queen (laboratory colonies) or workers (field colonies) were col-
lected; Fix: used fixation method, either fixation with Bouin solu-
tion or fix-mix; Head width: measured head width from eye to eye

of the reconstructed worker; 3D-R: number of 3D-reconstructed
antennal lobes and manually inspected antennal lobes (in brack-
ets); No.: number of glomeruli found in the antennal lobe; Vol.
min: volume of smallest glomerulus; Vol. max: volume of largest
glomerulus; Ry: radius volume of largest glomerulus; AL Vol.: Vol-
ume of all glomeruli in the antennal lobe; AL/OL: ratio of anten-
nal lobe volume and optic lobe volume.

A Macroglomerulus in Leaf-Cutting Attini

We found an MG only in leaf-cutting Attini, which all have a
polymorphic worker caste. The position of the MG in the AL was
described by using the antennal nerve as a landmark. We com-
pared the positions to the two already known positions of the MG
in A. sexdens and A. vollenweideri [Kleineidam et al., 2005]. Ad-
ditionally, we investigated the ALs of small leaf-cutting Attini
workers (head width <1 mm) in search of an MG. Therefore a
subset of 100 glomeruli near the antennal nerve entrance was re-
constructed in the AL of small workers of four Atta species (A.
vollenweideri, A. colombica, A. laevigata and A. cephalotes) and
five Acromyrmex species (Ac. striatus, Ac. ambiguus, Ac. fracti-
cornis, Ac. heyeri and Ac. lundi).
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Results

We measured the number, size and position of all
glomeruli in the AL of 25 Attini species. For most species
the fixation with either Bouin or fix-mix resulted in con-
focal scans of good quality and the glomeruli in the ALs
could be distinguished easily for 3D reconstruction
(fig. 1D-I). Even specimens stored in Bouin for several
years allowed confocal scans of reasonable quality
(fig. 1D). We found a large variability in the number of
glomeruli within the Attini. An MG was found only in
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Lower Attini

Ap. cf. mayri

Higher Attini Leaf-cutting Attini

S. amabillis A. texana

S. amabillis

Fig. 1. Antennal lobes of lower, higher and leaf-cutting Attini. 3D
reconstructions of the brains (A-C), single confocal slices of the
antennal lobes (D-F), and 3D reconstructions of the antennal
lobes (G-I) of different Attini species. For the lower Attini, the
brain of Apterostigma cf. mayri is shown (A); the second brain be-
longs to Sericomyrmex amabilis as an example of the higher At-
tini (B); the third brain belongs to Atta texana, a leaf-cutting At-
tini species (C). The confocal images show the ALs of Mycetophy-
lax conformis (D), Sericomyrmex amabilis (E) and Acromyrmex
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heyeri (F) at a position close to the antennal nerve entrance. G, H
and I show complete 3D reconstructions based on confocal image
stacks of the antennal lobes shown above. No MG was found in
either the lower or higher Attini. In the leaf-cutting Attini species
Acromyrmex heyeri the MG is clearly visible in the confocal sec-
tion (*) and in the 3D reconstruction. AL = Antennal lobe; CC =
central complex; MB = mushroom bodies; OL = optic lobe; PB =
protocerebrum. Scales: 100 wm in A-C, 50 pm in D-I.
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leaf-cutting Attini and in all cases it was positioned close
to the antennal nerve entrance.

Number of Glomeruli

One outstanding character of the ALs in all Attini is the
high number of glomeruli. In the five investigated genera
of the lower Attini we found between 257 glomeruli in C.
costatus and 630 glomeruli in Ap. cf. mayri (table 1). The
large range in the number of glomeruli illustrates the high
variation of this character within the Attini. For the high-
er and leaf-cutting Attini, both groups consist of only two
genera and in all four genera we found a similar number.
For the higher Attini, we found 344 glomeruli in S. ama-
bilis, 362 glomeruli in T. septentrionalis, and 363 in T. cor-
netzi. For the large workers of leaf-cutting Attini, we found
between 369 glomeruli (Ac. striatus) and 477 glomeruli
(Ac. lundi) in Acromyrmex, and a similar range — between
336 glomeruli (A. texana) and 452 glomeruli (A. laevigata)
in Atta. In all species, the basic organization of the AL
seems to be similar, although there are large differences in
the glomerular number. The antennal nerve enters the AL
and divides into several sensory tracts, in which the axons
of the receptor neurons are bundled until they terminate
in their target glomerulus. In most species, no glomeruli
are located in the core of the AL. The somata of interneu-
rons and projection neurons are located in several clusters
on the outer part of the AL.

Size of Glomeruli

The size of the glomeruli ranged from 97 to 5,009 um?
in the lower Attini, from 81 to 6,846 wm? in the higher
Attini, and from 165 to 47,645 wm? in the large workers
of leaf-cutting Attini (table 1). A single and very large
glomerulus was found in large workers of leaf-cutting At-
tini (head width between 1.03 and 2.96 mm) and it ex-
tended the range of glomerular volumes considerably.
This glomerulus is about 10-14 times larger than the vol-
ume of average-sized glomeruli. Within the ALs of lower
and higher Attini, no glomerulus with such an extreme
volume was detected. As a size measure for the largest
glomeruli of an AL, we calculated the radius value (R,)
which refers to the variance of all glomerular volumes
found in the AL. In all investigated Attini species, the
second largest glomeruli have a R, between 2 and 5 and
therefore are not considered to be extremely large glom-
eruli. The largest glomeruli in the AL of lower and high-
er Attini have an only marginally larger R,, whereas the
largest glomeruli in all leaf-cutting Attini have a R, larg-
er than 5 (ranging from 5.8 to 7.7; fig. 2A). The difference
in the R, of the largest and second largest glomerulus in
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leaf-cutting Attini illustrates that only the largest glom-
erulus has an extreme volume and henceforth is called
macroglomerulus (MG). The least prominent MGs were
found in Ac. striatus and Ac. balzani, and none of the in-
vestigated lower and higher Attini posses an MG. The
prominent size and position of the MGs enabled us to
identify them by visual inspection of confocal stacks
which were used to confirm our results.

Position of the Macroglomerulus

Kleineidam et al. [2005] showed that the MG in A. vol-
lenweideri and A. sexdens are located in species-specific
configuration close to the antennal nerve entrance. In
A. vollenweideri, the MG was found adjacent to the an-
tennal nerve, whereas in A. sexdens, it was positioned
more medial with one normally sized glomerulus in be-
tween the nerve and the MG. We analyzed the MG posi-
tion in other Atta and Acromyrmex species. By visual in-
spection we found that the MG in different Afta and Ac-
romyrmex species were adjacent to the antennal nerve
(similar to the position found in A. vollenweideri): in A.
laevigata, A. texana, A. capiguara and A. bisphaerica and
furthermore in Ac. ambiguus, Ac. heyeri (fig. 1F, I), Ac.
lundi, Ac. octospinosus and Ac. striatus. The MG-position
with one regular glomerulus in between (similar to the
position in A. sexdens) was found in A. cephalotes, A. co-
lombica, and Ac. balzani.

A Macroglomerulus in Large and Small Workers?

Small workers (head width <1 mm) in A. vollenweideri
and A. sexdens do not possess an MG [Kleineidam et al.,
2005]. We analyzed whether this size-based difference is
unique to Atta species, or whether it also exists in the less
polymorphic Acromyrmex species. We therefore com-
pared the Ry of the largest and second largest glomeruli
to a subset of 100 glomeruli at the comparable part of the
AL in nine different Atta and Acromyrmex species with
head widths ranging from 0.68 to 0.88 mm (fig. 2B). In
addition to the specimens in which glomeruli were re-
constructed, we inspected several confocal stacks visu-
ally. Both visual inspection and volume analyses clearly
showed that small workers of all investigated Atta and
Acromyrmex species do not possess an MG.

Discussion
We investigated the ALs of more than 10% of the ap-

proximately 230 extant Attini from all three groups (low-
er, higher and leaf-cutting Attini). Our aim was to study
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Fig. 2. Relative size of the largest and sec-
ond largest glomerulus. Comparison of
the two largest glomeruli in the antennal
lobes (ALs) of workers across 25 different
Attini species (A) and among the small
workers of nine different leaf-cutting At-
tini species (B). In order to compare the
size of glomeruli among different ALs, we
used a relative measure based on the vari-
ance found across all (or a large subset of)
glomeruli: Ry = (R, - Ry)/SD. The dots
show the Ry of the largest and the triangles
the Ry of the second largest glomeruli for
each species. A Ry value of five (dotted
line) was used to classify macroglomeruli
(MG). Large workers of all leaf-cutting
species possess an MG and in none of the
antennal lobes of lower or higher Attinian
MG was found (A). An MG was also absent
in the ALs of small workers of four Atta
and five Acromyrmex species (B).
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A Atta cephalotes |

Atta colombica

Atta texana

Atta laevigata |

Atta sexdens |

Atta capiguara -

Atta vollenweideri -|

Atta bisphaerica
Acromyrmex ambiguus —
Acromyrmex lundi 4
Acromyrmex octospinosus
Acromyrmex fracticornis 4
Acromyrmex heyeri 4
Acromyrmex balzani—
Acromyrmex striatus —
Sericomyrmex amabilis
Trachymyrmex cornetzi -
Trachymyrmex septentrionalis
Mycetoseritis cf. hartmanni |
Mycetophylax conformis 4
Cyphomyrmex costatus —
Cyphomyrmex minutus |
Apterostigma cf. mayri -|
Mycocepurus smithi

Mycocepurus sp. -

Atta cephalotes -

Atta colombica

Atta laevigata I

Atta vollenweideri |
Acromyrmex ambiguus |
Acromyrmex lundi |
Acromyrmex heyeri |
Acromyrmex fracticornis

Acromyrmex striatus
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different species within the attine phylogeny to include a
range of species with different olfactory-guided behav-
iors. Compared to other insect species the olfactory sys-
tem of the Attini comprises large ALs with a high number
of glomeruli. We found a large variability in neuroana-
tomical traits of the AL, for example in the number of
glomeruli, and we expect that future studies will identify
correlations between the number of glomeruli and dis-
tinct olfactory-guided behaviors across species. Extreme-
ly large glomeruli (MG) were found exclusively in one
group of the Attini, the leaf-cutting Attini. This indicates
that the MG is a derived over-expression of a trait in poly-
morphic leaf-cutting species. For a given species, pheno-
typic plasticity of this trait (MG in large workers and its
absence in small workers) among castes is likely to pro-
mote division of labor in the leaf-cutting Attini [Klein-
eidam et al., 2007].

High Number of Glomeruli and Its Potential Origin

The ALs of the Attini are characterized by a large vari-
ance in the number of glomeruli which might reflect ad-
aptations to species-specific demands on the olfactory
system. We found the largest variance of the glomerular
number in the five investigated genera of the lower Attini.
In the higher and leaf-cutting Attini (a total of four gen-
era), the variance is much lower. The lower Attini Ap. cf.
mayri have more than twice the number of glomeruli
compared to C. costatus which belongs to the same group.
The 630 glomeruli found in the AL of Ap. cf. mayri, so far,
is the highest number of glomeruli described for all in-
sects with a similar organization of the olfactory pathway
(except for the locust, in which AL glomeruli have been
termed microglomeruli because of their different func-
tional organization) [Hansson and Anton, 2000]. A his-
torical and often cited number of ~1000 glomeruli in the
hornet Vespa crabro [Hanstrom, 1928] is incorrect, as our
closer inspection using confocal techniques revealed only
about 250 glomeruli [Kelber, unpublished data]. Although
we find a high number of glomeruli in all Attini, and also
in other ant species such as Camponotus [Nishikawa et
al., 2008; Zube et al., 2008], we cannot make predictions
about the grade of social organization on the basis of glo-
merular number. Instead, we can assume that the high
number of glomeruli, for instance in Ap. cf. mayri, indi-
cates that their olfactory system is more differentiated
compared to other species. This idea is also supported by
the volume ratio between the ALs and the optic lobes
(OLs). In most ant species, the visual processing is less
prominent than the olfactory and pheromone processing
[Gronenberg, 2008]. The AL volume in Ap. cf. mayriis 17
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times larger than the OL volume, whereas in other lower
and higher Attini this ratio is much smaller (~6-9; see
table 1). In the leaf-cutting Attini we also find a wide
range for the AL/OL ratio (~4-16). Although the AL/OL
ratio might relate to the relative importance of the olfac-
tory sense, the high number of glomeruli is possibly an-
other indication of its relevance.

We asked the question why there is such a large vari-
ability in the number of glomeruli across related species.
It is assumed that the number of glomeruli corresponds
to the number of ORN types and thus is related to the
expression of different olfactory receptor genes. In Dro-
sophila melanogaster, but also in humans, it was shown
that only a subpopulation of an existing repertoire of OR
genes is expressed [Hasin et al., 2008; Laissue and Voss-
hall, 2008]. The number of OR genes in the Attini is yet
unknown. We found the two species with the highest and
the lowest number of glomeruli at a phylogenetically bas-
al position within the Attini. This could indicate that the
common ancestor of the Attini possessed a high number
of OR genes, and in the presently existing Attini — within
all three groups - only a fractional number of them is ex-
pressed. We speculate that a high number of OR genes
might have favored possible adaptations for the numer-
ous olfactory-guided tasks that need to be successfully
performed for fungus cultivation.

The Macroglomerulus

The size of a glomerulus is largely defined by the num-
ber of ORNSs terminating in the glomerulus [Hansson et
al., 1995; Berg et al., 1998]. A high number of ORNs prob-
ably leads to a higher absolute sensitivity for a particular
odor (threshold sensitivity) and/or result in an improved
signal to noise ratio. A high number of ORNs form ter-
minal arborizations in the MG in A. vollenweideri and A.
sexdens, and preliminary physiological results show that
the releaser component of the trail pheromone is repre-
sented in the MG [Kleineidam et al., 2005, and unpub-
lished data]. The MG probably plays a prominent role in
the perception of the trail pheromone. The releaser com-
ponent of the trail pheromone is sufficient to elicit trail
following behavior, and several leaf-cutting Attini use the
same releaser component [Tumlinson et al., 1971; At-
tygalle and Morgan, 1985; Kleineidam et al., 2007; Mor-
gan, 2009]. The trail pheromones of the lower and higher
Attini are not yet identified.

In the group of lower Attini, we investigated 7 species
belonging to 5 out of 9 existing genera. In none of them
did we find an MG. We also investigated three species of
the higher Attini, two Trachymyrmex and one Sericomyr-
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mex species, which did not possess an MG. None of these
species use an elaborate trail system or chemical mass
recruitment, and the worker caste is monomorphic. A
slight worker size variation was found for T. septentriona-
lis [Beshers and Traniello, 1996], but this was far less pro-
nounced than in the leaf-cutting Attini. Although we did
not investigate all lower and higher Attini species, our
analyses of several genera within the lower and higher
Attini make us confident that the described MG is re-
stricted to the polymorphic leaf-cutting Attini. The ge-
nus Acromyrmex comprises ~24 species and is subdivid-
ed into the subgenera Acromyrmex s. Str. and Acromyr-
mex Moellerius [Fowler, 1988]. The genus Atta contains
15 highly polymorphic species, actually subdivided into
the four following monophyletic groups, Atta s. str., Ar-
cheatta, Neoatta and Epiatta, a subdivision that slightly
differs from a previous taxonomical division [Borgmeier,
1959; Bacci et al., 2009]. Our study covered species of all
subgenera, and in all of the 15 investigated species we
found an MG. This indicates that the existence of the MG
is a derived over-expression of a trait and is restricted to
the leaf-cutting Attini.

The existence of an MG is common in males of sev-
eral insect species such as moths, cockroach and the hon-
eybee [Boeckh et al.,, 1977; Arnold et al., 1985; Brock-
mann and Bruckner, 2001; Wanner et al., 2007]. The leaf-
cutting Attini were the first and so far the only species in
which an MG was found in the sterile worker caste [Klei-
neidam et al., 2005]. Until now, studies on the olfactory
system in other species of ants did not reveal an MG in
the female worker caste [Goll, 1967; Gronenberg and
Holldobler, 1999; Nishikawa et al., 2008]. It was shown by
physiological and neuroanatomical data in the carpenter
ant Camponotus floridanus that workers process infor-
mation about the trail pheromone in regularly sized
glomeruli [Zube et al., 2008]. But we cannot exclude the
possibility that other ant species with a highly developed
trail pheromone communication system also possess an
MG. Eventually, the existence of a size polymorphism is
the precondition for the over-expression of a glomerulus
for trail pheromone components. It would be very inter-
esting to investigate other ant species such as army ants
or members of the Pheidole genus that show both a high-
ly developed trail pheromone communication system as
well as a pronounced size polymorphism.

Position of the Macroglomerulus

In moth species of the genus Heliothis it was found that
the position of a glomerulus is conserved across closely-
related species [Vickers et al., 1998; Vickers and Chris-
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tensen, 2003]. The same pheromone components are rep-
resented at the same position in an array of glomeruli
(macroglomerular complex). This is possibly also the case
for the MGs in the leaf-cutting Attini, where two differ-
ent releaser components were identified for different spe-
cies. The releaser component methyl-4-methylpyrrole-2-
carboxylate (M4MP2C) was found in A. cephalotes, A.
texana and A. vollenweideri, and in Ac. octospinosus and
Ac. subteraneus [Tumlinson et al., 1971; Nascimento et
al., 1994; Tanaka et al., 2004; Morgan, 2009]. A ditferent
releaser component, 2-ethyl-3,6-dimethylpyrazine (2E3,
6DMP), was found in A. sexdens [Cross et al., 1979]. A.
texana, A. vollenweideri and Ac. octospinosus have the
same releaser component, and we found a similar MG
position. A. cephalotes has an MG at a similar position as
A. sexdens, but both use different releaser components.
From this finding we conclude that the position of the
MG in the different Atta and Acromyrmex species allows
no clear prediction about the releaser component used by
the species. The position close to the entrance of the an-
tennal nerve, however, is conserved across all species that
have an MG.

A Macroglomerulus in Large Workers Only

Small workers can be found on trails of different leaf-
cutting Attini [Stradling, 1978; Wilson, 1980b; White-
house and Jaffe, 1996; Hughes and Goulson, 2001], and it
was shown that they can perceive the trail pheromone
components, although they do not possess an MG. There
are differences, however, in the quality of perception of
the trail pheromone, as demonstrated in behavioral ex-
periments [Kleineidam et al., 2007]. We assume that in
small workers the MG-corresponding glomerulus (re-
sponsible for the detection of the trail pheromonal re-
leaser component) is located at a similar position in the
AL as in large workers.

The Macroglomerulus and Social Organization

We propose that the MG is a specialization for a par-
ticular olfactory-guided foraging task: the trail-following
behavior. This is supported by the fact that the size of the
MG differs in different leaf-cutting species, and appears
to correlate with their foraging system and their effec-
tiveness in leaf-cutting. We find the least developed MG
of all investigated species in Ac. striatus and Ac. balzani,
both belonging to the subgenus Moellerius. Although
most Acromyrmex species use large trail systems to sup-
ply their fungi with fresh plant material, Ac. striatus
workers forage on less predictable resources and do not
construct or maintain physical trails, using more loosely
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chemical trails instead [Carbonell, 1943; Bucher and
Montenegro, 1974; Farji-Brener and Protomastro, 1992;
Marschner et al., 1993]. Similarly, workers of Ac. balzani,
a grass-cutting species with relatively small colony sizes,
do usually employ short trails and a less complex chemi-
cal recruitment system [Fowler et al., 1986b; Lopes et al.,
2003, 2004]. In contrast, we found the largest MG (nearly
14 times larger compared to the median of the volumes
of all other glomeruli) in A. capiguara, which use extend-
ed underground and superficial trails to forage enormous
amounts of grass [up to 196 kg/colony/year; Robinson
and Fowler, 1982]. The presence of an MG, therefore, ap-
pears to be an adaptation to trail pheromone guided be-
havior of leaf-cutting Attini, and has reached the most
prominent enlargement in species with an elaborate trail
system.

Leaf-cutting Attini either forage mainly on grass
(A. capiguara, A. bisphaerica, A. vollenweideri, Ac. bal-
zani, Ac. fracticornis, Ac. striatus and Ac. heyeri) or forage
on dicots (A. sexdens, A. cephalotes, A. colombica and Ac.
lundi) [Fowler et al., 1986a]. It is assumed that one of both
foraging preferencesisbasaland the other derived. Which
of either represents the origin of leaf-cutting Attini is un-
clear [Weber, 1972; Fowler, 1982; Mayhe-Nunes and Jaffé,
1998]. Our analysis on the size of the MGs (R, measure)
revealed no correlation between MG size and foraging
preference. Rather we found similar variations in both
groups with a R, from 5.8 to 7.7 in grass-cutting Attini,
and a R, from 6.2 to 7.5 in dicot-cutting Attini. This sug-
gests that the MG might have evolved prior to the diver-
sification in substrate selection, and further emphasizes
the strong plasticity of this over-expressed trait.

The larger the colony, the higher is its need for large
amounts of substrate to supply the fungus. Fresh mate-
rial such as leaves or grasses are available in a much larg-
er amount and provide more energy compared to dead
plant material. In order to cut and harvest fresh plant ma-
terial efficiently, however, an ant worker has to have a
critical size and strong mandibles. A single large worker
is able to harvest more plant material than a whole group
of small workers [Beshers and Traniello, 1996]. On the
other hand, small workers are needed inside the nest for
fungus care and for the delicate handling of the fungus
hyphae to feed the larvae. These distinct tasks that need
to be fulfilled by leaf-cutting ant workers in a colony
probably promoted the evolution of worker polymor-
phism. Although a flexible division of labor within the
worker caste is common in most social insects, the poly-
morphism constrains the flexibility of, for instance, task
switching. As a consequence, workers become special-
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ized for particular tasks, and specific adaptations might
further support this specialization. The MG in large
workers of Atta and Acromyrmex is such an adaptation
with probable great impact on both the processing of
odor information, and the responsiveness of large work-
ers to odor stimuli. Thus, the neuroanatomical differenc-
es between small and large workers support the allo-
ethism in polymorphic species and add on to the com-
plexity of their social organization.

In the past, behavioral, ecological, morphological and
genetic characters have been used to categorize the tribe
Attini into three major groups (lower, higher and leaf-
cutting Attini). This is the first study that compared neu-
roanatomical traits within this monophyletic but behav-
iorally diverse group of ants. The results show that one
group, the leaf-cutting Attini, is separated based on a
unique neuroanatomical trait, the MG. It is expected that
future studies on the behavioral ecology of attine species
will highlight the behavioral significance of other neuro-
anatomical characters described in this study.
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