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I have seen great surprise expressed in horticultural works at the wonderfui skill of
gardeners, in having produced such splendid results from such poor materials; but the
art has been simple, and, as far as the final result is concerned, has been followed
almost unconsciously.
Charles Darwin
On the Origin of Species

The fungus-growing ants of the tribe Attini (subfamily Myrmicinae) rely on the
cultivation of fungi for food. The cultivated fungi are the sole source of nutrition
for the larvae and the principal source of nutrition for the adults. All of the approxi-
mately 210 described attine ant species occur exclusively in the New World. Be-
cause the Attini are monophyletic and because no other ants are known to cultivate
fungi, fungiculture is thought to have arisen a single time in ants. Attine ant fungi-
culture is perhaps the most unusual example of the more general phenomenon of
ant agriculture, which has originated many times. Diverse ant species and clades
cultivate mutualistic plants by removing weeds, eliminating pests, planting seeds,
and providing soil and manure; other ant species herd, protect, and even breed
mutualistic aphids and other homopterans (Hélldobler and Wilson 1990; Schultz
and McGlynn 2000). No doubt many general ecological patterns and principles could
be elucidated by comparing the full range of ant and human agriculture. This chap-
ter provides the first step in such an exercise by focusing on the much more limited
comparison of the agricultural systems of fungus-growing ants and humans.
Most fungus-growing ant species, including the most “primitive,” belong to the
eight genera collectively known as the lower Attini (fig. 7.1, table 7.1). Lower attines
are mostly inconspicuous, cryptic species with relatively small colonies of a dozen
to a thousand individuals and small to moderate-sized fungus gardens (Price et al.
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Figure 7.1. The four principal attine agricultural systems, juxtaposing the phylogenies of
the attine ants, their domesticated fungi, and their Escovopsis garden parasites. The con-
gruence of the topologies at more ancient phylogenetic levels indicates that these organ-
isms have coevolved. G1, G2, G3, and G4 are names used for the respective domesticate
groups in some previous publications.

2003). Attine agriculture reaches its most obvious culmination in the leaf-cutting
ants, consisting of 43 species in the genera Acromyrmex and Atta. Leaf-cutting ants
are the dominant herbivores of New World tropical forests and savannahs, and the
greatest bane of Neotropical agriculture (Cherrett 1986; Fowler et al. 1986a). Colo-
nies of some Atta species may contain up to 7 million individuals and persist for
20 years (Fowler et al. 1986b; Price et al. 2003).

Because leaf-cutting ants impact the environment significantly and because their
nests and foraging columns are highly conspicuous, humans have paid special at-
tention to them since prehistoric times. They play a major role, for example, in the
ancient Mayan creation myth, the Popul Vuh (Wheeler 1907; Tedlock 1985). Al-
though most early observers assumed that the ants directly consumed their cut leaves
(Buckley 1860), the nineteenth-century English naturalist Henry Walter Bates dis-
agreed, concluding instead that “the leaves are used to thatch the mounds to keep
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Table 7.1. The fungus-growing ant genera and subgroups, with approximate
numbers of described ant species and their known associated fungal
domesticate groups.

No. of
Ant Group Ant Genus Species  Fungal Domesticate?
Lower Attini Mpyrmicocrypta 24 Lower attine Leucocoprineae
Mpycocepurus 5 (G3)
Apterostigma (basal spp.) 13
Mpycetarotes 4
Mycetophylax 6
Mpycetosoritis 5
Cyphomyrmex (basal spp.) 22
Apterostigma (derived spp.) 34 Pterulaceae (G2, G4)
Cyphomyrmex (derived spp.) 38 Yeast Leucocoprineae (G3)
Uncertain placement  Mycetoagroicus 3 Unknown
Higher Attini Trachymyrmex 40 Higher attine Leucocoprineae
Sericomyrmex 19 (GD)
Acromyrmex 27
Pseudoatta (social parasites) 1
Atta 16

G1, G2, G3, and G4 are names used for the respective domesticate groups in some previous publications.

out the deluging rains and protect their broods within” (Bates 1863, p. 12). In a
striking example of synchronous scientific discovery, Thomas Belt (1874) and Fritz
Muiiller (1874) independently discovered the true purpose of leaf cutting. In the words
of Belt: “I believe the real use [the ants] make of [the leaves] is as a manure, on
which grows a minute species of fungus, on which they feed;—that they are, in
reality, mushroom growers and eaters” (Belt 1874, p. 79).

In this chapter, we ask whether and to what extent analogous ecological forces
have shaped the symbioses between humans and their domesticated plants and
animals on the one hand and the symbioses between attine ants and their fungi on
the other. We also ask whether knowledge about human agricultural evolution can
inform and structure attine biological research and, conversely, whether the study
of attine biology can inform human agricultural practice. Hundreds of extant and
many more extinct species of attine ants have, after all, successfully practiced a
stable and sustainable agricultural strategy for approximately 50 million years
(Mueller et al. 2001), whereas various populations of the single human species have
practiced agriculture for a maximum of 10,000 years (Smith 1998a).

The Attine Agricultural Symbiosis

The fungi cultivated by the majority of attine species are parasol mushrooms in the
monophyletic tribe Leucocoprineae (Agaricaceae) (fig. 7.1, table 7.1; Heim 1957;
Hervey et al. 1977; Chapela et al. 1994; Mueller et al. 1998). The Leucocoprineae
contains the genera Leucocoprinus and Leucoagaricus, as well as a few species
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currently assigned to Lepiota (Mueller et al. 1998; Johnson 1999). The salient fea-
tures of the Leucocoprinus life cycle are summarized in figure 7.2. The earliest
diverging clades within the attine ant genus Apterostigma also cultivate fungi from
this group (Villesen et al. in press), but all species in one derived Apterostigma clade
cultivate species of the distantly related coral fungi (Pterulaceae) (Munkacsi and
McLaughlin 2001; Villesen et al. in press). Based on cultural characters (Chapela
et al. 1994) and on phylogenetic analyses of ribosomal RNA genes (Chapela et al.
1994; Mueller et al. 1998; Rehner et al. unpublished data), the attine fungi are cur-
rently divided into four major groups (table 7.1, fig. 7.1): (1) typical lower attine
fungi, thought to be least diverged from the ancestral attine domesticate (figs. 7.3,
7.4; Mueller et al. 1998); (2) yeastlike fungi, a derived, monophyletic subgroup
within the lower attine fungi that grow as yeast morphs when associated with ants
rather than as typical attine mycelial morphs (figs. 7.5, 7.6; Wheeler 1901, 1907;
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Figure 7.2. The life cycle of Leucocoprinus, a typical hymenomycete (true mushroom-
forming fungus). The principal cellular and morphological structures produced in the hy-
menomycete life cycle include: (1) dikaryotic mycelium, containing two physically separate,
haploid nuclei, sometimes considered functionally diploid; (2) fruiting bodies (mushrooms)
produced from dikaryotic mycelia; (3) basidia, specialized sex cells formed on the gill
surfaces and the site of long-delayed nuclear fusion (karyogamy) and meiosis; and (4) basidio-
spores—haploid meiospores, usually air-dispersed, that germinate to form a monokaryotic
and haploid mycelium. Mycelia fuse (plasmogamy or mating) with sexually compatible
monokaryons to form a dikaryotic mycelium.



Figure 7.3. A free-living

(feral) lower-attine mushroom
(Leucocoprineae) growing in th
leaf litter in Panama. (Photograph
by U. G. Mueller.)

Figure 7.4. Lower attine agriculture: the fungus garden of Cyphomyrmex faunulus con-
structed on the underside of a rotten log in Sdo Gabriel, Amazonas, Brazil. (Photograph by
T. R. Schultz.)
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Figure 7.5. A free-living (feral)
attine yeast agriculture mush-
room (Leucocoprineae) growing
in the leaf litter in Panama.
(Photograph by U. G. Mueller.)

Figure 7.6. Attine yeast agriculture: the yeast fungus garden of Cyphomyrmex salvini taken
from a cavity in a rotten log at La Selva, Costa Rica. (Photograph by T. R. Schultz.)
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Weber 1972. 1982; Mueller et al. 1998); (3) the highly derived, monophyletic higher-
attine fungi cultivated by the higher Attini, including the leaf-cutting ants, origi-
nating from a lower-attine-like leucocoprineaceous ancestor (figs. 7.7-7.9; Rehner
et al. unpublished data); and (4) the attine pterulaceous fungi, divided into two
monophyletic sister groups: the nonveiled pterulaceous fungi, cultivated by an
apparently paraphyletic group of ants in the genus Apterostigma, and the veiled
pterulaceous fungi, cultivated by a monophyletic group of ants in the genus Aptero-
stigma that weave the aerial hyphae into a characteristic tentlike veil that surrounds
the garden (figs. 7.10, 7.11; Villesen et al. in press).

Upon leaving the maternal nest, an attine daughter queen carries within her
infrabuccal pocket a pellet of natal-nest cultivar, which serves as the nucleus for
her new garden (von Ihering 1898; Huber 1905a,b). This behavior leads to the clonal
propagation of garden fungi from parent to daughter nests, at least over short evo-
lutionary time periods. The pattern of strict ant-fungus co-cladogenesis expected
from this garden-founding behavior is disrupted over longer evolutionary time
periods, however, because lower attine colonies occasionally replace their domes-
ticates with free-living fungi and because both lower and higher attine ants replace
their domesticates with fungi obtained from other attine ant colonies (Mueller et al.
1998; Bot et al. 2001; Green et al. 2002; Rehner et al., unpublished data).

The majority of attine leucocoprineaceous and pterulaceous gardens are infected
by a highly specialized “crop disease” caused by species of the ascomycete fungal
genus Escovopsis that so far are known only from attine fungus gardens (Currie et al.
19992, 2003a; Currie 2001a,b). Low-level, chronic Escovopsis infections diminish
garden and colony growth rates. At times, Escovopsis can also overrun and decimate

Figure 7.7. A higher attine
mushroom (Leucocoprineae),
growing from the surface of a
nest of the leaf-cutting ant
Acromyrmex disciger. (Reprinted
from Moller 1893.)




Figure 7.8. Higher-attine agriculture: the fungus garden of Trachymyrmex septentrionalis,
collected from a subterranean nest in Long Island, New York, USA. Clusters of gongylidia
are visible on the garden surface. (Photograph by T. R. Schultz.)

Figure 7.9. Lower half: gongylidia, the nutritious swollen hyphal tips produced by higher
attine domesticated fungi and harvested by the ants for food; from the fungus garden of Atta
cephalotes. Upper half: typical mycelium from the same garden. (Photograph by U. G. Mueller.)
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Figure 7.10. Basidiocarps of

Pierula typhuloides, a free-living
... species in the Pterulaceae (coral
¢ fungi), the family closely related to
the domesticates of the pterulaceous-
cultivating Apterostigma attine ant
species, growing on decaying
leaves of an unidentified dicot tree
on Bordeaux Mountain, St. John,
U.S. Virgin Islands. (Photograph
by T. J. Baroni.)

gardens, usually resulting in the deaths of both ant and fungal cultivar symbionts
(Currie 2001a,b). Ants are able to detect Escovopsis spores and hyphae and to re-
move them by “weeding” (Currie and Stuart 2001); in the leaf-cutting ants, special-
ized “garbage caste” workers handle garden refuse and have minimal contact with
other castes, presumably to prevent the spread of Escovopsis within ant colonies (Hart
and Ratnieks 2002). In the myrmecological equivalent of biological pest control, attine
ants culture actinomycete bacteria of the family Pseudonocardiaceae in specialized
locations on their exoskeletons (Currie et al. 1999b, 2003b). The actinomycetes

Figure 7.11. Attine pterulaceous agriculture: the fungus garden of Apterostigma collare,
constructed in a tree in La Selva, Costa Rica, and surrounded by a mycelial veil constructed
by the ants. The veil is characteristic of one of the two subgroups of pterulaceous attine
fungal domesticates. (Photograph by T. R. Schultz.)
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produce an antibiotic with specific action against Escovopsis (Currie et al. 1999b,
2003b). Because the study of attine crop diseases is an entirely new area of research,
it is likely that additional fungus-garden pathogens await discovery.

The relationship between attine ants and their associated fungi has been vari-
ously regarded as either parasitism, in which the ants benefit at the expense of the
fungi, or as mutualism, in which both partners benefit. In either case, the benefit to
the ants is clear enough: the colony cannot survive without a fungus garden. The
benefit to the fungus is less obvious, however, leading to the widespread assump-
tion, also made about human domesticates, that attine garden fungi are essentially
enslaved by the ants (Mueller 2002). This enslavement scenario implies a signifi-
cant conflict of interest in which the garden fungus is continuously trying to escape
from the symbiosis, especially through fruiting (i.e., forming mushrooms), and in
which the ants actively suppress the formation of fruiting bodies through constant
policing and pruning of mycelium (Autuori 1940; Muchovej et al. 1991; Fisher et al.
1994a,b; Mueller 2002). Evidence in support of this scenario includes the observa-
tion that fruiting bodies are absent from well-populated nests but that fruiting may
occur in nests in which ant populations are diminished or absent (Mueller 2002).
The mutualistic scenario, in contrast, argues that the association significantly in-
creases the fitness of the attine fungus, relative to its fitness in the free-living state,
in at least three ways: (1) by increasing its representation in the next generation,
(2) by increasing its geographic distribution due to dispersal by foundress queens,
and (3) by providing protection from parasites and pathogens (e.g., Escovopsis) due
to various activities of the ants. Even under a mutualistic scenario, however, some
subset of the separate evolutionary interests of ants and fungi are likely to be in
conflict (see Mueller 2002). For example, because fungi are dispersed only by
queens, a biased sex ratio favoring females serves the interests of the fungi, but not
necessarily the interests of the ants. Conflicts of interest are related to issues of con-
trol and enslavement, which are discussed below.

Agricultural Evolution

Human agriculture arose independently at least nine times during the past 10,000
years (table 7.2). The resulting agricultural systems differ in many ways, most no-
tably in the particular species of domesticated plants and animals. In spite of these
differences, some researchers have proposed features shared by all systems. Some
have also proposed general conditions that may have propelled some societies to
make the transition from the ancestral strategy of hunting-gathering, in which hu-
mans obtain all of their nutrition from wild plant and animal sources, to the derived
strategy of agriculture, in which humans obtain a significant proportion of their
nutrition from domesticated plants and animals (e.g., Sauer 1952; Flannery 1973;
Rindos 1984; MacNeish 1991; Harlan 1992; Diamond 1997; Smith 1998a).
Generalizations about human agricultural evolution are complicated by the ob-
servation that hunting-gathering and agriculture are two extremes in a complex
continuum of food acquisition strategies (Smith 1998a,b, 2001a,b; Pringle 1998).
In fact, many stable human societies have employed (and, in some cases, continue



“(€007) uwemmaN prE *(£007) ¥ 10 WEUaAQ ‘(28661) PIMS (661) [esrag pue onixdid ‘(L661) PROLIRY] WOl

1moj goamsd ‘ame) sou weotgy ‘wnydios WV dd 000§ BOLJY UBreqES-GRS

suoN qsenbs 00595008 ‘moyuns  dg 000§ SNEIS PNT(} WIRNSTH

suoN  mred ysead ‘ninuead ‘sueaq ‘Jooimoure domew ‘sweX 49 000L $01dONOIN pURimO]

3id voamad ‘vurey sueaq ‘orelod ‘wnuInd 49 000L SpUy [enus) Qnog

ULOMYTIS ‘UYOYD ‘Ofeyng 1nea ‘Big WA dd 0008 (39ATY MOJ[PX) BUIYD) WISQUON
THOAN[IS ‘BYOIYS ‘Ofelynq 1mem ‘Bid o  4400§8  (19Ard on3uey) sUIY) WIMNOS
Aoxmy gsenbs ‘suedq ‘zreN € 0006 PILRWROSIN

g ore) ‘uvteg 44 000°01 BIUIND AN

ames ‘3id eod ‘doogg S|nua| ‘Aopreq eM 49 000°01 (1899531)) JIY) I5EY TN

saesusowo( [ewTY saeonsomo 1Weld aeq voiday

‘sajeansawop Lewud pue uibuo jo sarep yum ‘ainndube uewny jo suibuo juspuadspul aulN Z°Z ajqeL

159



160 Fungi Mutualistic with Insects

to employ) successful strategies that include various combinations of hunting and
gathering, management of local environments, and management of domesticated
plants and/or animals. In some cases these domesticates were regularly imported
from the wild and thus remained unmodified relative to wild populations (e.g., goats
in the ancient Near East; Zeder and Hesse 2000); in others, the domesticates were
modified due to human-mediated (artificial) selection (e.g., squash in Mesoamerica;
Smith 1997).

Unlike most human agricultural systems (table 7.2), which incorporate multiple,
distantly related domesticates, ant colonies are dependent on a single crop. A given
attine ant species is remarkably faithful to a particular subclade of closely related
fungi within the four groups indicated in table 7.1. Although different colonies of
an attine ant species may cultivate different variants (whether these are species or
subspecific strains is unknown) within its associated fungal subclade, as far as is
known, an ant colony cultivates a single clonal monoculture at any given time. Thus,
whereas human agriculturalists rely on multiple domesticates, and no single human
domesticate provides a complete diet (table 7.2), attine ant colonies obtain their
nutrition from a single fungal clone; the adult diet may be supplemented, however,
with leaf sap, nectar, fruit juices, and possibly other food sources (see below) en-
countered by the foraging adults (Littledyke and Cherrett 1976; Quinlan and Cherrett
1979; Bass and Cherrett 1995; Oliveira et al. 1995; Murakami and Higashi 1997;
Leal and Oliveira 2000).

The two most frequently cited advantages of human agriculture are, first, the
energy savings compared to hunting and gathering and, second, the relative reli-
ability and predictability of the agricultural food resource (Hayden 1995; Diamond
1997; Piperno and Pearsall 1998). These advantages do not necessarily lead to a
state of complete reliance on agriculture, as is demonstrated by the many historical
and extant stable-state human societies that practice mixed food-acquisition strate-
gies. Some studies suggest that in resource-rich environments, mixed strategies
and perhaps even pure hunting-gathering may require less effort than a strategy of
complete reliance on agriculture (Boserup 1965; Lee 1968; Lee and DeVore 1968;
Sahlins 1968; Pimentel and Hall 1989; Harlan 1992). However, the issue of the
relative labor costs versus nutritional returns of hunting-gathering, mixed strate-
gies, and agriculture is unresolved and remains the subject of continuing research
and debate (Piperno in press).

As human populations have increased and wild resources have become limited,
agriculture has, as a matter of historical record, replaced hunting-gathering in most
human societies (Smith 2001a,b). In contrast, foraging has remained a necessary
component of the attine ant food-acquisition strategy because attine fungal domes-
ticates are saprophytic biomass consumers (unlike the plant domesticates of humans,
but more like human animal domesticates), and ants must forage to obtain that bio-
mass for their fungi. Various studies (e.g., Turner 1974; Quinlan and Cherrett 1979;
Bass and Cherrett 1995) suggest that attine ants expend as much foraging energy
and import more biomass than do equivalently sized colonies of predatory/omnivo-
rous hunter-gatherer ants, and that the net yield in ant biomass per unit foraging
effort may be similar to that of the hunter-gatherers, at least for the lower Attini. If
so, then, of the two cited advantages accruing to human agriculturalists, the sec-
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ond, reliability, must be more important for attine agriculture. Growing fungi al-
lows attine ants to occupy a niche unoccupied by other ants, thereby releasing them
from direct competition for protein sources such as live prey and dead arthropods.
Unlike humans, who have always relied on animals and plants as sources of food,
initially consuming and later cultivating fungal intermediates allowed the ances-
tors of the Attini to access a food source previously inaccessible to ants, that of
living and dead plant tissue. In collecting insect frass and small plant parts for gar-
den substrate, lower attine ants in fact compete for food with fungal and bacterial
detritivores rather than with predators and scavengers; they must locate and use these
resources before they have been colonized and degraded by microbes. In collect-
ing large volumes of living plant material for garden substrate, leaf-cutting higher
attine ants have shifted from competing with detritivores for dead vegetable ma-
terial to competing with vertebrate and invertebrate herbivores for living plant
tissue.

Associating with attine ants also represents a major shift in food acquisition strat-
egy for the leucocoprineaceous fungi: instead of relying on passive dispersal, they
use an agent that actively locates, concentrates, and prepares suitable substrates
before they are degraded by competitor microbes. In the case of the higher attine
fungi, the symbiosis has provided access to an entirely new, previously unavail-
able resource: living vegetation. Living leaves and other plant parts are normally
protected from fungal invasion by a variety of defenses, including waxy coats and
other physical barriers; higher attine ants remove those barriers by extensively pre-
paring substrates for consumption by their fungal domesticates (Cherrett et al. 1989).
Similar strategies of using animal vectors for directed dispersal to suitable resources
have evolved many times among fungi (e.g., pollinator-dispersed rusts; Webber and
Gibbs 1989), and it is not implausible that many fungal groups, including the
Leucocoprineae, use ants as vectors for dispersal to competitor-free resources.

Agricultural Evolution: Origins

Like humans, the ancestral food-acquisition strategy of ants is that of omnivorous
hunter-gatherer. In contrast to human agriculture, attine ant agriculture had a single
origin sometime around 45-65 million years ago, and all extant attine ants are de-
scended from a single agricultural pioneer (Schultz and Meier 1995; Meier and Schultz
1996; Wetterer et al. 1998; Mueller et al. 2001). Although an intermediate state prob-
ably once existed, in which proto-Attini were facultative associates of symbiotic fungi,
no such extant species are known. Detailed ecological investigation may eventually
identify a nonattine guild of facultative ant fungivores, as hypothesized by Mueller
et al. (2001). Alternatively, ant lineages loosely associated with fungi may have gone
extinct during attine evolution because they were outcompeted by early attine ant
lineages with tighter coevolutionary associations. A similar competitive sweep has
occurred in humans, so that today most human mid-range, low-level food-production
economies have been supplanted by agriculture (Smith 2001a,b).

Agriculture was absent during the first 90,000 years of human (H. sapiens) his-
tory. Yet it has arisen multiple times during the past 10,000 years. This dramatic
change in human food-acquisition behavior is sometimes attributed to the global



162 Fungi Mutualistic with Insects

shift toward increasingly benign and stable climatic conditions following the Pleis-
tocene glaciation, which tended to favor agriculture, as well as changes in regional
climatic conditions in the major agricultural centers of origin (Piperno and Pearsall,
1998; Smith 1998a). Climate change of a different and more drastic sort also has
been suggested as a condition predicating ant agriculture. Citing Janzen (1995),
Mueller et al. (2001) speculated that the *“nuclear winter” following the Cretaceous-
Tertiary extinction event of 65 million years ago may have favored detritivores and
precipitated the curious, possibly simultaneous origins of attine fungiculture, re-
stricted to the New World, and termite fungiculture, restricted to the Old World
(Mueller et al. 2001). In the words of Janzen (1995, p. 785):

What animals are most likely to survive a serious nuclear winter? Those whose food
in some form does not directly depend on immediate photosynthesis. That is to say,
those that eat dormant seeds and insects, those that eat decaying organic matter (es-
pecially nongreen plant parts), and those that eat these eaters. And especially those
that are very good at finding small particulate bits of these resources, scattered and
dwindling until sunlight again can penetrate the clouds in amounts sufficient for se-
rious vegetation growth. That is to say, seed- and detritus-eating invertebrates and
the invertebrates and small vertebrates that eat them and each other.

One obvious requirement for the origin of agriculture is that humans must have
lived for extended periods of time in the vicinity of, and regularly encountered while
foraging, suitable domesticates, such as plants and animals that were potentially
useful to humans and that possessed traits that, in aggregate, preadapted them for
domestication (Diamond 1997; Smith 1998a). This requirement would appear to
have been met by the ancestral attine ant as well, which, like the majority of tropi-
cal rainforest ants, foraged in the leaf litter, where it frequently encountered both
the vegetative mycelium and fruiting bodies (mushrooms) of leucocoprineaeceous
fungi.

In their original forms, proto-domesticates may or may not have been useful to
humans. In either case, according to the “camp follower” scenario of agricultural
origins (see below), they were likely to have been preadapted to thrive in human-
disturbed habitats (Flannery 1973; Bye 1981; Rindos 1984; Harlan 1992; Diamond
1997; Smith 1998a). In the case of immediately useful plants, human hunter-gatherers
could have incidentally broadcast the seeds (or other propagules) into disturbed areas
around their villages, thrown them away with uneaten refuse into garbage piles, or
consumed and subsequently deposited them as human waste. Plants that thrived
in such microenvironments would become “camp followers,” growing in relatively
greater abundances in the vicinity of humans. Alternatively, nonuseful, camp-
following weeds preadapted for disturbed habitats could have invaded human settle-
ments on their own, without the aid of humans. In either case, the camp-follower
scenario has two requirements: (1) Proto-domesticates must have thrived in one or
more microenvironments associated with human-disturbed habitats, and (2) they must
have been immediately or potentially useful to humans. Camp-following plants that
were not immediately useful may initially have been ignored, tolerated, or even re-
moved by humans. Due to their continuing proximity to humans over time, however,
any even minimally useful variants were (consciously or unconsciously) favored,
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marking the beginning of domestication and human-mediated selection (de Tapia
1992, citing Bye 1981). Even if, as suggested by some researchers (D. Piperno, pers.
comm.), camp-following proto-domesticates were not the same species that were
subsequently domesticated by humans, it is possible that humans acquired the knowl-
edge and skills that eventually led to agriculture through such early interactions.

Examples of camp-following mutualisms occur in primates, including humans.
Cebus monkeys feed on the fruit and distribute the seeds of Gustavia trees and, by
also feeding on the buds, influence the fruiting pattern of the trees to their advan-
tage (Oppenheimer and Lang 1969). Stands of baobab trees (Adansonia spp.) in
Africa are closely associated with occupied or deserted human villages. Humans
eat the fruit and use the leaves as potherbs, the bark as a source of fiber, and the
large hollow boles as reservoirs for the storage of water (Harlan 1992). Fruit trees
occur in corridors that line the paths used by Congo Pygmies, presumably due to
casual discarding of fruit pits and defecation while traveling (Laden 1992, cited in
Hayden 1995).

The camp-follower hypothesis shares similarities with a number of hypotheses
proposed for the origin of the attine ant-fungus mutualism (reviewed by Mueller
et al. 2001). Ant-disturbed microenvironments in which the leucocoprineaceous
proto-domesticate most likely thrived include both the nest refuse pile and leaf lit-
ter or other substrates adjacent to the nest. The infrabuccal pellet hypothesis pro-
posed by Bailey (1920) and further developed by Mueller et al. (2001) suggests
that the proto-domesticate was useful to the ants early in the association, and this
hypothesis thus provides a mechanism for active transport of the proto-domesticate
by the ants into the vicinity of the nest. The infrabuccal pellet hypothesis is based
on the observation that all ants accumulate food particles and detritus in their
infrabuccal pockets, a specialized pouch in the bottom of the mouth that filters out
and accumulates solid particles picked up during grooming or strained out from
liquid food. These infrabuccal pellets have been shown to contain a significant
proportion of fungal spores and hyphae (Bailey 1920; Letourneau 1998). Infrabuccal
pellets are expelled by individual ants at a rate of about one per day in colony refuse
piles inside or outside the nest or, by foragers, at random locations in the vicinity
of the nest (Quinlan and Cherrett 1978a; Febvay and Kermarrec 1981; Mueller et al.
2001; Little et al. 2004).

Because spores and hyphae in the pellets are viable, infrabuccal pellets provide
a plausible mechanism for the vegetative dispersal of fungi (Wheeler and Bailey
1920), and it is possible that some fungi have capitalized on this mechanism by
making their hyphae attractive to ant foragers (Mueller et al. 2001). Although their
function remains to be demonstrated, the mycelium of at least some lower-attine
fungi possess hyphal swellings (Méller 1893; Urich 1895; Weber 1972; Mueller
2002) that may be homologous with the gongylidia of higher attine fungi (fig. 7.9).
The latter are preferentially harvested and eaten by higher attine ants (Quinlan and
Cherrett 1978b, 1979; Angeli-Papa and Eymé 1985). If leucocoprineaceous proto-
gongylidia function as ant attractants, they are evolutionarily convergent, vegeta-
tive analogs of elaiosomes, nutritious seed appendages that serve as an inducement
for ant dispersal of the seeds of a variety of unrelated herbaceous plants (Serenander
1906; Handel et al. 1981; Beattie 1985; Handel and Beattie 1990a,b).
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Aside from the refuse pile, a leucocoprineaceous proto-domesticate could have
thrived in the substrate associated with the nest of the ancestral attine ant. It is plau-
sible that the ancestral attine ant nested between leaves in the leaf litter, the typical
substrate of leucocoprineaceous fungi. Nests of various species in the lower attine
genera Apterostigma, Cyphomyrmex, and possibly Myrmicocrypta occupy this habi-
tat, as do the nests of many species in the putative sister group of the Attini, the
Blepharidattini (Wasmannia and Blepharidatta) (Schultz and Meier 1995; Diniz
et al. 1998; R.C.F. Brandao and J. Delabie, pers. comm.). Like all ants, leaf-litter—
nesting ants clean nest substrate surfaces in the vicinity of their brood, removing
fungi, bacteria, and other debris and applying antibiotic secretions. Any leuco-
coprineaceous fungus capable of exploiting this competitor-free microhabitat,
whether imported as infrabuccal pellets or invading independently, could become
a protected camp follower. Such exploitation might require avoiding ant sensory,
mechanical, and biochemical antifungal defenses, whether or not the fungus had
an initially neutral effect on ant colony fitness. This would place a camp-following
fungus in the same ecological guild as the many arthropod commensals that have
successfully overcome the same obstacles to facultatively or obligately inhabit the
protecied and ecologically predictable microenvironments provided by ant nests
(Schultz and McGlynn 2000). Obviously, by evolving ant-attractant properties, a
fungus dispersed by ants via infrabuccal pellets would already possess a number of
requisite preadaptations for moving into the nest environment and, eventually,
becoming domesticated. A single observation of an extant (hence, obligately fungi-
vorous) attine nest is at least consistent with one feature of this camp-follower sce-
nario, that of continuity between adjacent litter-inhabiting and ant-associated fungal
individuals: A veiled pterulaceous garden of a litter-nesting Apterostigma colony
was observed connected to an extensive mycelial mat occupying the leaf litter be-
yond the nest (Mueller 2002).

Agricultural Evolution: Domestication

Archaeologists have dated domestication events by studying the remains of ancient
human-associated plants and animals and identifying morphological traits that are
clearly modified relative to the corresponding traits in wild populations. In some cases,
the archaeological record preserves domestication sequences spanning thousands of
years. Examples of sequential modifications include increasing seed size and decreas-
ing seed coat thickness in a variety of domesticates, and increasingly apical position
of seeds on stalks, reduced stalk branching, and seed indehiscence in domesticated
grains and maize. If domestication is defined as the management of captive plants
and animals, regardless of whether those plants and animals are modified due to do-
mestication by humans, then the earliest detectable changes in the archaeological
record provide only minimum dates of origin. In other words, the historical origin of
a particular human-domesticate symbiosis is necessarily older than the earliest de-
tectable morphological markers encountered in the archaeological record.
Modifications in domesticates are the result of selective forces exerted by hu-
mans, both unconsciously (especially during the earlier stages of association) and
intentionally (especially during the later stages). This human-mediated selection is
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commonly referred to as “artificial selection” in order to distinguish it from “natu-
ral selection.” Three features of attine fungiculture provide opportunities for the
operation of the ant analogue of artificial selection (Mueller 2002). The first is garden
founding. Foundress queens depart from their parent nests carrying pellets of gar-
den mycelium that serve as the starting seeds for their new gardens (Weber 1972;
Mueller 2002). If genetic variants coexist in the mycelium of the parent garden (e.g.,
due to somatic mutation), and if foundress queens discriminate between variants
when incorporating mycelium into their infrabuccal pockets, then they exert selec-
tion on the domesticate population. The second feature is garden propagation.
Garden-tending workers select hyphae of growing mycelium from healthy parts of
the garden and plant them on newly added substrate (Weber 1972). Again, if do-
mesticate variants coexist in attine gardens, and if workers preferentially propa-
gate one of these variants while ignoring others, then garden-tending workers exert
selection on the domesticate population. The third feature is garden reacquisition.
Although attine fungi are usually transmitted clonally from parent to daughter nests,
genetic evidence indicates that new garden strains are acquired occasionally from
the wild and from the gardens of other ants (Mueller et al. 1998; Adams et al. 2000).
If foragers are able to distinguish between candidate strains, then they can choose
which strains to import into the nest and thus exert selection on the extended fun-
gal population.

In support of the ant-imposed artificial selection hypothesis, Mueller et al. (2004)
recently documented that the lower attine ant Cyphomyrmex muelleri has an acute
ability to discriminate between domesticate strains. When presented with a range
of domesticate choices, workers of C. muelleri invariably preferred their native
garden domesticate, discriminating against even very close relatives of the native
domesticate. A similar ability to differentiate between closely related cultivar strains
has been described in leaf-cutting Acromyrmex species by Bot et al. (2001) and Viana
et al. (2001). These observations suggest that attine ants may impose artificial se-
lection against unwanted, presumably inferior domesticates or, alternatively, selec-
tively favor desirable domesticate types that are more nutritious, more resistant to
disease, easier to cultivate, or otherwise beneficial. It remains to be determined,
however, whether attine ants have the ability to detect and artificially select for ant-
benefiting traits in domesticate genotypes or, alternatively, whether naturally aris-
ing domesticate mutants spread to fixation in a garden due to competitive superiority
over other strains independent of ant-subculturing biases.

Under the assumption that selection regimes on domesticates differ between
human-mediated and wild-type environments, fixation of desirable traits in domes-
ticates (favorable gene combinations and mutations) requires reduced gene flow
between domesticate populations and their ancestral free-living populations. In the
absence of such a reduction, genetic variants favorable for domestication can only
become fixed in the domesticate population if selection within the symbiosis is
adequately strong and/or gene flow between domesticate and free-living popula-
tions is asymmetrical, such that gene flow from the symbiosis into the free-living
population adequately outweighs the reverse gene flow, and genes favorable for
life within the symbiosis introgress into the population as a whole and are reimported
into the symbiosis in subsequent domestication events.
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Barriers to gene flow between domesticated and wild populations, both inten-
tional and incidental, have obviously played an important role in the histories of a
significant number of human domesticates. These barriers have included the isola-
tion of domesticates in discrete garden plots and livestock pens, asexual propaga-
tion (e.g., with cuttings and tubers), the domestication of self-fertilizing plants (e.g.,
barley, wheat, oats, rice, and sorghum), and the domestication of reproductively
isolated polyploid and translocation races (e.g., some potato strains). Domesticated
Mesoamerican beans (Phaseolus vulgaris), for example, appear to have arisen from
a single small population; a second, separate domestication occurred in the south-
ern Andes (Gepts et al. 1986; Gepts and Debouck 1991). Barriers to gene flow also
have included the human dispersal of domesticates to areas well outside of their
natural ranges, including cross-continental dispersal (e.g., North American and
European strains of potatoes and tomatoes are descended from only a few individ-
uals; Rick 1976; Quiros 2003). While under domestication by ants, attine fungi have
been similarly isolated from wild populations; however, genetic evidence indicates
that these periods of isolation through clonal propagation have been relatively brief
when measured on evolutionary time scales (Mueller et al. 1998; Rehner et al.,
unpublished data). Judging by the distribution of the Attini, it is also likely that,
while under domestication, attine fungi have been carried into regions relatively
inhospitable to leucocoprineaceous fungi, including deserts and seasonally dry
habitats, and it is possible, though by no means proven, that such habitats, removed
from natural free-living populations, have served as crucibles for the morphologi-
cal modifications encountered in some of the attine domesticates (Fowler 1982).

Alternatively, the histories of many human domesticates suggest that barriers to
gene flow may have been relatively permeable and that modifications of domesti-
cates nonetheless occurred due to strong, human-mediated selection. In a prolonged
domestication process that may have lasted for hundreds of years, maize (Zea mays
ssp. mays) arose, probably in southern Mexico, from Zea mays ssp. parviglumis
(Wang et al. 1999; Matsuoka et al. 2002). In spite of its extreme morphological
modifications, domesticated maize retains the majority of the variability present in
its progenitor subspecies, as well as variability acquired through subsequent intro-
gression from another free-living subspecies, Zea mays ssp. mexicana (Eyre-Walker
et al. 1998; Matsuoka et al. 2002; Vigouroux et al. 2002). Similar genetic variabil-
ity due to persistent outbreeding with wild populations has been demonstrated for
rice (Morishima and Oka 1979; Second 1982), barley (Brown and Munday 1982),
dogs (Vila et al. 1997, 1999; Leonard et al. 2002), horses (Vila et al. 2001), and
potatoes (discussed below). So common is this pattern of genetic continuity between
human domesticates and free-living (“weed”) populations that interactive crop-
companion weed reciprocal evolution has been hypothesized as the prevailing norm
in human agriculture (Harlan 1965; Wilson 1990), and such reciprocal systems have
been demonstrated for pairs of domesticated and free-living populations in Cucurbita
(Wilson 1989, 1990) and Chenopodium (Wilson 1981, 1990).

A relatively unexplored area of inquiry is modifications of humans due to selec-
tion pressures exerted by their domesticates and serving the domesticates’ evolu-
tionary interests. Whether they serve the evolutionary interests of the domesticates,
however, domesticate-related modifications of humans are well documented and



Reciprocal lllumination 167

include the varying frequencies, in some human populations relative to others, of
such traits as lactose intolerance, wheat allergies, resistance to livestock-borne dis-
eases, susceptibility to morning sickness as a function of diet, and ability to detect
and/or tolerate a variety of toxic plant secondary compounds (Johns 1990; Jackson
1991; Haig 1993; Diamond 1997). Aside from such population-level genetic adap-
tations, humans as a species have remained genetically unmodified by their asso-
ciations with domesticated plants and animals. This paucity of genetic change in
humans contrasts sharply with the major changes that have occurred in their do-
mesticates and tends to support the widely held, rather common-sense view that
human plant and animal husbandry are symbioses of asymmetrical control, in which
one symbiont, humans, has effectively enslaved the other symbionts and adapted
them to human needs (discussed in detail below).

Unlike humans, attine ants are extensively modified for their agricultural sym-
biosis, and all such modifications are obviously the result of genetic (rather than
cultural) evolution. Known modifications are largely behavioral and include the
detection and removal (“weeding”) of Escovopsis and other garden parasites (Currie
2001a,b); the cultivation of antibiotic-producing actinomycete bacteria on their
exoskeletons (Currie et al. 1999b, 2003b); specialized foraging behaviors to select
substrates suitable for their garden fungi; the transport of cultivar by virgin queens
from parent to daughter nests (von Ihering 1898; Huber 1905a,b); the weaving of
aerial hyphae by Pterulaceae-cultivating Apterostigma species into the protective
tentlike veils that surround their gardens; and, in Atta, the division of workers into
ethological and morphological castes specialized for garden tending, foraging, and
refuse disposal. In addition, there are a series of suspected, but so far unstudied,
nonbehavioral modifications that include physiological adaptations for fungivory;
biochemical adaptations that enable attine ant species to specialize on narrowly
defined domesticate groups; sensory adaptations for distinguishing between sym-
biont strains and between suitable and unsuitable fungi (e.g., parasitic fungi like
Escovopsis); sensory adaptations for evaluating the health or growth rate of the
garden in order to adjust foraging or weeding activities (Ridley et al. 1996; Currie
and Stuart 2001); and, in the yeast-cultivating Cyphomyrmex species, the induc-
tion of the yeast morph in their garden fungi.

In contrast to the many adaptations present in the attine ants, modifications asso-
ciated with domestication in the attine fungi are surprisingly difficult to document.
One clear example is gongylidia (fig. 7.9), which serve as food for higher attine ants
and which are so distinctive that the vegetative dikaryotic hyphae of the leaf-cutter
fungus was described by Kreisel (1972) as a separate species, Attamyces bromatificus.
When higher attine fungi are cultured in the laboratory in the absence of ants, the
production of gongylidia frequently declines over time and may cease altogether,
suggesting that gongylidia production is in some way linked to life with attine ants.
Whether gongylidia are induced by specific nutritional or environmental conditions
present within the symbiosis or whether they are the product of continuous positive
selection by the ants during garden propagation remains an open question. Stradling
(1978) considered the higher attine fungi to constitute a “rich and complete diet” for
leaf-cutter ants, and Bass and Cherrett (1995) found that gongylidia prolonged the
lives of Atta workers compared to an exclusively hyphal diet. Curiously, the scant
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data available suggest that, judged by crude protein, lipid, and carbohydrate propor-
tions, the nutritional content of both the hyphae and gongylidia of attine fungi (so far
analyzed only for the fungi of Atta colombica and Atta sexdens) are not obviously
modified relative to the nutritional content of free-living leucocoprineaceous fungi,
except that gongylidia appear to contain less protein and more lipids and carboydrates
than do hyphae (Mueller et al. 2001). It remains possible that the higher attine fungi
(or, indeed, all attine fungi) are modified in terms of (1) the production of particular
amino acids, lipids, and/or carbohydrates; (2) the production of trace nutrients (e.g.,
vitamins, minerals, or steroids); (3) the loss of toxins present in the ancestral forms;
(4) the production of ant-attractant allomones (Mueller et al. 2001); or (5) the seques-
tering of ant-produced colony-recognition hydrocarbons (Viana et al. 2001).

A second likely modification occurs in the Cyphomyrmex yeast fungi, cultivated
by a probably monophyletic subset of ant species within the Cyphomyrmex rimosus
group (Kempf 1966; Snelling and Longino 1992; Schultz and Meier 1995). Com-
pared to conspicuous attine mycelial gardens, yeast gardens (fig. 7.6) are so easily
overlooked that some early researchers concluded that Cyphomyrmex rimosus-group
ants did not practice fungiculture (Forel 1893; Emery 1895; Urich 1895). Once
discovered, yeast gardens proved so unusual that these domesticates are among the
few attine fungi to have been specifically assigned a formal taxonomic name (Tyri-
diomyces formicarium; Wheeler 1907). Yeast gardens consist of small, irregularly
shaped nodules about 0.5 mm in diameter that are composed of a fungus growing
in the yeast phase (i.e., as separate, single cells; fig. 7.6) rather than in the typical
mycelial phase, in which cells are connected in linear filaments (fig. 7.4). Ants
nourish yeast gardens with insect frass and nectar collected while foraging. Nectar
is transported to the nest in the crops of workers and regurgitated directly onto the
garden; it is also shared with nestmates via trophallaxis (i.e., regurgitative feeding;
Murakami and Higashi 1997).

Yeast-phase growth in the order Agaricales is entirely unexpected. Outside of
the attine fungi, yeast morphology is known among the Basidiomycota (basidium-
forming fungi, including the true mushrooms) only in two distantly related orders:
the Tremellales (the jelly fungi), the basal lineage of the hymenomycetes (the true
mushrooms), and the even more distantly related Ustilaginales (smut fungi) (Fell
et al. 2001). In these two groups, the yeast phase occurs only in the uninucleate
haploid state, whereas the attine Cyphomyrmex yeasts appear to be dikaryotic. The
attine yeasts were derived independently of these other yeast groups. Although yeast-
phase growth has a genetic basis, it appears to be induced in mycelium by the
presence of Cyphomyrmex ants. This hypothesis is supported by four facts: (1) a
free-living fruiting body of a feral yeast domesticate has been collected, produced
by typical mycelial growth on leaf litter (fig. 7.5; Mueller et al. 1998); (2) phyloge-
netic analyses reconstruct the attine yeast fungi as a derived, monophyletic group
nested within the leucocoprineaceous “clade 1” subclade of the lower attine fungi
(fig. 7.1; Mueller et al. 1998); (3) the mycelial morph is also present in gardens,
growing on the integuments of ant larvae (Schultz and Meier 1995); and (4) in
culture, the yeast morph eventually reverts to mycelial growth (Mueller et al. 1998).

Because the attine yeast fungi all belong to a compact monophyletic group within
the lower attine fungi (fig. 7.1), it is possible that, for reasons unknown and unre-
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lated to ant fungiculture, they share a derived tendency to convert to yeast-phase
growth under certain conditions. Under this hypothesis, the ants take advantage of
this preexisting tendency to induce the yeast morph (perhaps by unusual gardening
behaviors), and the lower attine yeast fungi are not necessarily modified for life
with ants. The data, however, favor an alternative hypothesis. The independent origin
of the attine yeasts, the complete absence of the yeast phase in other Homobasidio-
mycetidae (mushroom fungi), and the tight association of the yeast fungi with a
probably monophyletic group of Cyphomyrmex species (Schultz 1995) all suggest
that yeast growth is a derived modification for life with Cyphomyrmex ants. The
adaptive function of the yeast morph is unknown, but at least two explanations are
plausible. First, yeast nodules are easily transportable, allowing for a seminomadic
existence and/or rapid escape from predators like army ants (LaPolla et al. 2002)
and Megalomyrmex “agropredators” (Adams et al, 2000). Second, yeast gardens
may be less susceptible to Escovopsis infection. So far, Escovopsis has not been
isolated from yeast gardens (Currie, unpublished data), but this remains a largely
uninvestigated question. It is interesting to note that dimorphic ascomycetes in sev-
eral distinct clades have yeastlike growth phases in association with insects such as
ambrosia and bark beetles. The derived yeastlike state occurs in mycangia, and
hyphal conversion occurs in the beetle galleries.

Agricuitural Pathogens

Human-domesticated plants and animals are infected by a range of pathogens, in-
cluding fungi, bacteria, viruses, arthropods, and nematodes (Maloy 1993; Agrios
1997). Pathogens have devastated human agricultural societies throughout recorded
history. Agricultural diseases are listed in the Old Testament, along with human
diseases and war, as one of the great scourges of mankind. The study of crop dis-
eases dates back to the Greek philosopher Theophrastus (c. 370-286 Bc). More
recently, the Irish potato famine of the 1840s, caused by the late blight of potato
agent (Phytophthora infestans), resulted in the deaths of more than 2 million people
(Lang 2001). This disaster demonstrates the potential of agricultural diseases to
devastate human populations.

The gardens of attine ants are also devastated by pathogens. Although other
garden pathogens and pests probably await discovery, the only currently known
attine garden disease is caused by microfungi in the genus Escovopsis (Ascomycota:
Hypocreales) (Currie et al. 1999a, 2003a; Currie 2001a), necrotrophic parasites that
grow in contact with and extract nutrients from the attine fungal domesticates
(Reynolds and Currie, in press). Escovopsis infections of fungus gardens are typi-
cally chronic, resulting in significantly decreased rates of garden growth and sub-
stantially depressed rates of worker production (Currie 2001b). Less typically,
Escovopsis can rapidly overwhelm gardens, completely overgrowing them and lead-
ing ants to abandon the infected gardens, sometimes resulting in colony death (Currie
et al. 1999a; Currie 2001a). Escovopsis is specialized on the attine symbiosis and
has been found only in the nest habitats of both leucocoprineaceous and pterulaceous
fungus-growing ants (Currie et al. 1999a; Bot et al. 2001; Currie 2001a,b). Molecular
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phylogenetic analyses indicate that Escovopsis was an early participant in the attine
ant-microbe symbiosis and that it shares a long history of coevolution with the ants
and their fungal domesticates (both leucocoprineaceous and pterulaceous; Currie
et al. 2003a). Thus, like human agriculture, ant agriculture has a long history of
crop disease.

Agricultural Pathogens: Disease Susceptibility and Control

In both human and ant agriculture, domesticates face increased susceptibility to
disease for two reasons. First, cultivation involves growing domesticated organ-
isms at greater population densities than those of their free-living counterparts.
Higher densities facilitate the spread of pathogens between individuals, contribut-
ing to the evolution of increased virulence in the pathogens (Anderson and May
1981, 1982; Ewald 1994). Second, artificial selection, inbreeding, and clonal propa-
gation limit the genetic diversity of agricultural crops compared to their free-living
counterparts, and genetic diversity is believed to facilitate the evolution of resis-
tance to pathogens (Jaenike 1978; Hamilton 1980).

The success of agriculture depends on the control of domesticate pathogens.
Human agriculture employs dozens of methods to prevent and suppress pathogens.
These methods can be assigned to four general categories: exclusion, eradication,
protection, and immunization (resistance) (Whetzel 1929; Maloy 1993; Agrios
1997). Exclusion prevents pathogens from entering and establishing themselves in
a new area and is typically achieved in human agriculture through quarantines and
embargoes. Eradication is accomplished by the removal, elimination, or destruc-
tion of pathogens from areas or individuals. Protection requires the separation of
infected from uninfected individuals to prevent the spread of pathogens; it is pri-
marily achieved by manipulating the environment, applying protectants, or erect-
ing barriers. Immunization (resistance) uses breeding, medication, vaccination, and
nutrition management to modify the domesticates or their growth conditions to make
them less susceptible to or more tolerant of pathogens.

Although a full comparison of agricultural disease-control methods used by
humans and attine ants is beyond the scope of this review, it is worth considering
how the four mechanisms of crop defense in human agriculture parallel those in
ant agriculture. First, attine ants practice exclusion by preventing inoculum of po-
tential pathogens from coming into contact with the garden. This is achieved by
cleaning nest surfaces and new substrate before it is added to the garden (Stahel
and Geijskes 1939; Autuori 1941; Quinlan and Cherrett 1977, 1979) and by ex-
cluding the refuse-tending worker caste from physical contact with the fungus gar-
den and with garden-tending castes (Hart and Ratnieks 2002). Second, ants practice
eradication by removing pathogen inoculum that comes into contact with the gar-
den before infection can be established. This is primarily accomplished through a
behavior called fungus grooming, in which workers use their mouthparts to sepa-
rate pathogen inoculum from domesticate mycelium (Currie and Stuart 2001). Attine
ants also weed out and discard infected garden material (Currie and Stuart 2001).
Attine research has so far neglected the category of protection, but relevant fea-
tures of attine agriculture include: (1) the allocation of colony resources to the pro-
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duction of worker castes dedicated to monitoring gardens and detecting infections;
(2) the architectural separation, in the nests of some attine species, of multiple fun-
gus gardens into different chambers, which may prevent infections present in one
garden chamber from spreading to other, uninfected fungus gardens; and (3) the
permanent quarantine of gardens with advanced Escovopsis outbreaks by sealing
them off with soil plugs (Currie and Mueller, pers. obs.). The final category of human
agricultural disease control is immunization (resistance), and at least one resistance
defense mechanism has been established in attine ant agriculture: the use of antibi-
otics produced by mutualistic filamentous bacteria (Actinomycetes) in the family
Pseudonocardiaceae (Currie et al. 1999b, 2003b). Antibiotic compounds are also
produced by the ants (Bot et al. 2002) and by the fungal domesticates (Nair and
Hervey 1978; Hervey and Nair 1979; Angeli-Papa 1984; Kermarrec et al. 1986;
Wang et al. 1999), although the role of the domesticates in disease control remains
poorly understood. Resistance is a promising area of future research on the attine
agricultural symbiosis, particularly with respect to the selection and spread of do-
mesticate strains that are resistant to Escovopsis infection, including, possibly, the
Cyphomyrmex yeast domesticates mentioned above.

Agricultural Pathogens: Origins

The pathogens that infect human domesticates are typically, but not always, closely
related to the pathogens that infect free-living populations of the same or closely
related species. Some of these domesticate diseases may have originated subsequent
to domestication and then switched hosts from nondomesticated to domesticated
plants and animals, whereas other diseases may already have been established be-
fore domestication and may have been introduced into human agricultural systems
at the same time as, or shortly after, the domestication event. Recent molecular
phylogenetic analyses of Escovopsis indicate the same pattern in attine agriculture.
The sister group to Escovopsis is the ascomycete family Hypocreaceae (Currie et al.
2003a,b), which includes a large number of fungi that are pathogens of free-living
mushrooms. Thus, it is likely that the ancestor of Escovopsis was an established
pathogen of the ancestral attine domesticate and that it invaded the attine agricul-
tural symbiosis at the time of its origin.

Alternatively, and perhaps less likely, because the Hypocreales also includes
fungi that are parasites of insects, and because some hypocrealean pathogens can
even facultatively switch between fungal and arthropod hosts, the ancestor of Esco-
vopsis may have been a parasite of attine ants that switched to the fungal domes-
ticates after fungus-growing behavior arose. Under this scenario, Escovopsis is
analogous to the many diseases that humans have acquired from their domesti-
cated animals, including measles, tuberculosis, smallpox, influenza, pertussis, and
malaria (Diamond 1997, 1998).

Agricultural Pathogens: Conclusions

Because the study of natural ecosystems holds great promise for improving both
human agriculture (Denison et al. 2003) and medicine (Williams and Nesse 1991),
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a better understanding of attine disease ecology may generate new ideas for con-
trolling pathogens of human domesticates and perhaps even for controlling the
agents of human disease. Attine ants have been using antibiotics derived from
mutualistic actinomycete bacteria to suppress Escovopsis for millions of years
(Currie et al. 1999b, 2003a,b). In addition, attine ants use antibiotics derived from
their metapleural and mandibular glands (Bot et al. 2001), and some attine fungal
domesticates also produce defensive antibiotics (Nair and Hervey 1978; Hervey
and Nair 1979; Wang et al. 1999). Given the long history of this strategy, it is sur-
prising, judging by our short human experience with antibiotics (approximately
60 years) and with agricultural pesticides (approximately 140 years), that Escovopsis
has not yet evolved a generalized resistance to the actinomycete or other attine
antibiotics. The most likely explanation for the continuing effectiveness of anti-
Escovopsis antibiotics is that Escovopsis may be continually coevolving new resis-
tance to particular actinomycete and other attine antibiotics, which are likewise
evolving. Under this scenario, attine disease control may have proceeded as an
ancient coevolutionary arms race, in which the actinomycete, ant, and domesti-
cated fungal lineages continually evolve new antibiotics, and in which associ-
ated Escovopsis lineages continually evolve new forms of resistance to those
antibiotics. Future research must characterize the antibiotic chemical or chemicals
produced by the actinomycetes, ants, and fungi as well as their physiological ef-
fects on Escovopsis. Future research should also characterize the selection pres-
sures, if any, on the actinomycete symbiont that affect antibiotic evolution.

Attine agricultural disease management incorporates a number of effective fea-
tures, some of which may be applicable to human agriculture and medicine. First,
lower attine domesticates are genetically linked to free-living fungal populations;
attine fungi thus retain a large pool of genetic variability that likely serves as a source
of pathogen-resistant strains (as well as a source of strains with other desirable fea-
tures). Second, attine ants use antibiotics produced by evolving populations of bac-
teria. Again, the genetic variability in these populations probably serves as a source
of new antibiotic variants and facilitates rapid response to newly evolved pathogen
strains. Third, attine ants police their gardens intensively. Worker castes solely
dedicated to gardening constantly patrol gardens, rapidly weeding out and discard-
ing infected mycelium. It is interesting that the leaf-cutting higher attines, which
cultivate domesticates that may be inbred and thus less resistant to new pathogen
strains, possess physical gardening worker castes of minute ants that appear to be
present in greater numbers than the gardening castes of the lower attines and that
may generally be better at garden sanitation than are the morphologically unspecial-
ized castes of the lower attines.

The Issue of Control: Enslavement of Domesticates
by Agriculturalists versus Manipulation
of Agriculturalists by Domesticates

Agricultural evolution—human or ant—is traditionally interpreted from the per-
spective of the agriculturalist, who appears to act with active intent, rather than from
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the perspective of the domesticate, which appears to be behaviorally inert and sessile
in the case of plants and fungi. Thus, research programs have historically focused
on such issues as how the quality of life has improved or worsened for the agricul-
turalist after the transition from hunting-gathering to agriculture, how the agricul-
turalist has imposed artificial selection and prevented domesticate escape, or what
specific evolutionary modifications have arisen in the domesticate to better serve
the agriculturalist (e.g., Sauer 1952; Flannery 1973; MacNeish 1991; Cowan and
Watson 1992; Harlan 1992; Diamond 1997; Smith 1998a). These research ques-
tions take a one-sided perspective, that of the agriculturalist, and ignore the evolu-
tionary interests of and leverages exerted by the proto-domesticate during the origin
and subsequent evolution of the domesticate—agriculturalist association. This bi-
ased perspective seems to be intuitively justified because the agriculturalists ap-
pear to be in total control: Agriculturalists seem to manipulate critical life-history
stages of the domesticate (e.g., timing of growth and reproduction); they dictate
the fitnesses of different domesticate types (e.g., through artificial selection, whether
intentional or incidental); and they can terminate an existing association either by
switching from one domesticate to another or, in the case of humans, even aban-
don agriculture entirely and return to hunting and gathering. At first glance, then,
agriculturalists—humans or ants—seem to direct the fates of domesticates, suggest-
ing that the domesticates are completely enslaved.

An alternative perspective holds that domesticates have partial or even complete
control over their evolutionary fates, if not in the present then at least at the origin
of domesticate—agriculturalist associations, and that the proto-domesticates were
initially acted upon by natural selection in ways that favored increased participa-
tion in symbioses with proto-agriculturalists who had yet to evolve the ability to
dictate or direct the evolutionary fates of their domesticates (Rindos 1984). Under
this perspective, domesticates do not become enslaved, if ever, until the later stages
of a coevolutionary process. Precisely when in that process the transition from
domesticate participation (complete control) to domesticate enslavement (reduced
control) occurs is difficult to discern.

Taking an extremist domesticate-control perspective, one can even postulate
that, before the origin of domestication, (1) the proto-domesticates exploited the
proto-agriculturalists for their own reproductive purposes; (2) natural selection
favored proto-domesticates that associated with proto-agriculturalists in symbi-
otic relationships that may have decreased the agriculturalists’ fitness relative to
a domesticate-free (hunting-gathering) strategy; and (3) domesticates ultimately
ensnared agriculturalists in relationships that the agriculturalists found difficult to
terminate. This radical view of agricultural evolution naturally conflicts with our
intuition (and delusion?) that we humans were and are in charge of our past and
present agricultural decisions. In contrast to this intuitive agriculturalist-control
perspective of human agriculture, a domesticate-control perspective underlies the
infrabuccal-pellet dispersal hypothesis proposed for the origin of attine ant fungi-
culture (Mueller et al. 2001).

Which of these alternative perspectives - the traditional agriculturalist-control
perspective, the domesticate-control perspective, or a perspective that recognizes an
intermediate tug-of-war-like coevolutionary interplay (Reeve et al. in press)—is
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the appropriate one depends on the extent to which each participant held control over
its evolutionary fate during the initial formation of the domesticate—agriculturalist
interaction (evolutionary origin) and retained this control during subsequent evo-
lution to a more derived agricultural state (subsequent evolutionary modification).
A thorough comparison of agricultural evolution in humans and ants therefore must
consider both origin and subsequent evolution, first comparing human and ant
preagricultural states and, in a separate, second analysis, comparing the derived
human and ant agricultural systems that arose from those antecedent states.

The term “control” subsumes a set of factors, all of which help empower a sym-
biotic partner to elude the domination and exploitation of a coevolving partner. These
factors include a partner’s ability to (1) facultatively leave or escape from a sym-
biosis to lead an independent existence; (2) facultatively switch between partner
species; (3) choose between genetic variants of the other partner (and thus influence
or even dictate selective processes operating on the other partner); and (4) manipu-
late behavior or life-history parameters (e.g., growth and reproduction) of the other
partner to modify it for the manipulator’s benefit, sometimes even to the detriment
of the manipulated partner. A partner that scores high in all these abilities is least
likely to be exploited by the other partner, whereas a partner that scores low in all
of these abilities is more likely to be exploited and enslaved (i.e., domesticated).
Humans undoubtedly score high in the listed abilities in their recent agricultural
systems, but, for understanding agricultural origins, it is necessary both to assess
these abilities in the preagricultural states and to consider the perspectives of both
the proto-agriculturalist and the proto-domesticate.

Domesticate control is easier to assess for the preagricultural coevolutionary
interactions between the attine ants and their fungi than it is for human preagricultural
interactions. For example, as discussed above, leucocoprineaceous fungi may use
ants for dispersal via infrabuccal pellets, and they may have done so for millions
of years preceding the origin of attine agriculture. Once dependent on vectoring
by ants, such fungi may have evolved the ability to manipulate ant behavior by
presenting ants with food rewards, a process convergent with the evolution of
similar ant-reward structures (elaiosomes) that have originated many times in
plants (Serenander 1906; Handel et al. 1981; Beattie 1985; Handel and Beattie
1990a,b). If so, then the fungi would have evolved to track the nutritional require-
ments and sensory preferences of the ant proto-agriculturalists before the advent
of fungiculture, and the ants would have been engaged as reactive participants
(passive respondents) in a coevolutionary process dictated by the evolutionarily
“proactive” fungi.

Did such a stage, in which “reactive” humans coevolved with “proactive” plants,
exist before the advent of human agriculture 10,000 years ago? It is possible, although
this process is unlikely to have left any archaeological evidence that could conclu-
sively document such a stage. As discussed previously in this chapter, ancestral hu-
mans probably dispersed plants in a number of ways, including as seeds (e.g., seeds
that remained viable after passing through the human gut), as cuttings that were acci-
dentally discarded at human campsites, or even as living stakes that were thrust into
the ground during the building of fences, shelters, and other structures (Flannery 1973;
Bye 1981; Rindos 1984; Harlan 1992; Diamond 1997; Smith 1998a). The associa-
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tions between human-dispersed plants and humans are analogous to the association
between infrabuccally dispersed fungi and ants, and it is such incidental associations
that are expected to provide the raw material for further evolution. This further evo-
lution includes derived agricultural behavioral repertoires that enhance the interac-
tion for the benefit of the agriculturalist and that may eventually lead to intentional,
planned domestications of the same or of other species.

Learning through trial, error, observation, and imitation no doubt played a major
role in the development of the agricultural behavioral repertoires of humans, whereas
the behavioral repertoires of ants were gradually modified through the prolonged
interaction of mutation and selection—the evolutionary analogs of trial and error.
This distinction between learning versus mutation-induced behavioral change is
critical because learning can greatly accelerate adaptive modification in a species.
Through learning, human agriculturalists rapidly modified the behavioral repertoires
they used in their coevolutionary interactions with plants. Thus, in the case of a
change in the human—domesticate relationship that benefited the human at the ex-
pense of the domesticate, the rapid pace of human behavioral change could pre-
clude a corresponding evolutionary response in the domesticate. Through learned
behaviors humans could prevent the facultative escape of a domesticate or prevent
a domesticate from evolving toxicity or some other defense against human control.
This rapid response on the part of humans leads to the rapid loss of control on the
part of the domesticate and results in eventual enslavement (see criteria for control
above). Learning thus enabled humans to take the role of the proactive partner during
preagricultural and agricultural evolution and relegated the domesticate to the role
of reactive partner. We can only speculate about the sophisticated agricultural
systems the attine ants might have achieved during their 50 million years of evolu-
tion if ants were capable of human-scale learning and transmission of cultural
information.

We suspect that most readers will resist our suggestion that human agricultural-
ists were once under the partial control of their proto-domesticates during the early
evolutionary process that ultimately led to human agriculture. Human intuition
suggests that we are not under the control of the cabbages and tomatoes that we
plant in our backyards, that cabbages cannot facultatively escape from our gardens
and from their inevitable destinies of death in our kitchens, and that cabbages have
not enslaved us to labor on their evolutionary behalf. Human intuition can be mis-
leading, however. We know, for example, that human symbionts can sometimes
induce profound behavioral changes in humans that benefit the symbiont. The rabies
virus induces drastic aggressive behavior to facilitate its spread to new potential
hosts, and coca plants induce in humans a physical addiction and a craving for more
coca, which requires the cultivation of more coca plants. Though seemingly far-
fetched and in conflict with our intuitions, we cannot at this point rule out similar
manipulations during the preagricultural evolution of humans, a stage when humans
began to assemble the behavioral repertoires that ultimately led to agricultural sys-
tems guided by human planning and intentional experimentation.

A properly unbiased evolutionary analysis of human agriculture (conducted,
for example, by a Martian evolutionary biologist), neither anthropocentric nor
domesticate-centric, needs to address what the separate, selective advantages were
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to both humans and their domesticates during the long preagricultural process that
eventually led to more derived agricultural systems. Many recent domesticates were
clearly imported into the human agricultural symbiosis in a process of instantaneous
enslavement guided by human foresight (e.g., grocery-store “button mushrooms”
and cherry trees). The domestication of other organisms, however, including those
that were domesticated earliest, was preceded by a long coevolutionary process,
the dynamics and outcomes of which may well have been determined by an inter-
play of control exerted by the proto-domesticates and the proto-agriculturalists. It
is during this ancient time period, perhaps 50,000-100,000 years ago and occur-
ring well before the recognized origin of true agriculture 10,000 years ago, that the
incipient states of human-domesticate coevolutionary associations may be most di-
rectly comparable to the coevolutionary ant—fungus associations that led to attine
agriculture.

The Issue of Control: Conclusions

Did ants domesticate fungi or did fungi domesticate ants? We have already explained
why, before the origin of attine agriculture, the fitness of nondomesticated leuco-
coprineaceous fungi may have been increased through a symbiotic association in
which the fungi used ants as dispersal agents. Once this association evolved into an
agricultural symbiosis, the attine fungi could have retained some measure of con-
trol, manipulating the relationship in their continuing self-interests. As already
pointed out, compared to free-living fungi, attine-cultivated Leucocoprineae are
better dispersed and distributed, better protected from parasites and pathogens, and
possibly better represented in terms of sheer abundance due to the husbanding ac-
tivities of their ant hosts. With the possible exception of the higher attine fungi, the
attine domesticates retain the ability to leave the symbiosis and to become feral.
The same cannot be said for the ants, which are highly modified for and obligately
dependent on fungiculture, and which are generally faithful to particular domesti-
cate clades (although not to single domesticate genotypes). This asymmetry in terms
of commitment to and modification for the symbiosis might superficially seem to
support the notion that the fungi retain more control than do the ants.

A few studies provide weak evidence that attine fungi may exert some measure
of control over their ant hosts. Bot et al. (2001) described incompatibility interac-
tions within experimentally created ant-fungus associations involving two sympa-
tric Acrontyrmex leaf-cutter ant species and their fungal symbionts. The degree to
which ants from a particular colony were motivated to remove and destroy an un-
familiar domesticate strain (ant—fungus incompatibility) was uncorrelated with the
ant species from which the strain was taken but was correlated with the degree of
genetic difference between the unfamiliar strain and the ants’ resident domesticate
strain; this genetic difference precisely paralleled observed patterns of somatic in-
compatibility between fungi, characterized by antagonistic interactions between
fungal strains. Significantly, ant—fungus incompatibility disappeared when the ants
were deprived of their resident domesticate and force-fed an unfamiliar domesti-
cate for at least several days; at that point, the new strain assumed the role of resident
strain with regard to ant—fungus incompatibility. Because the ants’ incompatibility
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with unfamiliar fungi was due to recognition cues produced by the resident fungus,
one interpretation of the results (not favored by Bot et al. 2001) is that the resident
fungus manipulates its ant hosts’ behavior as a means to guarantee its monopoly.
Alternatively, the ants may simply take advantage of the preexisting fungal incom-
patibility system to maintain fungal monocultures. In either case, the fungi have
retained the ability to interact antagonistically with other conspecific fungi, and Bot
et al. (2001) suggest that the fungal domesticates also may have retained the ability
to escape from a particular ant association and to move laterally to a new ant nest
(e.g., when their current ant hosts are threatened by disease or senescence).

Ridley et al. (1996) and North et al. (1997, 1999) suggested that the cultivated
fungus of the leaf-cutter Atta sexdens rubropilosa regulates the selection of plant
material by foragers by chemically signaling the ants regarding the suitability or
toxicity of substrates, and that it uses chemical manipulation to compel a colony of
ants to provide it with a healthy diet. Alternatively, the ants may be judging the
health of the garden and the suitability of the substrates via indirect cues, commu-
nicating these judgments to other ant nestmates and adjusting their behaviors ac-
cordingly. Obviously, the issue of fungus versus ant control in the attine agricultural
symbiosis is not resolved, but it remains a promising area for future research (Mueller
2002). One obvious line of inquiry is whether there is variability in the ability of
fungal domesticate strains to attract new ant hosts or to move in and replace resi-
dent domesticates, independent of the strains’ ant-beneficial traits.

Ant and Human Agriculture: Synthesis

Links between domesticated fungi and free-living populations are known for two
of the four attine agricultural systems (table 7.1), specifically, for the lower attine
and yeast domesticates (figs. 7.3, 7.5; Mueller et al. 1998; Vo and Mueller, unpub-
lished data). Links to free-living populations cannot be ruled out for the pterulaceous
Apterostigma domesticates (Munkacsi and McLaughlin 2001; Villesen et al. in
press). The remaining group, the higher attine fungi, represents a highly derived
clade descended from a lower-attine-like leucocoprineaceous ancestor. Like some
human domesticates, higher attine fungi appear to be inbred and possibly largely
self-fertilizing (Rehner, unpublished data), a feature that may preserve gene com-
binations optimal for the requirements of their ant hosts. Although higher attine
fungi are known to produce fruiting bodies, these mushrooms are known only within
garden chambers or on the external surfaces of nest mounds, physically connected
to and an extension of the garden mycelium (fig. 7.7; Méller 1893; Mueller 2002).
Because free-living higher attine mushrooms are unknown, it remains possible that
the higher attine fungi are not viable outside the symbiosis.

Attine ants may obtain carbohydrates and proteins from sources other than their
fungus gardens. Some authors have asserted that some of the most derived higher
attine cultivators, leaf-cutter ants in the genus Atta, obtain about 95% of their car-
bohydrates from foraging outside the nest (Littledyke and Cherrett 1976; Quinlan
and Cherrett 1979; Bass and Cherrett 1995). This figure, however, may be a gross
overestimate because it depends on largely uninvestigated assumptions about the
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total caloric requirements of the colony and about the proportion of that requirement
furnished by the cultivated fungus (Turner 1974), and it neglects the possible contri-
bution due to larva-worker anal trophallaxis (Schneider 2000). Foraging for nectar
and other sugary liquids and the redistribution of these resources by trophallaxis to
other adult nestmates (but not larvae) has been observed in the yeast-cultivating ant
Cyphomyrmex rimosus (Murakami and Higashi 1997) and in the leucocoprineaceous-
cultivating lower attine ants Myrmicocrypta ednaella (Murakami and Higashi 1997)
and Mycocepurus goeldii (Oliveira et al. 1995; Leal and Oliveira 2000). Some anec-
dotal evidence suggests that Apterostigma species may forage for sources of pro-
tein. For example, captive colonies of Apterostigma species have been maintained
with an ant diet prepared from a mixture of eggs, honey, vitamins, and agarose
(L. Alonso, pers. comm.); a forager of Apterostigma collare was observed carry-
ing a dead mosquito into its nest (Schultz, unpublished obs.); and a recent study of
nitrogen cycling in ants indicates that Apterostigma species are relatively high on
the food chain, with nitrogen isotope ratios more similar to those of predators than
to those of attine leaf-cutter ant species (Davidson et al. 2003).

Thus, judged on the human agriculture-based continuum, the Attini practice a
mixed food-acquisition strategy, exemplified in humans by the North American
Hopewell civilization (2100-1600 years ago), which combined sophisticated farm-
ing with hunting and fishing (Smith 2001a), and by early lowland Neotropical ag-
riculturalists (table 7.2), who combined agriculture with hunting and gathering
(Piperno and Pearsall 1998). There are two important differences between the ant
and human systems, however. First, nutritionally, attine ants are obligately depen-
dent on agriculture and facultatively dependent on foraging for food; whereas they
are obligately dependent on foraging for nutritional substrate for their fungi. Humans
have so far retained all nutritional options, including potential reversion to hunting
and gathering, and human agriculture is therefore facultative rather than obligate
as in the Attini. Agriculture is necessary, however, for the maintenance of current
human population levels. Second, in most Attini, foraging apparently provides an
additional source of carbohydrates, whereas in many human mixed-strategy sys-
tems with an agricultural component, such as the Hopewell example, foraging pro-
vides additional protein. Foraging for carbohydrate and cultivating protein may be
more common in human agriculture than is generally recognized, however (Bray
2000). Such a system of protein production is exemplified by the environmental
management strategy of the pre-Columbian savannah people of the Bolivian Ama-
zon, who, through the construction of earthworks forming large weirs and artificial
ponds, harvested fish on a massive scale (Erickson 2000).

Among the most ancient human domesticates, perhaps the closest analogues of
the attine fungi are the root crops such as potatoes, yams, arrowroot, taro, and man-
ioc, which, like the attine fungi, are clonally propagated. The simplicity of vege-
tative cultivation makes tubers ideal proto-domesticates, leading some authors to
argue that these and other root crops may be more ancient than seed crops such as
wheat, corn, maize, and barley (Sauer 1952; Johns 1990; Harlan 1992; Piperno and
Pearsall 1998; Bray 2000; Piperno et al. 2000; Lang 2001). For example, Austra-
lian aborigines regularly cut off and replant the stems and tops of gathered wild
yams (Gregory 1886, cited by Harlan 1992), and natives of the Ubangui-Chari region
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of equatorial Africa use some gathered yams immediately and plant the surplus near
their camps for future use (Chevalier 1936). Because tubers are propagated clonally,
artificial selection is also a straightforward process (Rindos 1984). “Strikingly su-
perior types can be found by screening large natural populations” and, once under
cultivation, “if clones are found that are better tasting, less poisonous, more poi-
sonous, more productive, etc., they can be propagated and cultivars are developed
immediately” (Harlan 1992, p. 131).

One root crop, the potato (Solanum spp.), has become the fourth most intensively
cultivated food crop in the world. Potatoes were first domesticated between 7,000
to 10,000 years ago in the Lake Titicaca basin of the central Andes, and this region
remains the center of potato genetic diversity (Hawkes 1990). Here farmers make
use of eight domesticated potato species, representing 2000 to 3000 known variet-
ies, in a stable, traditional system of subsistence agriculture that has persisted since
the origin of this human—plant association (Brush et al. 1981; Hawkes 1990; Lang
2001; Quiros 2003). Human management of this extended multi-species base, which
contains both free-living and domesticated populations, provides many striking
parallels with attine ant management of their associated leucocoprineaceous and
pterulaceous fungi.

Traditional Andean potato farmers propagate their crops clonally by replanting
tubers with desirable traits. This allows for the persistence, over many years, of
selected clonal lineages, and, paralleling the exchange of fungal strains between
ant nests (Mueller et al. 1998; Green et al. 2002), potato farmers share and distrib-
ute the most favorable domesticate strains via extensive intervillage “seed” (i.e.,
vegetative clone) networks. The particular beneficiaries of these networks are farm-
ers living in mostly lowland climates who must frequently replace their domesti-
cates, which, in those climates, are more prone to blight, aphid-borne viruses, and
other potato pathogens (Brush et al. 1981). It has likewise been suggested that par-
ticular strains of attine fungi may be adapted to particular ecological conditions
(Mueller et al. 1998; Green et al. 2002). Even though some subsistence farmers may
grow separate plots of commercially improved potato varieties as a cash crop, they
continue to grow the more genetically variable native varieties for subsistence be-
cause they taste better, they store better, and they remain viable year after year,
whereas the commercially improved varieties can only be clonally propagated for
1-3 years before they lose their vigor, possibly due to viral infections (Brush et al.
1981).

Paralleling the ability of both lower and higher attine ants to discriminate be-
tween fungal strains (Bot et al. 2001; Viana et al. 2001; Mueller et al. 2004), Andean
potato farmers recognize about 100 different phenotypic domesticates with color-
ful names like “cat’s nose” and “eyes of a jungle native” (Quiros 2003), but these
phenotypes may be produced by a variety of genotypes. Thus, native phenotype-
based classification and selection maintains genetic diversity (Brush et al. 1981;
Rindos 1984). Growing inside and around the periphery of Andean potato fields
are feral and wild potatoes, which interbreed with domesticates and produce vol-
unteer seedlings that also grow in or near the fields (Brush et al. 1981; Quiros 2003).
These are generally tolerated by farmers, and individuals with desirable properties
are occasionally recruited into domesticate pools (Brush et al. 1981). Free-living
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populations of lower attine fungal domesticates are likewise present in the vicinity
of attine nests and readily available for domestication (figs. 7.3, 7.5; Mueller et al.
1998; Vo and Mueller, unpublished data).

As noted by Rindos (1984), this diversity base allows potatoes to better respond
to the evolution of pathogens and pests, including a variety of viruses, bacteria, fungi,
nematodes, and insects. Brush et al. (1981) observed no organized strategies to
control pests and pathogens in the cultivated fields of Andean subsistence potato
farmers. In contrast, the most intensively cultivated potatoes in Europe and North
America are descended from a few individuals purchased in a market in Panama
after the Irish potato blight disaster of the 1840s (Quiros 2003). This genetically
monotonous domesticate lineage is highly susceptible to disease, including the Al
strain of the late blight disease (Phytophthora infestans, the cause of the Irish po-
tato famine) and the recently widespread A2 strain. The predominant disease-man-
agement strategy in intensive potato agricultural systems is a cycle of developing
new chemical fungicides, leading to selection on the pathogen for resistance against
the fungicides, leading to the development of another generation of fungicides, and
so on. An alternative strategy, developed by the International Potato Center (CIP),
relies on developing resistant strains of potatoes by drawing on the genetic diver-
sity of the potatoes of the Andean highlands. When the CIP developed a potato
variety incorporating a single, major gene with highly specific resistance against a
single, dominant pathogen strain, they found that, initially, the potato was immune
to the pathogen. The pathogen rapidly evolved to overcome that resistance, how-
ever, and became virulent. When the CIP developed a variety that incorporated
multiple, minor resistance genes, the potato was not entirely immune, but the patho-
gen persisted under less drastic selection that did not generate the rapid spread of
major resistance. This latter, preferred strategy, modeled on the traditional approach,
achieves a mutual coexistence in which hosts and pathogens coexist at levels that
are acceptable to farmers (Lang 2001).

This successful, long-term strategy of mutual pathogen-domesticate coexis-
tence in traditional human potato agriculture parallels the pattern found in attine
fungiculture. Attine fungi are clonally propagated from strains obtained both from
free-living sources and from the nests of other fungus-growing ants. Free-living
populations of Leucocoprineae are presumably genetically diverse. They may or
may not be targeted by Escovopsis pathogens (this is an entirely unstudied phe-
nomenon), but if they are, then they represent, like Andean feral and wild potatoes,
a diverse source of resistant domesticate strains. Like humans, ants may select new
domesticates based on various desirable traits; in any case, if Escovopsis is capable
of infecting free-living fungi (both leucocoprineaceous and pterulaceous) and if
Escovopsis is abundant, then the mere presence of a successfully growing myce-
lium or fruiting body (figs. 7.3, 7.5) within the foraging area of the nest is potential
proof of its ability to resist locally dominant pathogens. The modified higher attine
(figs. 7.7, 7.8) and yeast (figs. 7.5, 7.6) domesticates may represent the analogues
of our more highly domesticated potatoes; the putatively inbred higher attine do-
mesticates (Rehner et al. unpublished data) may even be analogous to the potato
varieties cultivated in North America and Europe, which are descended from only
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a few individuals but which retain sexual competency and are routinely crossed to
produce botanical seed and new varieties (C. Quiros, pers. comm.).

Andean subsistence potato agriculture appears to strike a balance between the
selection of desirable domesticate strains on the one hand and constant, low-level
outcrossing with feral and wild strains on the other. The decisive factor optimizing
this balance appears to be pathogen pressure. A similar set of forces may be at work
in the attine agricultural symbiosis. If so, then the insights gained from an exami-
nation of human potato agriculture may help explain the continuing existence of
genetically linked free-living and domesticated populations of lower attine fungi
(Mueller et al. 1998; Vo and Mueller, unpublished data) and the persistence of
occasional sexual recombination in the apparently inbred and self-fertilizing higher
attine fungi (Rehner et al., unpublished data).

Conclusion

There are clearly many differences between ant and human agriculture. Humans
are a single species perhaps 100,000 years old. Attine ants represent a clade of more
than 210 known extant species that is 50 million years old. Humans mostly domes-
ticate plants and animals. Attine ants domesticate fungi. Humans are omnivorous
and are facultative agriculturalists (i.e., they can choose to return to nonagricul-
tural hunting and gathering). The attine ants, at least at the colony level, are obli-
gate fungivores and obligate fungiculturalists, and they perish when deprived of
their fungus gardens. Perhaps most important, modern humans act with conscious
intent, and they can thus improve their agricultural systems quite rapidly through
learning. Ant behavior is largely genetically determined and evolves through the
much slower processes of mutation and selection. While the earliest stages of
human domestication probably involved unconscious, incidental associations with
plants and animals, these associations were later subjected to conscious planning
and experimentation. Certainly, learned behaviors and the cultural transmission of
information dominate the last 10,000 years of human agriculture and animal breed-
ing. Just as important, human agriculture is a single facet of larger societal systems
replete with social hierarchies, traditions, religions, and other factors that are not
clearly comparable to anything in ants. Although these features of humans have
proven to be an effective short-term evolutionary strategy, it remains to be seen
whether they will remain effective over as long a time period as the one character-
izing the success of attine ant agriculture.

In spite of these differences, many significant similarities remain between ant and
human agriculture. These similarities strongly suggest that both systems represent
convergent solutions to similar ecological problems, including the management of
coevolving agricultural pests and pathogens. If so, then many seemingly common-
sense notions about human agriculture deserve to be reexamined through a compari-
son with ant agriculture. Ultimately, both systems are biological and are thus subject
to the rules of natural selection. By comparing the parallel agricultural systems of
ants and humans, perhaps these rules may be brought more sharply into focus.



182 Fungi Mutualistic with Insects

Acknowledgments We are particularly grateful to R. Ford Denison, Dolores Piperno, Bruce
Smith, and Melinda Zeder for stimulating discussions and feedback on various drafts of the
manuscript. These colleagues do not necessarily agree with our conclusions and are, of course,
by no means responsible for the shortcomings in our background knowledge of human agri-
cultural evolution. We are also grateful to Timothy J. Baroni, Faridah Dahlan, Jennifer Leonard,
Maureen Mello, Christopher Marshall, David J. McLaughlin, Esther G. McLaughlin, Andy
Munkacsi, Eugenia Okonski, Carlos Quiros, and Rebecca Wilson. We gratefully acknowl-
edge the continuing support of the National Science Foundation for research on fungus-
growing ants (DEB-9707209, IRCEB DEB-0110073). U.G.M. was supported by CAREER
(DEB-9983879) and IRCEB (DEB-0110073) grants from the National Science Foundation
during the writing of this chapter.

Literature Cited

Adams, R. M. M,, U. G. Mueller, T. R. Schultz, and B. Norden. 2000. Agro-predation:
Usurpation of attine fungus gardens by Megalomyrmex ants. Naturwissenschaften
87:549-554.

Agrios, G. N. 1997. Plant pathology, 4th ed. San Diego, CA: Academic Press.

Anderson, R. M., and R. M. May. 1981. The population dynamics of microparasites and
their invertebrate hosts. Philosophical Transactions of the Royal Society of London,
Series B 291:451-524.

Anderson, R. M., and R. M. May. 1982. Coevolution of hosts and parasites. Parasitology
85:411-426.

Angeli-Papa, J. 1984. La culture d’un champignon par les fourmis attines; mise en evidence
de pheromones d’antibioses dans le nid. Cryptogamie Mycologie 5:147-154.

Angeli-Papa J., and J. Eymé. 1985. Les champignons cultivés par les fourmis Attinae.
Annales des Sciences Naturelles, Botanique, Paris 13:103-129.

Autuori, M. 1940. Algumas observagdes sobre formigas cultivadoras de fungo (Hym.
Formicidae). Revista de Entomologica 11:215-226.

Autuori, M. 1941. Contribuigao para o conhecimento da sadva (Atta spp.). 1. Evoluggio do
saiiveiro (Atta sexdens rubropilosa Forel, 1908). Arquivos do Instituto Biologico Sdo
Paulo 12:197-228.

Bailey, L. W. 1920. Some relations between ants and fungi. Ecology 1:174-189.

Bass, M., and J. M. Cherrett. 1995. Fungal hyphae as a source of nutrients for the leaf-cutting
ant Atta sexdens. Physiological Entomology 20:1-6.

Bates, H. W. 1863. The natwralist on the river Amazons. London: John Murray.

Beattie, A. J. 1985. The evolutionary ecology of ant-plant mutualism. Cambridge: Cam-
bridge University Press.

Belt, T. 1874. The naturalist in Nicaragua. London: John Murray.

Boserup, E. 1965. The conditions of agricultural growth. London: Allen and Unwin.

Bot, A. N.M,, S. A. Rehner, and J. J. Boomsma. 2001. Partial incompatibility between ants
and symbiotic fungi in two sympatric species of Acromyrmex leaf-cutting ants. Evolu-
tion 55:1980-1991.

Bot, A. N. M,, D. Ortius-Lechner, K. Finster, R. Maile, and J. J. Boomsma. 2002. Variable
sensitivity of fungi and bacteria to compounds produced by the metapleural glands of
leaf-cutting ants. Insectes Sociaux 49:363-370.

Bray, W. 2000. Ancient food for thought. Nature 408:145-146,

Brown, A. H. D., and J. Munday. 1982. Population genetic structure and optimal of landraces
of barley from Iran. Genetica 58:85-96.



Reciprocal lllumination 183

Brush, S. B., H. J. Carney, and Z. Huaman. 1981. Dynamics of Andean potato agriculture.
Economic Botany 35:70-88.

Buckley, S. B. 1860. The cutting ant of Texas (Oecodoma mexicana Sm.) Proceedings of
the Academy of Natural Sciences of Philadelphia 1860:233.

Bye, R. A,, Jr. 1981, Quelites—ethnoecology of edible greens—past, present, and future.
Journal of Ethnobiology 1:109-123.

Chapela, I. H,, S. Rehner, T. R. Schultz, and U. Mueller. 1994. Evolutionary history of the
symbiosis between fungus-growing ants and their fungi. Science 266:1691-1694.

Cherrett, J. M. 1986. History of the leaf-cutting ant problem. In Fire ants and leaf-cutting
ants: Biology and management, ed. C. S. Lofgren and R. K. Vander Meer, pp. 10~17.
Boulder, CO: Westview Press.

Cherrett, J. M., R. J. Powell, and D. D. Stradling. 1989. The mutualism between leaf-cutting
ants and their fungus. In Insect-fungus interactions, ed. N. Wilding, N. M. Collins,
P. M. Hammond, and J. F. Webber, pp. 93-120. London: Academic Press.

Chevalier, A. 1936. Contribution a I’étude de quelques especes africaines du genre Dioscorea.
Bulletin du Muséum National d’Histoire Naturelle Paris, 2e Série 8:520-551.

Cowan, C. W, and P. J. Watson. 1992, The origins of agriculture: An international per-
spective. Washington, DC: Smithsonian Institution Press.

Currie, C. R. 2001a. Prevalence and impact of a virulent parasite on a tripartite mutualism.
Oecologia 128:99-106.

Currie, C. R. 2001b. A community of ants, fungi, and bacteria: A multilateral approach to
studying symbiosis. Annual Review of Microbiology 55:357-380.

Currie, C. R., A. N. M. Bot, and J. J. Boomsma. 2003a. Experimental evidence of a tripar-
tite mutualism: Bacteria protect ant fungus gardens from specialized parasites. Oikos
101:91-102.

Currie, C. R., U. G. Mueller, and D. Malloch. 1999a. The agricultural pathology of ant fun-
gus gardens. Proceedings of the National Academy of Sciences of the USA 96:7998—
8002.

Currie, C. R,, J. A. Scott, R. C. Summerbell, and D. Malloch. 1999b. Fungus-growing
ants use antibiotic-producing bacteria to control garden parasites. Nature 398:701-
704.

Currie, C. R., and A. E. Stuart. 2001. Weeding and grooming of pathogens in agriculture
by ants. Proceedings of the Royal Society of London, Series B 268:1033-1039.
Currie, C. R, B. Wong, A. E. Stuart, T. R. Schultz, S. A. Rehner, U. G. Mueller, G. H.
Sung, J. W. Spatafora, and N. A. Straus. 2003b. Ancient tripartite coevolution in the

attine ant-microbe symbiosis. Science 299:386-388.

Davidson, D. W., S. C. Cook, R. R. Snelling, and T. H. Chua. 2003. Explaining the abun-
dance of ants in lowland tropical rainforest canopies. Science 300:969-972.

de Tapia, E. M. 1992. The origins of agriculture in Mesoamerica and Central America. In
The origins of agriculture: An international perspective, ed. C. S. Cowan and P. J.
Watson, pp. 143-171. Washington, DC: Smithsonian Institution Press.

Denham, T. P., S. G. Haberle, C. Lentfer, R. Fullagar, J. Field, M. Therin, N. Porch, and
B. Winsborough. 2003. Origins of agriculture at Kuk Swamp in the highlands of New
Guinea. Science 301:189-193.

Denison, R. F., E. T. Kiers, and S. A. West. 2003. Darwinian agriculture: When can humans
find solutions beyond the reach of natural selection? Quarterly Review of Biology
78:145-168.

Diamond, J. 1997. Guns, germs, and steel: The fates of human societies. New York: Norton.

Diamond, J. 1998. Ants, crops, and history. Science 281:1974-1975.

Diniz, J. L. M., C. R. F. Brandio, and C. I. Yamamoto. 1998. Biology of Blepharidatta



184 Fungi Mutualistic with Insects

ants, the sister group of the Attini: A possible origin of fungus-ant symbiosis. Natur-

wissenschaften 85:270-274. -

Emery, C. 1895. Die Gattung Dorylus Fab. und die systematische Eintheilung der Formi-

' ciden. Zoologische Jahrbiicher, Abtheilung fiir Systematik, Geographie und Biologie
der Thiere 8:685-778.

Erickson, C. L. 2000. An artificial landscape-scale fishery in the Bolivian Amazon. Nature
408:190-193.

Ewald, P. W. 1994. The evolution of infectious disease. Oxford: Oxford University Press.

Eyre-Walker, A., R. L. Gaut, H. Hilton, D. L. Feldman, and B. S. Gaut. 1998. Investigation
of the bottleneck leading to the domestication of maize. Proceedings of the National
Academy of Sciences of the USA 95:4441-4446.

Febvay, G., and A. Kermarrec. 1981. Morphologie et fonctionnement du filtre infrabuccal
chez une attine Acromyrmex octospinosus (Reich) (Hymenoptera: Formicidae): Role
de la poche infrabuccale. International Journal of Insect Morphology and Embryol-
ogy 10:441-449.

Fell, J. W, T. Boekhout, A. Fonseca, and J. P. Sampaio. 2001. Basidiomycetous yeasts. In The
Mycota VII: Systematics and evolution, Part B, ed. D. J. McLaughlin, E. G. McLaughlin,
and P. A. Lempke, pp. 3-35. New York: Springer-Verlag.

Fisher, P. J,, D. J. Stradling, and D. N. Pegler. 1994a. Leaf-cutting ants, their fungus gar-
dens and the formation of basidiomata of Leucoagaricus gongylophorus. Mycologist
8:128-131. ’

Fisher, P. J., D. J. Stradling, and D. N. Pegler. 1994b. Leucoagaricus basidiomata from
a live nest of the leaf-cutting ant Atta cephalotes. Mycological Research 98:884—
888.

Flannery, K. V. 1973. The origins of agriculture. Annual Review of Anthropology 2:271-
310.

Forel, A. 1893. Note sur les “Attini.” Annales de la Société Royale Belge d’Entomologie
37:586-607.

Fowler, H. G. 1982. Evolution of the foraging behavior of leaf-cutting ants (Atta and
Acromyrmex). In The biology of social insects, ed. M. D, Breed, C. D. Michener, and
H. E. Evans, p. 33. Boulder, CO: Westview Press.

Fowler, H. G., L. C. Forti, V. Pereira-da-Silva, and N. B. Saes. 1986a. Economics of grass-
cutting ants. In Fire ants and leaf-cutting ants: Biology and management, ed. C. S.
Lofgren and R. K. Vander Meer, pp. 18-35. Boulder, CO: Westview Press.

Fowler, H. G., V. Pereira-da-Silva, L. C. Forti, and N. B. Saes. 1986b. Population dynamics
of leaf-cutting ants: A brief review. In Fire ants and leaf-cutting ants: Biology and
management, ed. C. S. Lofgren and R. K. Vander Meer, pp. 123-145. Boulder, CO:
Westview Press.

Gepts, P., T. C. Osborn, K. Rashka, and F. A. Bliss. 1986. Phaseolin-protein variability in
wild forms and landraces of the common bean (Phaseolus vulgaris): Evidence for
multiple centers of domestication. Economic Botany 40:451-468.

Gepts, P., and D. Debouck. 1991. Origin, domestication, and evolution of the common bean
Phaseolus vulgaris. In Common beans: Research for crop improvement, ed. O. Voysest
and A. Ban Schoonhoven, pp. 7-53. Oxon, UK: CAB.

Green, A. M, U. G. Mueller, and R. M. M. Adams. 2002. Extensive exchange of fungal cul-
tivars between sympatric species of fungus-growing ants. Molecular Ecology 11:191—
195.

Gregory, A. C. 1886. Memoranda on the aborigines of Australia. Journal of the Anthropo-
logical Institute 16:131-133.



Reciprocal lllumination 185

Haig, D. 1993. Genetic conflicts in human pregnancy. Quarterly Review of Biology 68:495-
532.

Hamilton, W. D. 1980. Sex versus non-sex versus parasites. Oikos 35:282-290.

Handel, S. N., and A. J. Beattie. 1990a. La dispersion des graines par les fourmis. Pour la
Science 156:54-61.

Handel, S. N., and A.J. Beattie. 1990b. Seed dispersal by ants. Scientific American 263:76—
83.

Handel, S. N., S. B. Fisch, and G. E. Schatz. 1981. Ants disperse a majority of herbs in a
mesic forest community in New York state. Bulletin of the Torrey Botanical Club
108:430-437.

Harlan, J. R. 1965. The possible role of weed races in the evolution of cuitivated plants.
Euphytica 14:173-176.

Harlan, J. R. 1992. Crops and man, 2nd ed. Madison, WI: American Society of Agronomy.

Hart, A. G., and F. L. W. Ratnieks. 2002. Waste management in the leaf-cutting ant Atta
colombica. Behavioral Ecology 13:224-231.

Hawkes, J. G. 1990. The potato: Evolution, biodiversity and genetic resources. Washing-
ton, DC: Smithsonian Institution Press.

Hayden, B. 1995. A new overview of domestication. In Last hunters—first farmers, ed.
T. D. Price and A. B. Gebauer, pp. 273-299. Santa Fe, NM: School of American Re-
search Press.

Heim, R. 1957. A propos du Rozites gongylophora A. Moller. Revue de Mycologie 22:293—
299.

Hervey, A., and M. S. R. Nair. 1979. Antibiotic metabolite of a fungus cultivated by gar-
dening ants. Mycologia 71:1064-1066.

Hervey, A., C. T. Rogerson, and I. Leong. 1977. Studies on fungi cultivated by ants. Brittonia
29:226-236.

Holldolber, B., and E. O. Wilson. 1990. The ants. Cambridge, MA: Belknap Press.

Huber, J, 1905a. Uber die Koloniegriindung bei Atta sexdens. Biologisches Centralblatt
25:606-619.

Huber, J, 1905b. Uber die Koloniegriindung bei Atta sexdens. Biologisches Centralblatt
25:625-635.

Jackson, F. L. C. 1991. Secondary compounds in plants (allelochemicals) as promoters of
human biological variability. Annual Review of Anthropology 20:505-546.

Jaenike, J. 1978. A hypothesis to account for the maintenance of sex within populations.
Evolutionary Theory 3:191-194.

Janzen, D. H. 1995. Who survived the Cretaceous? Science 268:785.

Johns, T. 1990. The origins of human diet and medicine. Tucson: The University of Ari-
zona Press.

Johnson, J. 1999. Phylogenetic relationships within Lepiota sensu lato based on morpho-
logical and molecular data. Mycologia 91:443-458.

Kempf, W. W, 1966 (“1965”). A revision of the Neotropical ants of the genus Cyphomyrmex
Mayr. Part II. Group of rimosus (Spinola) (Hym.: Formicidae). Studia Entomologica
8:161-200.

Kermarrec, A., G. Febvay, and M. Decharme. 1986. Protection of leaf-cutting ants from
biohazards: Is there a future for microbiological control? In Fire ants and leaf-cutting
ants: Biology and management, ed. C. S. Lofgren and R. K. Vander Meer, pp. 339-
356. Boulder, CO: Westview Press.

Kreisel, H. 1972. Pilze aus Pilzgérten von Atta insularis in Kuba. Zeitschrift fiir Allgemeine
Mikrobiologie 12:643-654.



186 Fungi Mutualistic with Insects

Laden, G. 1992. Ethnoarchaeology and land use ecology of the Efe (Pygmies) of the Ituri
rain forest, Zaire. PhD dissertation, Harvard University.

Lang, J. 2001. Notes of a potato watcher. College Station: Texas A&M University Press.

LaPolla, J. S., U. G. Mueller, M. Seid, and S. P. Cover. 2002. Predation by the army ant
Neivamyrmex rugulosus on the fungus-growing ant Trachymyrmex arizonensis. Insectes
Sociaux 49:251-256.

Leal, I. R. and P. S. Oliveira. 2000. Foraging ecology of attine ants in a Neotropical sa-
vanna: Seasonal use of fungal substrate in the cerrado vegetation of Brazil. Insectes
Sociaux 47:376-382.

Lee, R. B. 1968. What hunters do for a living, or how to make out on scarce resources. In
Man the hunter, ed. R. B. Lee and 1. DeVore, pp. 30—48. Chicago: Aldine.

Lee, R. B., and 1. DeVore, eds. 1968. Man the hunter. Chicago: Aldine.

Leonard, J. A., R. K. Wayne, J. Wheeler, R. Valadez, S. Guillén, and C. Vila. 2002. An~
cient DNA evidence for Old World origin of New World dogs. Science 298:1613-1616.

Letourneau, D. K. 1998. Ants, stem-borers, and fungal pathogens: experimental tests of a
fitness advantage in Piper ant-plants. Ecology 79:593-603.

Little, A. E. F., T. Murakami, U. G. Mueller, and C. R. Currie. 2004. Construction, main-
tenance, and microbial ecology of fungus-growing ant infrabuccal pellet piles. Naturwis
senschaften 90:558-562.

Littledyke, M., and J. M. Cherrett. 1976. Direct ingestion of plant sap from cut leaves by
the leaf-cutting ants Atta cephalotes (L.) and Acromyrmex octospinosus (Reich) (Formi
cidae, Attini). Bulletin of Entomological Research 66:205-217.

MacNeish, R. S. 1991. The origins of agriculture and settled life. Norman: University of
Oklahoma Press.

Maloy, O. C. 1993. Plant disease control: Principles and practice. New York: John Wiley
& Sons.

Matsuoka, Y., Y. Vigoroux, M. M. Goodman, J. G. Sanchez, E. Buckler, and J. Doebley
2002. A single domestication for maize shown by multilocus microsatellite genotyping,.
Proceedings of the National Academy of Science of the USA 99:6080-6084.

Meier, R., and T. R. Schultz. 1996. Pilzzucht und Blattschneiden bei Ameisen—Priadapta-
tionen und evolutive Trends. Sitzungsberichte der Gesellschaft Naturforschender
Freunde zu Berlin 35:57-76.

Moller, A. 1893, Die Pilzgirten einiger siidamerikanischer Ameisen. Botanische Mittheilungen
aus den Tropen 6:1-127.

Morishima, H., and H. I. Oka. 1979. Genetic diversity in rice populations of Nigeria: influ-
ence of community structure. Agro-Ecosystems 5:263-269.

Muchovej, J. 1., T. M. Della Lucia, and R. M. C. Muchovej. 1991. Leucoagaricus weberi
sp.nov. from a live nest of leaf-cutting ants. Mycological Research 95:1308-1311.

Mueller, U. G., S. A. Rehner, and T. R. Schultz. 1998. The evolution of agriculture in ants.
Science 281:2034-2038.

Mueller, U. G., T. R. Schultz, C. R. Currie, R. M. M. Adams, and D. Malloch. 2001. The
origin of the attine ant-fungus mutualism. Quarterly Review of Biology 76:169-197.

Mueller, U. G. 2002. Ant versus fungus versus mutualism: Ant-cultivar conflict and the
deconstruction of the attine ant-fungus symbiosis. American Naturalist 160 (supple-
ment): S67-S98.

Mueller, U. G., J. Poulin, and R. M. M. Adams. 2004. Symbiont choice in a fungus-growing
ant (Attini, Formicidae). Behavioral Ecology 15:337-364.

Miiller, F. 1874. The habits of various insects. Nature 10:102-103.

Munkacsi, A., and D. J. McLaughlin. 2001. Evolutionary relationships of Pterula and



Reciprocal lllumination 187

Deflexula within Agaricales sensu stricto and their relationships with the tricholo-
mataceous attine fungi. Abstract, 2001 Mycological Society of America Meeting,
August 25-29, 2001, Salt Lake City, Utah.

Murakami, T., and S. Higashi. 1997. Social organization in two primitive attine ants,
Cyphomyrmex rimosus and Myrmicocrypta ednaella, with reference to their fungus
substrates and food sources. Journal of Ethology 15:17-25.

Nair, M. S. R., and A. Hervey. 1978. Structure of lepiochlorin, an antibiotic metabolite of
a fungus cultivated by ants. Phytochemistry 18:326-327.

Neumann, K. 2003. New Guinea: A cradle of agriculture. Science 301:180-181.

North, R., C. W. Jackson, and P. E. Howse. 1997. Evolutionary aspects of ant-fungus inter-
actions in leaf-cutting ants. Trends in Ecology and Evolution 12:386-389.

North, R., C. W. Jackson, and P. E. Howse. 1999. Communication between the fungus garden
and workers of the leaf-cutting ant, Arta sexdens rubropilosa, regarding choice of sub-
strate for the fungus. Physiological Entomology 24:127-133.

Oliveira, P. S., M. Galetti, F. Pedroni, and L. P. C. Morellato. 1995. Seed cleaning by
Mycocepurus goeldii ants (Attini) facilitates germination in Hymenaea courbaril (Caesal-
piniaceae). Biotropica 27:518-522.

Oppenheimer, J. R., and G. E. Lang. 1969. Cebus monkeys: Effects on tracking of Gustavia
trees. Science 165:187-188.

Pimentel, D., and C. W. Hall. 1989. Food and natural resources. New York: Academic
Press.

Piperno, D. R. The origins of plant cultivation and domestication in the Neotropics: A behav-
joral ecological perspective. In Behavioral ecology and the transition to agriculture, ed.
D. J. Kennett and B. W. Winterhalder. Washington, DC: Smithsonian Institution Press,
in press.

Piperno, D. R., and D. M. Pearsall. 1998. The origins of agriculture in the lowland neotropics.
New York: Academic Press.

Piperno, D. R., A. J. Ranere, 1. Holst, and P. Hansell. 2000. Starch grains reveal early root
crop horticulture in the Panamanian tropical forest. Science 407:894-897.

Price, S. L., T. Murakami, U. G. Mueller, T. R. Schultz, and C. R. Currie. 2003. Recent
findings in fungus-growing ants: Evolution, ecology, and behavior of a complex mi-
crobial symbiosis. In: Genes, behavior, and evolution in social insects, ed. M. Kikuchi
and S. Higashi, pp. 255-280. Sapporo: Hokkaido University Press.

Pringle, H. 1998. The original blended economies. Science 282:1447.

Quinlan, R. J., and J. M. Cherrett. 1977. The role of substrate preparation in the symbiosis
between the leaf-cutting ant Acromyrmex octospinosus (Reich) and its food fungus.
Ecological Entomology 2:161-170.

Quinlan, R. J., and J. M. Cherrett. 1978a. Studies on the role of the infrabuccal pocket of
the leaf-cutting ant Acromyrmex octospinosus (Reich) (Hym., Formicidae). Insectes
Sociaux 25:237-245.

Quinlan, R. J,, and J. M. Cherrett. 1978b. Aspects of the symbiosis of the leafcutting ant
Acromyrmex octospinosus (Reich) and its food fungus. Ecological Entomology 3:221-230.

Quinlan, R. J., and J. M. Cherrett. 1979. The role of the fungus in the diet of the Jeaf-cutting
ant Atta cephalotes (L.). Ecological Entomology 4:151-160.

Quiros, C. 2003. “Solanacea: POTATO: Solanum tuberosum.” University of California,
Davis, Vegetable Crops 221, spring 2003. Available: http://veghome.ucdavis.edu/
classes/vc221/potato/potsum1.html

Reeve, H. K., N. J. Mehdiabadi, and U. G. Mueller. Conflicts between hosts and symbionts
as a tug-of-war, American Naturalist in press.



188 Fungi Mutualistic with Insects

Reynolds, H. T., and C. R. Currie. Pathogenicity of Escovopsis: The parasite of the attine
ant-microbe symbiosis directly consumes the ant cultivated fungus. Mycologia in press.

Rick, C. M. 1976. Tomato, Lycopersicon esculentum (Solanaceae). In Evolution of crop
plants, ed. N. W. Simmonds, pp. 268-309. London: Longman.

Ridley, P, P. E. Howse, and C. W. Jackson. 1996. Control of the behavior of leaf-cutting
ants by their “symbiotic” fungus. Experientia 52:631-635.

Rindos, D. 1984. The origins of agriculture: An evolutionary perspective, New York: Aca-
demic Press.

Sahlins, M. 1968. Notes on the original affluent society. In Man the hunter, ed. R. B. Lee
and 1. DeVore, pp. 85-89. Chicago: Aldine.

Sauer, C. O. 1952. Agricultural origins and dispersals. New York: American Geographi-
cal Society.

Schneider, M. 2000. Observations on brood care behavior of the leafcutting ant Arta sexdens
L. (Hymenoptera: Formicidae) [abstract no. 3547). In Abstracts of the XXI Interna-
tional Congress of Entomology, vol. 2, p. 895. XXI International Congress of Ento-
mology, August 20-26, 2000, Foz do Iguassu. Londrina, Brasil:

Schuitz, T. R. 1995. The evolutionary history of the attine ant-fungus symbiosis: Phyloge-
netic analyses of attine ants (Formicidae: Attini) and their fungi (Basidiomycotina:
Lepiotaceae and Tricholomataceae) using morphological and molecular characters. PhD
dissertation, Cornell University.

Schultz, T. R., and T. P. McGlynn. 2000. The interactions of ants with other organisms. In
Ants: Standard methods for measuring and monitoring biodiversity, ed. D. Agosti,
J. Majer, L. Alonso, and T. R. Schultz, pp. 3544, Washington, DC: Smithsonian In-
stitution Press.

Schultz, T. R., and R. Meier. 1995. A phylogenetic analysis of the fungus-growing ants
(Hymenoptera: Formicidae: Attini) based on morphological characters of the larvae.
Systematic Entomology 20:337-370.

Second, G. 1982. Origin of the genic diversity of cultivated rice (Oryza sp.): Study of the
polymorphism scored at 40 isozyme loci. Japanese Journal of Genetics 57:25-57.

Serenander, R. 1906. Entwurf einer Monographie der europdischen Myrmekochoren.
Kungliga Svenska Vetenskapsakademiens Handlingar 41:1-410.

Smith, B. D. 1997. The initial domestication of Cucurbita pepo in the Americas 10,000 years
ago. Science 276:932-934.

Smith, B. D. 1998a. The emergence of agriculture. New York: Scientific American Library.

Smith, B. D. 1998b. Between foraging and farming. Science 279:1651-1652.

Smith, B. D. 2001a. Low-level food production. Journal of Archaeological Research
9:1-43.

Smith, B. D. 2001b. The transition to food production. In Archaeology at the millenium: A
sourcebook, ed. G. M. Feinman and T. D. Price, pp. 199-229. New York: Kluwer
Academic.

Snelling, R. R., and J. T. Longino. 1992. Revisionary notes on the fungus-growing ants of
the genus Cyphomyrmex, rimosus group (Hymenoptera: Formicidae: Attini). In Insects
of Panama and Mesoamerica: Selected studies, ed. D. Quintero and A. Aiello, pp. 479-
494. New York: Oxford University Press.

Stahel, G., and D. C. Geijskes. 1939. Ueber den Bau der Nester von Atta cephalotes (L.)
und Atta sexdens (L.) (Hym: Formicidae). Revista Entomologica 10:27-78.

Stradling, D. J. 1978. Food and feeding habits of ants. In Production ecology of ants and
termites, ed. M. V. Brian, pp. 81-106. Cambridge: Cambridge University Press.

Tedlock, D. 1985. Popol Vuh: The Mayan book of the dawn of life. New York: Simon and
Schuster.



Reciprocal lllumination 189

Turner, J. A. 1974. The bioenergetics of leaf-cutting ants in Trinidad. MSc. dissertation,
University of the West Indies.

Urich, F. W. 1895. Notes on some fungus-growing ants of Trinidad. Journal of the Trinidad
Field Naturalists’ Club 2:175-182.

Viana, A. M. M., A. Frézard, C. Malosse, T. M. C. Della Lucia, C. Errard, and A. Lenoire.
2001. Colonial recognition of fungus in the fungus-growing ant Acromyrmex subter-
raneus subterraneus (Hymenoptera: Formicidae). Chemoecology 11:29-36.

Vigouroux, Y., M. McMullen, C. T. Hittinger, K. Houchins, L. Schulz, S. Kresovich,
Y. Matsuoka, and J. Doebley. 2002, Identifying genes of agronomic importance in maize
by screening microsatellites for evidence of selection during domestication. Proceed-
ings of the National Academy of Sciences of the USA 99:9650-9655.

Vil, C., J. A. Leonard, A. Gotherstrom, S. Marklund, K. Sandberg, K. Lidén, R. K. Wayne,
and H. Ellegren. 2001. Widespread origins of domestic horse lineages. Science 291:474—
477.

Vila, C., ]. E. Maldonado, and R. K. Wayne. 1999. Phylogenetic relationships, evolution,
and genetic diversity of the domestic dog. Journal of Heredity 90:71-71.

Vila, C., P. Savolainen, J. E. Maldonado, I. R. Amorim, J. E. Rice, R. L. Honeycutt, K. A.
Crandall, J. Lundeberg, and R. K. Wayne. 1997. Multiple and ancient origins of the
domestic dog. Science 276:1687-1689.

Villesen, P., U. G. Mueller, T. R. Schultz, R. M. M, Adams, and M. C. Bouck. Evolution of
ant-cultivar specialization and cultivar switching in Apterostigma fungus-growing ants.
Evolution in press.

von Ihering, R. 1898. Die Anlagen neuer Colonien und Pizgirten bei Atta sexdens. Zoologischer
Anzeiger 21:238-245.

Wang, R., A. Stec, J. Hey, L. Lukens, and J. Doebley. 1999. The limits of selection during
maize domestication. Nature 398:236-239.

Wang, Y., U. G. Mueller, and J. C. Clardy. 1999. Antifungal diketopiperazines from the
symbiotic fungus of the fungus-growing ant Cyphomyrmex minutus. Journal of Chemi-
cal Ecology 25:935-941.

Weber, N. A. 1972. Gardening ants: The attines. Philadelphia: American Philosophical
Society.

Weber, N. A. 1982. Fungus ants. In Social insects, vol. 4, ed. H. R. Hermann, pp. 255-363.
New York: Academic Press.

Webber, J. F., and J. N. Gibbs. 1989. Insect dissemination of fungal pathogens of trees. In
Insect-fungus interactions, ed. N. Wilding, N. M. Collins, P. M. Hammond, and J. F.
Webber, pp. 161-193. London: Academic Press.

Wetterer, J. K., T. R. Schultz, and R. Meier. 1998. Phylogeny of fungus-growing ants (tribe
Attini) based on mtDNA sequence and morphology. Molecular Phylogenetics and
Evolution 9:42-47.

Wheeler, W. M. 1901. Notices Biologiques sur les fourmis Mexicaines. Annales de la Société
Entomologique de Belgique 45:199-205.

Wheeler, W. M. 1907. The fungus-growing ants of North America. Bulletin of the Ameri-
can Museum of Natural History 23:669-807.

Wheeler, W. M., and I. W. Bailey. 1920. The feeding habits of pseudomyrmine and other
ants. Transactions of the American Philosophical Society 22:235-279.

Whetzel, H. H. 1929. The terminology of plant pathology. In Proceedings of the Interna-
tional Congress of Plant Sciences, August 16-23, 1926, Ithaca, NY, ed. B. M. Duggar,
pp. 1204-1215. Menasha, WI: George Banta Publishing Co.

Williams, G. C., and R. M. Nesse. 1991. The dawn of Darwinian medicine. Quarterly Re-
view of Biology 66:1-22.



190 Fungi Mutualistic with Insects

Wilson, H. D. 1981. Genetic variation among South American populations of tetraploid
Chenopodium sect. Chenopodium subsect. Cellulata. Systematic Botany 6:380-398,

Wilson, H. D. 1989. Discordant patterns of allozyme and morphological variation in Mexi-
can Cucurbita. Systematic Botany 14:612-623.

Wilson, H. D. 1990. Gene flow in squash species. BioScience 40:449-455.

Zeder, M. A., and B. Hesse. 2000. The initial domestication of goats (Capra hircus) in the
Zagros Mountains 10,000 years ago. Science 287:2254-2257.



