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Abstract Microbes are known to interact with a variety of organisms belonging to
different classes, genera, or species through their own diverse and specific pathways
and mechanisms. Such an interaction, which exists between microbes and herbivores
like insects, has become a topic of great importance for researchers far and wide.
Since such interfaces occur in the form of mutual interactions, which in turn leads to
the participating organisms achieving rich and important advantages that are neces-
sary for their survival and development. Much of the research on reciprocal inter-
actions between insects and microbes have focused on bacterial associations with
insects, more or less ignoring the fact that interactions between insects and fungi are
equally important which usually follow the same mechanisms and pathways as
associations between insects and Bacteria.

This chapter deliberates the various aspects and properties of fungal interactions
with mushroom growers such as leaf-cutters (Attina ants), termites, and ambrosia
beetles. These interactions are based on a complex and interesting evolutionary line,
which finally introduces the concept of mutuality into this insect community. The
benefits of these interactions range from nutrition to the spore dispersal of fungi as
well as protection from predators and competitors. The interaction between yeast and
insects has also been discussed in ample detail, with our focus mainly on the areas in
which each participant in the interaction benefits.
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17.1 Introduction

Nature has its own way of astonishing us at the intricate details found in each of its
naturally occurring phenomena, as well as the beauty of the complexity that revolves
around it. The harmony of the ecological interactions between different organisms of
different species and the balance that it offers for the environment as a whole is such
that, ecologists all over the world always leave with awe and wonder at the
perfection of nature’s creativity.

Ecological interactions, which indicate that certain organisms are primarily
dependent on one another for their survival, are classified according to whether
these interactions have neutral, advantageous, or harmful effects for one of the
interacting organisms. Symbiotic interactions contribute to a main category of
such interactions in which both interacting organisms are closely related. Depending
on whether the interaction partners produce a positive, negative, or neutral effect,
symbiotic relationships are divided into mutuality, parasitism, or commensalism
(Molles 2015; Smith et al. 2012).

Mutualism as a positive category of symbiotic relationships is examined in more
detail and investigated, which brings us closer to the complexity of mutual interac-
tions between different species or organisms that cannot be taxonomically related,
but thrive together and contribute to mutual survival in a competent and challenging
environment. Although there are mutual relationships between almost all organisms
on earth, including humans, this chapter mainly focuses on the characteristics and
evolutionary history of such an interaction between different types of fungi and
insects.

So what exactly is understood when the term “mutualism” is being referred to?
Mutualism involves an interaction between two kinds of organisms, a host and a
symbiont, belonging to different class, species, or taxa. It is different from other
types of interactions as mentioned in Fig. 17.1, wherein both the organisms are
equally benefitted from the interaction, in contrast to commensalism or parasitism in
which either of the organisms gets no benefit, or they are caused harm by the other.
In short, mutualism is a reciprocatory positive interaction between a pair of organ-
isms (Lu et al. 2016). For example, the interaction between ants and aphids in which
the ants rear aphids for their source of food which the aphids produce and in turn the
aphids are protected by the ants from potential predators. Another example of
mutualism, within the aquatic kingdom is that of clownfish and sea anemone. The
clownfish lives within the poisonous tentacles of the anemone, being immune to its
poison and act as a bait for luring other small sea animals close to the vicinity of the
anemone’s tentacles. The association of sharks with remora fish is another of the
many wonders of mutualistic interaction in the sea world. Last, but not the least, we
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Fig. 17.1 Different Types
of Mutual Associations
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humans ourselves survive on the basis of a mutualistic relationship with microbes
such as bacteria which thrive well in the intestinal microenvironment depending on
the host’s nutrition, and at the same time see to it that we remain protected against the
harmful effects of ingested pathogenic microbes (Roossinck 2008).

17.2 Fungi and the Ecosystem

It is a well-known fact that many species belonging to kingdom fungi live in
symbiotic associations with lower organisms such as cyanobacteria as well as higher
organisms belonging to kingdom plants or animals. While some species may have a
parasitic relationship with the associated organism wherein they derive food and
thereby have harmful effects on the host, it is found that some other species survive
through a mutually beneficial exchange of services between them and their associ-
ated partner. One such relationship that observed, is between fungi and plant roots.
Mycorrhiza is the term used to refer to such an alliance in which the fungus is
benefitted by the food accessed from the plant and in return the fungi mycelia help to
absorb water and aid nutrition thereby providing nourishment to the plant.

The mutual association between fungi and photosynthetic organisms, usually
cyanobacteria or green algae, is called lichen. The fungus grows around its host
and absorbs food prepared by photosynthesis in exchange for water and nutrients
(https://www.Ck12.Org/Biology/Fungi-Symbiosis/Lesson/Symbiotic-Relation-
ships-Of-Fungi-Bio/).

When it concerns microbe-insect mutualism, much importance is directed
towards exploring associations within the bacterial society, more or less, limited
importance being given to the fungal associations that are equally common and
important. In contrast to bacterial mutualism, fungal associations with insects are
mostly facultative and horizontal, and it is reported that the microbial cells live
extracellularly in hemolymph, fat bodies, or other specialized structures of the
associated insects (Klepzig et al. 2009). A well-characterized and general example
of such a relationship is that between leaf-cutter ants and fungi, in which the ants
cultivate the fungi to gain access to their source of nourishment. A similar kind of
mutualistic interaction is seen between certain species of bark beetles and fungi too.
Other examples of insect–fungi mutualism which may not be too well known
include that of wood wasp Sirex noctilio and wood decay fungus Amylostereum
areolatum. The fungus contains wood degrading enzymes which enable the wasps to
degrade and colonize tree barks (Nielsen et al. 2009; Kukor and Martin 1983; Talbot
1977) Another example, out of the several species that can be quoted in this context,
is that of Epichloe species of fungi and Botanophila flies. The flies consume the
fungal spores and cause deposition of their fecal matter onto unfertilized stroma
rendering cross-pollination (Bultman et al. 1998; Bultman and Leuchtmann 2008).
Fungal mutualists are now also reported to play a pivotal role as producers of
chemical indicators for insect communication. The fungi Pichia pinus and
Hansenula capsulate produce are capable of converting cis and trans verbenol to
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verbenone which acts as an anti-aggregation pheromone for bark beetles (Hunt and
Borden 1990; Leufvén and Nehls 1986).

This chapter also focuses the attention on the evolutionary history as well as on
the features that include the mutual relationship between fungi and insects such as
leaf-cutting ants, ambrosia beetles, termites, and arthropods.

17.3 The Evolutionary Antiquity of Fungus-Farming
Insects

Extensive work and research in this area have proposed that the evolution of an
obligate mutualism proceeds primarily through five stages: (a) consistent and
extended contact (b) avoidance of lethal harm during contact (c) coadaptation
leading to reduced virulence and increased tolerance (d) further co-adaptation leading
to dependence or interdependence (e) still further coadaptation leading to perma-
nence and stability in the association. These stages give an overview of the progress
of any agonistic or antagonistic interaction to stable mutualism (Taylor and FJR
1983).

Since time immemorial, even when the idea of cultivating plants for food to
sustain oneself dawned in man’s mind, the lineages of three insects namely, termites,
ants, and beetles, rose to ecological importance by evolving into fungus cultivating
farmers. Since they were completely dependent on the cultivated produce as the sole
source of their nutrition several tasks partitioned societies all playing their own
individual role in raising of food for their kind and thus in the process, became
important players of the ecosystem (Wilson 1971). These insects, mostly being pests
and detested by the human population, were put into the task of being exterminated
but only recently it had come to the knowledge of the evolutionary glory that runs
through their veins.

The transit of termite, ants, and beetles to the arena of fungi culture follows
different evolutionary pathways. In termites, fungi probably had been an important
source of nutrition derivation before they turned to cultivation. Many non-farming
termites are known to feed on fungus infested woods and the termite fungi culture is
now believed to be an expansion of such feeding habits of the ancestors (Batra 1979;
Rouland-Lefèvre et al. 2006). Studies reveal that out of the 2600 species of identified
termites, about 330 species survive in obligate association with a fungus basidio-
mycete genus, Termitomyces. Termitomyces are grown in subterranean combs
within the heart of termite mound nest (Batra 1979; Abe et al. 2000a). Consumption
of the fungal spores and deposition of fecal pellets consisting of the consumed fungal
spores and plant forage within the comb serves as the seed for the growth of new
fungi cultivar (Mueller and Gerardo 2002). Such a fungi culture practice also
serves as a boon for obtaining the genetic material of the fungus from termites,
sidestepping the tedious task of nest excavation. To reassemble the evolutionary
history, researchers first compared the DNA of Termitomyces with that of
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non-domesticated fungi, and secondly, comparison was drawn between the DNA of
termite farmers and non-farming relatives (Aanen et al. 2002). Studies conducted
revealed that the fungus cultivation began in termites with the Termitomyces species
of cultivars which eventually differentiated into several other cultivar species each
almost exclusively associated with a particular termite group. Moreover, each of
these cultivar groups has been found to be exchanged between the termite lineages
within these group of termites. This led to the adaptation of termite groups to
specific fungus cultivars at the same time fungus cultivars have evolved to adapt
and survive only in association with certain farming groups (Mueller and Gerardo
2002).

A striking evolutionary parallel can be drawn when comparing the emergence of
termite farmers with that of beetle and ant cultivators. In contrast to the ancestral
feeding habits of termites that evolved into termite fungi culture, an ancestral
vectoring system is responsible for the evolution of beetles into fungus cultivators.
Whereas in ants it is still not clear whether fungus cultivation emerged from
ancestral mycophagy or ancestral vectoring (Seifert et al. 1993; Mueller et al.
2001). Whatever may be the reason, it is now known that ants started growing
fungus (mostly basidiomycetes) in their backyard about 50–60 million years ago
(Mueller et al. 2001) and since then till date, roughly about 200 species of fungus-
growing ants have emerged (Schultz and Meier 1995). Ants raise their fungus
cultivation in subterranean chambers providing manure to their growth in the
form of vegetable debris, or in the case of leaf-cutter ants, leaf fragments from
live plants. The leaf-cutter ant’s sustenance is completely dependent on the fungi
they grow and hence, form an obligatory association with their fungal partners
(Mueller et al. 2001). As in the case of ants, certain species of beetles commonly
known as ambrosia beetles are found in obligatory association with fungi as they
grow them as their primary source of food and to derive important nutrition in order
to complete their life cycle (Farrell et al. 2001; Batra 1966). The fungus provides
nutrition to most of the beetle developmental stages while the insects carry the
fungal spores along with them, infecting new trees (Harrington 2005; Paine et al.
1997). The fungi also produce that degrade the indigestible wood into nutritious
matter for the insects (Valiev et al. 2009). In stark contrast to termite and ant fungi
culture which arose just once in each group and later led to diversification, studies
suggest multiple origin of fungus cultivating habit in ambrosia beetles which arose
at least seven times giving rise to sheer diversity of beetle species with respect to
their feeding habits (Farrell 1998). No records of an evolutionary reversal to a non-
fungus-cultivating pattern of life in any of these nine known, independently evolved
farmer lineages have been found, suggesting a similar trend to that of humans where
transition to way of living depending on agriculture has contributed to a radical and
irreversible change that probably has bridled subsequent evolution (Diamond and
Renfrew 1997).
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17.4 Mutualism Between Leaf-Cutter Ants and Fungi

Leaf-cutter ants are considered major players of the ecosystem owing to the signif-
icant effects they elicit on local flora (Wirth et al. 2003), seedling recruitment (Costa
et al. 2008), distribution of soil nutrients (Sternberg et al. 2007) and human agricul-
ture (Cherrett and Peregrine 1976). These species of ants have known to be in
association with fungi species since as long as 40–50 million years which it is
believed, originated on the Amazon basins (Schultz and Brady 2008). Fungus-
growing ants (Myrmicinae:Attini) cultivated fungus for their young ones using
organic debris such as dead insect parts and feces as manure for their garden
(Weber 1972; Mueller and Wcislo 1998; Mueller et al. 2005). A significant behav-
ioral change in the ancestors Acromyrmex and Atta in replacing leaf fragments and
other plant parts as compost for their fungus gardens instead of the usual organic
debris contributed majorly to the deviation in the evolutionary pattern of the species
(Schultz and Brady 2008; Hölldobler andWilson 2010). Such a change in the pattern
of cultivation contributed to an astounding increase in colony size, social structure,
and ecological footprint. Leaf-cutter ants have now emerged to be the most dominant
and diverse in Neotropical ecosystems, harvesting about 2–17% of the foliar bio-
mass of annual leaf production of the forest and savanna woody plants (Wirth et al.
2003; Costa et al. 2008; Weber 1972; Hölldobler and Wilson 2010; Wheeler 1907).

Although the most common associate of attine ants remains to be basidiomycetes
fungus, a larger population of the species is involved in farming lepiotaceous fungus
of the genus Leucoagaricus while a smaller population are farmers of a distantly
related pterulaceous group of fungi (Herz et al. 2007; Chapela et al. 1994). The leaf-
cutter ants are precise and definite about the plant species, the individual plant, and
the leaves within the plant that they cut. Factors that steer the assumption that leaf-
cutter ants prefer relatively easy to cut, less defended leaves with high nutritional
values include selection of younger leaves than older ones, woody rather than
herbaceous and light demanding rather than shade-tolerant species (Villesen et al.
2004; Blanton and Ewel 1985; Coley and Barone 1996; Farji-Brener 2001). The
worker ants are involved in cutting the leaves, carrying the fragments to the nest,
cleaning, and processing them to form suitable for the fungus to grow and thrive in
underground chambers inside the nest (Schultz and Brady 2008). In return, the
fungus cultivar partially degrades the leaf material which serves as a source of
nutrition to the ant colonies and their developing larvae. Thus the mutualistic
interaction endures on the basis of services offered by ants ranging from weeding
and grooming to the disposal of various antimicrobial compounds while reaping the
benefits of a healthy fungus cultivar (Wirth et al. 2003; Schultz and Brady 2008;
Barke et al. 2010; Currie and Stuart 2001, Fernández-Marín et al. 2006, 2009).

Fungus gardens are principally composed of only one fungal mutualist (Aylward
et al. 2012) and factors that contribute to the low diversity of fungi in the fungus
gardens include cautious cleaning by ants to maintain the hygiene of the fungal
cultivars. Three main hygienic practices have been observed in fungus-growing ants
which include: (a) weeding removal of dead fungal debris (b) fungus grooming-
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removal of spores of foreign fungi (Wirth et al. 2003) (c) application of fecal droplets
to the fungal matrix. The fecal droplets of some species if attine ant is reported to
contain fungal chitinases and lignocellulases which contributes to both plant bio-
mass degradation as well as eradication of fungal pathogens (Rønhede et al. 2004,
2008; Martin et al. 1973).

Apart from the predominant fungus mutualist, microbes such as Actinobacterium
of the genus Pseudonocardia, that produces antibiotic against fungus attacking
parasites (e.g., Escovopsis), have been found in association with fungus gardens
(Currie 2001; Currie et al. 1999a, b). Many of the bacterial species isolated from
these ecosystems have been established to play a major role in not just antibiotic
mediated extermination of pathogens but also in nutrient biosynthesis. One partic-
ular study carried out on Klebsiella and Pantoea species of nitrogen-fixing bacteria
isolated from leaf-cutter ant nests proves the significance of these bacteria in fixing
nitrogen and thus being important nutritional players in the ant–fungi ecosystem
(Pinto-Tomás et al. 2009; Hölldobler and Wilson 2009).

The central role of fungus gardens cultivated by ants is the conversion of plant
biomass into useful compounds important for the nutrition of the ants. The integrated
biomass of fungus gardens includes a rich source of cellulose, hemicellulose, lignin,
protein, simple sugars, and other compounds. In gardens of higher attine ants, these
compounds are converted to hyphal swellings known as gongylidia, rich in lipids,
carbohydrates, and other nutrients (Mueller et al. 2001; Martin et al. 1969).
Gongylidia serves as an important food source for the entire colony and is an
exclusive nutrient source for the developing larvae and brood (Hölldobler and
Wilson 2009; Weber 1966; Nygaard et al. 2011; Suen et al. 2011).

17.5 Adaptation of the Ant Genome

The sequenced genomes of the leaf-cutter ants Atta cephalotes and Achromyrmex
echinatior have opened up a sea of knowledge about the symbiotic association of
these species. Obligate dependence of ants on their fungi associate have led to
reductions at the genomic level (Suen et al. 2011; International Aphid Genomics
Consortium 2010). On examination, genomes of attine ants were found to be
deficient in the levels of amino acid arginine in comparison to other non-farming
ant genomes, pointing to the fact that the fungal cultivars provide the required
arginine thereby reducing the need for the particular pathway. This hypothesis is
supported by the evidence obtained from previous studies of the documented
compounds found in Atta colombica cultivar which showed presence of arginine
(Abe et al. 2000b; Johnson et al. 1981). The A. cephalotes genome was also found
devoid of the hexamerin gene responsible for amino acid sequestration during larval
development. Serine protease was another compound found in significantly low
amount, and as with arginine and hexamerin, is hypothesized to be provided by the
fungal cultivar (Abe et al. 2000b). These data indicate that over the years, having
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established a mutualistic relationship with fungi, leaf-cutter ants have lost their
ability and capacity to acquire nutrients on their own.

17.6 Fungus Cultivating Termite Species

Symbiotic relationship with a variety of organisms such as protists, methanogenic
Archaea, and bacteria have always been a major player in the evolution of termites
(Martin 1992). However, as on date only a single Termitidae sub-family,
Macrotermitinae is known to have evolved into a mutualistic association with
fungi of the genus Termitomyces (Abe et al. 2000c) and are a predominant compo-
nent of the termite species in the African and Indomalayan region (Kambhampati
and Eggleton 2000). The fungus is grown on a specialized structure known as fungus
comb in the termite nest, maintained by the termites by the continual addition of new
predigested plant debris while concurrent degradation of the old material is carried
out (Kirk et al. 2001). The Macrotermitinae is divided into 11 genera with approx-
imately 330 species and roughly about 40 species involved in Termitomyces sym-
biosis have been identified (Kambhampati and Eggleton 2000; Kirk et al. 2001).
They play a significant role in litter removal by rummaging through dead wood, dead
grass, and dung of herbivorous mammals. The workers collect substrate, chew them
into very small fragments, maintain constant conditions in the nest for growth of the
fungus cultivar, prevent the growth of potential competitors and thus in this way not
just disperses the fungal spores, but also ensures their healthy growth inside the nest
(Ausat et al. 1960).

The mature combs of Macrotermitinae which nests the cultivar is a firm intricate
structure housing sparse growth of mycelium and populous small white spores called
“mycotetes” that are accumulations of conidiophores and conidia, the asexual
reproductive fruiting bodies of fungi. The combs are constructed of plant material
that has been comminuted by chewing and passing through the workers gut. The cell
wall polysaccharides undergoes insignificant breakdown and transformation during
its transit through the digestive tract, as indicated by the presence of intact cells and
cell walls, high cellulose content of the comb, and negligible difference in the
cellulose-to-lignin ratio of the comb to the rummaged plant debris (Sands 1956).

The termite’s diet consists of both the fungus combs and the mycotetes, both
performing an integral role in providing a source of excellent nourishment to the
termites (Nygaard et al. 2011; Ausat et al. 1960) due to the presence of elevated
nitrogen content constituting a range of 5.7–7.9%. Additionally, the fungal enzymes
released from the mycotetes after ingestion combines with the enzymes present in
the insect gut rendering high catalytic activity that contributes to cellulose and
hemicellulose digestion of the plant material in the Macrotermes species (Sands
1956; Abo-Khatwa 1978; Martin and Martin 1978; Rouland et al. 1988). Due to the
availability of a better and richer source of nutrition, the termites no longer depend
on woodchips or filter paper to derive nutrition, unless in cases when they are
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destitute of all food obtained through the fungal symbiont (Martin 1987; Wood and
Thomas 1989).

It has been observed that the fruiting bodies of Termitomyces are always found in
association with the termite nests indicating that within the basidiomycetes
(Rouland-Lefèvre 2000; Rouland-Lefèvre and Bignell 2001) mutualistic symbiosis
traces back to a single evolutionary origin and no record of reverting back to the
nonsymbiotic way of living has been reported (Rouland-Lefevre et al. 2002;
Moncalvo et al. 2000, 2002). The patterns of cospeciation and specificity have
been found to be steady and undeviating with transmission of fungal symbionts
from host to host outside the vertical host lineage (Frank 1996). Horizontal symbiont
transmission is the pattern observed in many species of Macrotermitinae associated
with formation of fruiting bodies in its fungal symbiont. However, for Microtermes
and species ofM.bellicosus, clonal uniparental transmission has been observed. The
female inMicrotermes and the male inM.bellicosus takes up the task of transmitting
the fungus in the absence of sexual fruiting bodies (Darlington 1994).

17.7 Mutualistic Association of Beetle With Fungi

The bark and ambrosia beetles are either considered as two families Scolytidae and
Platypodidae within the weevils (Curculionoidea) or as sub-families of
Curculionoidea (Hsiau and Harrington 2003; Vega 2014). Ambrosia beetles are
derived from bark beetles that colonize and consume phloem, which is considered to
be more nutritious than wood and are mostly found in association with its fungal
symbiont Ascomycotan fungi, the level of association ranging from facultative to
obligative. Bark beetles, similar to ambrosia beetles, have been found mostly in
association with Ascomycotan and hardly ever in association with basidiomycotan
fungi. The variability of their association is reported to range from being facultative
to obligate mutualists (Harrington 2005; Vega 2014; Li et al. 2016).

Ambrosiodmus is a genus consisting of over 80 species within the largest group of
ambrosia beetles, Xyleborini (Wood 1982, 1992; Hopkins 1915; Batra 1985).
Ambrosia beetles are known to have evolved into symbiotic fungi culture after
at least 11 subsequent evolutionary patterns (Wood 1982). About 3200 species of
ambrosia beetles are known to be fungus farmers of the genus Ambrosia. The most
prominent ambrosia feeding genera include Xyleborus, Trypodendron,
Gnathotrichus, and Anisandrous, belonging to family Scolytidae and are widely
distributed across the temperate and tropical regions (Beaver et al. 1989). The fungus
cultivar, responsible for providing nutrition to the beetles during their period of
dormancy and inactiveness as well as during the stages of active growth and
development, is grown and sheltered by beetles in specialized storage organs
known as mycangia. Mycangia, also known as mycetangia are ectodermal glandular
pockets of beetles where ambrosia fungi are stored and where they grow and
multiply (Hulcr and Cognato 2010). Mycangia are known to have evolved in two
ways, as pocket like dilation of cuticle or as newly developed hollow glands from
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glands that previously produced defensive compounds and oils in order to prevent
excessive flow of sap (Vega and Blackwell 2005). Unlike other species of ambrosia
beetles that mostly colonize dead but relatively fresh wood tissues, ambrosia beetles
are capable of infesting wood throughout the period of its decay, including the final
stages of decay when the xylem is inhabited and colonized by other competitive
wood-rotting fungi (Beaver et al. 1989). In contrast to the fungus-farming behavior
of the Ambrosiodmus, its phylogenetically related sister Ambrosiophilus is known to
rely on mycoclepty (fungus theft) to obtain nourishment, having lost the ability to
culture their own fungal farms (Vega and Blackwell 2005).

The fungi inoculum carried inside mycangia gets discharged into the beetle
tunnels on the bark while burrowing or during oviposition. The nitrogenous waste
eliminated by the beetles serve as fertile manure providing nutrient-rich medium for
the fungus to grow and thrive. The beetle larvae in turn are dependent on the fungus
to derive nourishment. Prior to several days before the eggs are hatched, the fungus
weakens the wood elements aiding the larvae in excavation as well as broadening of
tunnels. Such a mutualistic interaction has its own importance in the ecosystem as
many nonspecific wood-decaying fungi in association with insects such as beetles
have been found to augment and accelerate the process of wood decaying, degrada-
tion, and nutrient recycling in the forest ecosystem (Beaver et al. 1989).

The mycangial secretions of ambrosia beetles are responsible for morphological
characteristics and biology of the ambrosia fungi. Conidia and other reproductive
spores of these fungi develop into the ambrosia stage within the mycangia of the
beetles. Mycangial secretions found to contain a rich store of oils and proteins, serve
as a source of nourishment and preservation of the fungal inoculum. Mycangial
contents of other species of ambrosia beetles have also reported to contain com-
pounds such as amino acids, fat, and proteins, confirmed through thin layer chro-
matographic techniques (Hulcr and Cognato 2010).

17.8 Fungi and Insect Mutualistic Association

“Yeast” is used to refer to a fungal growth form consisting of only a single cell and
lacking specialized sex organs, thereby reproducing through the process of budding
via sexual spores from somatic cells, which are not enclosed within fruiting bodies
(Vega and Blackwell 2005; Vega et al. 2008; Kurtzman et al. 2011). This group is
considered to be omnipresent and found to occupy a variety of ecological niches in
both terrestrial and aquatic ecosystems (Kurtzman and Fell 2006). About 1500
species of yeasts have been identified, mostly which belong to the phyla Ascomycota
and Basidiomycota (Urubschurov and Janczyk 2011). Almost 700 species from
about 93 genera under the class Saccharomycetes of Ascomycota are referred to as
“true yeasts” (Batra 1979). Genera belonging to this class include Candida,
Kluyveromyces, Metschnikowia, Pichia, and Saccharomyces. Fellomyces, Tremella,
Ustilago, and Cystofilobasidium are some examples of fungi that belong to the class
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Basidiomycota (Urubschurov and Janczyk 2011; Landell et al. 2009; Suh et al. 2004;
Fell et al. 1999; Gibson and Hunter 2005).

Most of the species of yeast discovered to be in mutualistic relationship with
insects is found to dwell within the gastrointestinal tract of the host and retrieved
from faeces, ovipositors, or other specialized organs of the insects, thus directing a
hypothesis of their facultative relationship with the host (Boekhout 2005).

A vast range of variability among the hosts and their habitats have led to the rise
of unknown number of new species of yeasts, that almost correspond to the total
number of organisms they are found to be in association with since each host is
assumed to carry their own particular and specific yeast partner. An example of this
is the wide range of yeast species inhabiting the guts of Erotylidae and
Tenebrionidae families of beetles, the number of yeast species being equal to the
number of beetle species under each family (Sung-Oui et al. 2005).

Although most often “true yeasts” are involved in symbiosis with insects, studies
report that a separate group of fungal endosymbionts known as “yeast like symbi-
onts” (YLS) also exist in association with insects as shown in Fig. 17.2 (Suh et al.
2001, 2004). This group is supposedly believed to have evolved from ascocarpic
ascomycetes, especially from the subphylum Pezizomycotina (Gibson and Hunter
2010). Notwithstanding their ability to form beneficial association with insects, they
are known to be phylogenetically more related to Hypocreales than to
Saccharomycetales (true yeasts). This relation directs the attention to an interesting
area of evolutionary mutualism, since Hypocreales belong to the family of

Fig. 17.2 Taxonomic Classification of Yeast and Yeast-like Symbionts [adapted from Suh et al.
(2004) and (Suh et al. (2001)]
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Clavicipitaceae which consists of entomopathogenic fungi making it quite evident
that YLS is comparatively more related to entomopathogenic fungi than to yeasts
(Fukatsu and Ishikawa 1996). This places an evidence of two separate pathways of
fungi evolution-mutualistic YLS having their source of origin in insect pathogenic
microbes whereas other related yeasts apparently having evolved from commensal
interactions (Noda and Kodama 1996). However, the variability in interactions
between YLS and insects are sparser than yeast-insect interactions. As per studies
and researches to date, examples of mutualistic insect-YLS interactions have been
found mostly in anobiid beetles and also in some planthopper and aphid species
(Sasaki et al. 1996; Douglas and Smith 1989; Engel and Moran 2013).

17.9 Services Offered and Benefits Gained

Though much speculation still exists on the benefits involved in insect–fungi
mutualism, studies till date have reported that the major benefits that fungi reap
out such a relationship include protection and dispersal of their spores as well as
provisions for outbreeding (Kurtzman et al. 2011; Coluccio et al. 2008).

Although insect digestive tracts are considered as one of the highly vulnerable
areas for microbial; colonization, few microbes have developed resistance to with-
stand the harsh gut environment and are successfully passed on to host congeners.
Although design of the digestive tract varies among different insects and insect
orders, the basic anatomy consists of three main regions: foregut, midgut, and
hindgut, each possessing their own specialized role in digestion. This variation in
turn facilitates distinct abilities in establishing symbiosis with microorganisms. It is
generally understood that symbionts are first achieved by ingestion or interaction
with the congeners and the environment followed by colonization of the guts and
subsequently released from insect molts and faeces for further dispersion of micro-
bial cells. Though the survival and transfer mechanism of yeasts are not well known,
it is expected to have similar trends as that of the extensively explored mechanisms
of bacterial symbionts (Cory and Ericsson 2009; Carlile et al. 2001; Gonzalez 2014).
In contrast to the filamentous structures produced by certain fungi to aid the process
of dispersal of conidiospores and ascospores, yeasts are known to produce repro-
ductive spores that are capable of withstanding even extreme conditions of stress
such as temperature, salt concentrations, and pH (Carlile et al. 2001; Reuter et al.
2007). The spore wall provides resistance from not just extremes of environmental
conditions but also against the stresses encountered in the digestive system, as
inferred from the study of survival of spores in the gut of Drosophila melanogaster
(Carlile et al. 2001). Thus the successful transfer of yeast spores is facilitated through
insect feeding and oviposition (Pulvirenti et al. 2002).

Outbreeding is another benefit gained yeast as an extension to the transit and
survival of sexual spores through the unwelcoming, harsh environment in the insect
gut. Outbreeding is an important concept in order to maintain genetic variation
among the descendants to facilitate adaptation and thus evolution. Unfavorable,
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harsh conditions mostly contribute to the reproduction in yeasts through the forma-
tion of diploid vegetative cells that can undergo meiosis to give rise to a tetrad of
haploid spores that can germinate, mate, and restore the diploid state. Most often, it
has also come to notice that the four spores contained within the same capsule may
undergo selfing or inbreeding. This process is prevented by the gut enzymes that
break open the capsule to release the spores, thus inhibiting inbreeding and assisting
the phenomena of outbreeding (Guzmán et al. 2013; Lachance and Bowles 2002). A
study conducted by making use of genetically marked strains of S.cerevisiae divided
into two groups, one in contact with fruit flies and another in no contact with insects,
demonstrated a significant increase in the number of heterozygotes with insect
association than in yeast that was exposed to non-insect mediated mating (Guzmán
et al. 2013). An example of yeast receiving benefits in all three forms—protection,
facilitation outbreeding, and spore dispersal—is Metschnikowia species in associa-
tion with pollinating insects of the orders Diptera, Coleoptera, and Hymenoptera.
The yeast is found particularly in the nectar of flowers thus explaining their associ-
ation with insect pollinators (Lachance et al. 2001, 2003; Janson et al. 2008;
Bismanis 1976).

The benefits achieved by insects as a result of this interaction include nutrition
source, detoxication from harmful substances, protection from biotic stress as well as
an aid for chemical communication (Noda and Kodama 1996; Jurzitza 1970).

The role played by yeast mutualists in providing nourishment to insects is
interpreted from the fact that insect performance and development decreases in the
absence of their yeast associate (Kurtzman et al. 2011; Kurtzman and Fell 2006).
Yeast cells form an excellent source of nitrogen, containing about 7.5–8.5% of
nitrogen by weight, apart from other essential nutrients such as vitamin B3 and
B5, proteins, trace metals and amino acids which are broken down and absorbed by
simple digestion in the insect gut (96–97,108). Insects such as Pseodococcus citri,
and wood-boring cerambycids, Leptura, and Rhagium are reported to depend on
yeasts for their dietary source of nitrogen (Starmer and Aberdeen 1990; Noda and
Koizumi 2003). The rich source of nitrogen, lipids, and vitamins provide major
nutritional support to Drosophila flies especially during the stages of egg maturation
and larval development (Shen and Dowd 1991a). Similar to the nutritional role
played by yeasts, YLS are also reported to play a pivotal role in being nutritional hub
to their host. Symbiotaphrina and anobiid beetles are supplied by nutrients like
nitrogen, sterols, vitamins, and essential amino acids by YLS (Starmer and Aberdeen
1990; Noda and Koizumi 2003). Similarly important intermediate precursors for
ergosterol biosynthesis in rice planthoppers are also provided by the yeast-like
symbionts (Shen and Dowd 1991b).

The wide range of enzymes produced by insect associated yeasts includes
exoproteases and peptidases (involved in protein degradation), lipases (for digestion
of fatty acids), and hydrolytic enzymes involved in sugar degradation (Chararas et al.
1983). These enzymes play a role in conversion of complex molecules and poly-
saccharides to simple compounds like glucose or sugars that are easily and directly
absorbed by the insects. This role is however mainly attributed to the enzymes
produced by YLS, which release digestive enzymes into their surroundings for
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colonization and spreading to new areas, in contrast to true yeasts, which are more
sessile and are not known to release digestive enzymes unless they are trapped in
their own erosion zones (Noda and Kodama 1996). An exception to this nature is
demonstrated by true yeasts belonging to the genus Candida which possess the
ability to degrade wood components such as cellulose, pectin, and glucosides
(Listemann 1988).

The process of detoxification by yeasts have proved that mutualism between
insects and fungi is a detail of much significance in herbivory. Detoxification in this
context relates to making certain nutrients available by neutralizing or decomposing
the toxins, thus aiding the process of digestion. In some cases, detoxification
converts these nutrients to more polar forms that can be easily removed from the
host’s digestive system (Kurtzman et al. 2011; Kurtzman and Fell 2006; Cory and
Ericsson 2009). An example of detoxification by yeasts is clearly elaborated in the
YLS, S.kochii which is found in association with the beetle L.serricorne (Kurtzman
et al. 2011; Kurtzman and Fell 2006). S.kochii is reported to have the potential to
detoxify a variety of plant allelochemicals, metal toxins, insecticides, and herbicides
in addition to producing detoxifying enzymes such as aromatic ester hydrolase,
glucosidase, phosphatase, and glutathione transferase that converts toxic chemicals
to important carbon sources (Chararas et al. 1983).

Biotic hazards faced by herbivores include competitors, parasites, predators and
plant chemical defenses. Plant diseases could have a negative impact on insects
therefore insect–yeast mutualism aides the availability of safe food sources as yeasts
have demonstrated various protection mechanism of plant tissues from infesting
pathogens (Pulvirenti et al. 2002; Listemann 1988). Yeasts could play a role in
limiting the presence of other fungi or microbes inside plant tissues thus favoring the
growth and development of associated insects. Metschnikowia species decrease the
prevalence of molds inside apples which indirectly correspond to lower mortality
and larval development time for Cydia pomonella (Witzgall et al. 2012). These
results are a clear illustration that yeasts not only performs the role as nutrition
provider to insects, but also ensures that opportunistic pathogens and microbes that
might hinder the development of both participants of symbiosis are kept at bay
(Pulvirenti et al. 2002).

17.10 Conclusion

Researches and studies conducted so far have pointed to the fact that fungus farmers
had not always been involved in mutualistic relations with fungi, but it is a phe-
nomenon that has evolved over a period of nearly 50 million years due to variations
and adaptations amongst various species of organisms. It has manifested its effects
even at the genome level as in case of attine ants whose genome is deficient of genes
responsible for the production of several important enzymes since these are now
easily available in ready form from the fungi in association. Yeast and yeast-like
organisms have developed resistant mechanisms to survive in the harsh dynamic
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environment of insect gut which in turn facilitates spore disposal through feces and
insect oviposition. The mutualistic evolution has come a long a way in developing
mechanisms for the survival and development of both insects and fungi alike. It is a
demonstration of the potential of organisms to develop adaptations in the face of
unfavorable surroundings and environment giving rise to variations and modifica-
tions within different species.

References

Aanen DK, Eggleton P, Rouland-Lefevre C, Guldberg-Frøslev T, Rosendahl S, Boomsma JJ (2002)
The evolution of fungus-growing termites and their mutualistic fungal symbionts. Proc Natl
Acad Sci 99(23):14887–14892

Abe T, Bignell DE, Higashi M, Higashi T, Abe Y (eds) (2000a) Termites: evolution, sociality,
symbioses, ecology. Springer, Dordrecht, pp 335–336

Abe T, Bignell DE, Higashi M, Higashi T, Abe Y (eds) (2000b) Termites: evolution, sociality,
symbioses, ecology. Springer, Dordrecht, pp 189–208

Abe T, Bignell DE, Higashi M, Higashi T, Abe Y (eds) (2000c) Termites: evolution, sociality,
symbioses, ecology. Springer, Dordrecht, pp 289–306

Abo-Khatwa N (1978) Cellulase of fungus-growing termites: a new hypothesis on its origin.
Experientia 34(5):559–560

Ausat A, Cheema PS, Koshi T, Perti SL, Ranganathan SK (1960, October) Laboratory culturing of
termites. In: Termites in the humid tropics, proceedings of the New Delhi symposium. UNES
CO, Paris, pp 121–125

Aylward FO, Currie CR, Suen G (2012) The evolutionary innovation of nutritional symbioses in
leaf-cutter ants. Insects 3(1):41–61

Barke J, Seipke RF, Grüschow S, Heavens D, Drou N, Bibb MJ, Goss RJ, Douglas WY, Hutchings
MI (2010) A mixed community of actinomycetes produce multiple antibiotics for the fungus
farming ant Acromyrmex octospinosus. BMC Biol 8(1):109

Batra LR (1966) Ambrosia fungi: extent of specificity to ambrosia beetles. Science 153
(3732):193–195

Batra LR (1979) The mutualistic fungi of Xyleborini beetles. In: Batra LR (ed) Insect-fungus
symbiosis. Allanheld, Osmun & Co, Montclair, pp 259–265

Batra LR (1985) Ambrosia beetles and their associated fungi: research trends and techniques. Proc
Plant Sci 94(2–3):137–148

Beaver RA, Wilding N, Collins N, Hammond P, Webber J (1989) Insect-fungus relationships in the
bark and ambrosia beetles. In: Insect-fungus interactions. Academic Press, New York, pp
121–143

Bismanis JE (1976) Endosymbionts of Sitodrepa panicea. Can J Microbiol 22(10):1415–1424
Blanton CM, Ewel JJ (1985) Leaf-cutting ant herbivory in successional and agricultural tropical

ecosystems. Ecology 66(3):861–869
Boekhout T (2005) Gut feeling for yeasts. Nature 434(7032):449–451
Bultman TL, Leuchtmann A (2008) Biology of the Epichloë–Botanophila interaction: an intriguing

association between fungi and insects. Fungal Biol Rev 22(3–4):131–138
Bultman TL, White JF Jr, Bowdish TI, Welch AM (1998) A new kind of mutualism between fungi

and insects. Mycol Res 102(2):235–238
Carlile MJ, Watkinson SC, Gooday GW (2001) The fungi. Gulf Professional Publishing, Houston
Chapela IH, Rehner SA, Schultz TR, Mueller UG (1994) Evolutionary history of the symbiosis

between fungus-growing ants and their fungi. Science 266(5191):1691–1694

17 Symbiotic Harmony Between Insects and Fungi: A Mutualistic Approach 283



Chararas C, Pignal MC, Vodjdani G, Bourgeay-Causse M (1983) Glycosidases and B group
vitamins produced by six yeast strains from the digestive tract of Phoracantha semipunctata
larvae and their role in the insect development. Mycopathologia 83(1):9–15

Cherrett JM, Peregrine DJ (1976) A review of the status of leaf-cutting ants and their control. Ann
Appl Biol 84:124–128

Coley PD, Barone JA (1996) Herbivory and plant defenses in tropical forests. Annu Rev Ecol Syst
27(1):305–335

Coluccio AE, Rodriguez RK, Kernan MJ, Neiman AM (2008) The yeast spore wall enables spores
to survive passage through the digestive tract of Drosophila. PLoS One 3(8):e2873

Cory JS, Ericsson JD (2009) Fungal entomopathogens in a tritrophic context. In the ecology of
fungal Entomopathogens. Springer, Dordrecht, pp 75–88

Costa AN, Vasconcelos HL, Vieira-Neto EH, Bruna EM (2008) Do herbivores exert top-down
effects in neotropical savannas? Estimates of biomass consumption by leaf-cutter ants. J Veg Sci
19(6):849–854

Currie CR (2001) Prevalence and impact of a virulent parasite on a tripartite mutualism. Oecologia
128(1):99–106

Currie CR, Stuart AE (2001) Weeding and grooming of pathogens in agriculture by ants. Proc R
Soc Lond Ser B Biol Sci 268(1471):1033–1039

Currie CR, Scott JA, Summerbell RC, Malloch D (1999a) Fungus-growing ants use antibiotic-
producing bacteria to control garden parasites. Nature 398(6729):701–704

Currie CR, Mueller UG, Malloch D (1999b) The agricultural pathology of ant fungus gardens. Proc
Natl Acad Sci 96(14):7998–8002

Darlington JPEC (1994) Nutrition and evolution in fungus-growing termites. In: Hunt JH, Nalepa
CA (eds) Nourishment and evolution in insect societies. Westview, Boulder, CO, pp 105–130

Diamond J, Renfrew C (1997) Guns, germs, and steel: the fates of human societies. Nature 386
(6623):339–339

Douglas AE, Smith DC (1989) Are endosymbioses mutualistic? Trends Ecol Evol 4(11):350–352
Engel P, Moran NA (2013) The gut microbiota of insects–diversity in structure and function. FEMS

Microbiol Rev 37(5):699–735
Farji-Brener AG (2001) Why are leaf-cutting ants more common in early secondary forests than in

old-growth tropical forests? An evaluation of the palatable forage hypothesis. Oikos 92
(1):169–177

Farrell BD (1998) “Inordinate fondness” explained: why are there so many beetles? Science 281
(5376):555–559

Farrell BD, Sequeira AS, O'Meara BC, Normark BB, Chung JH, Jordal BH (2001) The evolution of
agriculture in beetles (Curculionidae: Scolytinae and Platypodinae). Evolution 55
(10):2011–2027

Fell JW, Roeijmans H, Boekhout T (1999) Cystofilobasidiales, a new order of basidiomycetous
yeasts. Int J Syst Evol Microbiol 49(2):907–913

Fernández-Marín H, Zimmerman JK, Rehner SA, Wcislo WT (2006) Active use of the metapleural
glands by ants in controlling fungal infection. Proc R Soc B Biol Sci 273(1594):1689–1695

Fernández-Marín H, Zimmerman JK, Nash DR, Boomsma JJ, Wcislo WT (2009) Reduced biolog-
ical control and enhanced chemical pest management in the evolution of fungus farming in ants.
Proc R Soc B Biol Sci 276(1665):2263–2269

Frank SA (1996) Host–symbiont conflict over the mixing of symbiotic lineages. Proc R Soc Lond
Ser B Biol Sci 263(1368):339–344

Fukatsu T, Ishikawa H (1996) Phylogenetic position of yeast-like symbiont of Hamiltonaphis
styraci (Homoptera, Aphididae) based on 18S rDNA sequence. Insect Biochem Mol Biol 26
(4):383–388

Gibson CM, Hunter MS (2005) Reconsideration of the role of yeasts associated with Chrysoperla
green lacewings. Biol Control 32(1):57–64

Gibson CM, Hunter MS (2010) Extraordinarily widespread and fantastically complex: comparative
biology of endosymbiotic bacterial and fungal mutualists of insects. Ecol Lett 13(2):223–234

284 S. Nagendran et al.



Gonzalez F (2014) Symbiosis between yeasts and insects (No. 2014: 3)
Guzmán B, Lachance MA, Herrera CM (2013) Phylogenetic analysis of the angiosperm-floricolous

insect–yeast association: have yeast and angiosperm lineages co-diversified? Mol Phylogenet
Evol 68(2):161–175

Harrington TC (2005) Ecology and evolution of mycophagous bark beetles and their fungal
partners. In: Vega FE, Blackwell M (eds) Ecological and evolutionary advances in insect-
fungal associations. Oxford University Press, Oxford, pp 257–291

Herz H, Beyschlag W, Hölldobler B (2007) Herbivory rate of leaf-cutting ants in a tropical moist
forest in Panama at the population and ecosystem scales. Biotropica 39(4):482–488

Hölldobler B, Wilson EO (2009) The superorganism: the beauty, elegance, and strangeness of
insect societies. W.W. Norton & Company, New York

Hölldobler B, Wilson EO (2010) The leafcutter ants: civilization by instinct. W.W. Norton &
Company, New York

Hopkins AD (1915) Classification of the Cryphalinae with descriptions of new genera and species
(no. 99-106). US Government Printing Office, Washington, DC

Hsiau PT, Harrington TC (2003) Phylogenetics and adaptations of basidiomycetous fungi fed upon
by bark beetles (Coleoptera: Scolytidae). Symbiosis 34(2):111–132

https://www.Ck12.Org/Biology/Fungi-Symbiosis/Lesson/Symbiotic-Relationships-Of-Fungi-Bio/.
Accessed Feb 2020

Hulcr J, Cognato AI (2010) Repeated evolution of crop theft in fungus-farming ambrosia beetles.
Evolution 64(11):3205–3212

Hunt DWA, Borden JH (1990) Conversion of verbenols to verbenone by yeasts isolated from
Dendroctonus ponderosae (Coleoptera: Scolytidae). J Chem Ecol 16(4):1385–1397

International Aphid Genomics Consortium (2010) Genome sequence of the pea aphid
Acyrthosiphon pisum. PLoS Biol 8(2). https://doi.org/10.1371/journal.pbio.1000313.t003

Janson EM, Stireman JO III, Singer MS, Abbot P (2008) Phytophagous insect–microbe mutualisms
and adaptive evolutionary diversification. Evolution 62(5):997–1012

Johnson RA, Thomas RJ, Wood TG, Swift MJ (1981) The inoculation of the fungus comb in newly
founded colonies of some species of the Macrotermitinae (Isoptera) from Nigeria. J Nat Hist 15
(5):751–756

Jurzitza G (1970) Über Isolierung, Kultur und Taxonomie einiger Anobiidensymbionten (Insecta,
Coleoptera). Arch Mikrobiol 72(3):203–222

Kambhampati S, Eggleton P (2000) Taxonomy and phylogeny of termites. In: Termites: evolution,
sociality, symbioses, ecology. Springer, Dordrecht, pp 1–24

Kirk P, Cannon PF, David JC, Stalpers JA (eds) (2001) Ainsworth & Bisby’s dictionary of the
fungi. CABI, Wallingford

Klepzig KD, Adams AS, Handelsman J, Raffa KF (2009) Symbioses: a key driver of insect
physiological processes, ecological interactions, evolutionary diversification, and impacts on
humans. Environ Entomol 38(1):67–77

Kukor JJ, Martin MM (1983) Acquisition of digestive enzymes by siricid woodwasps from their
fungal symbiont. Science 220(4602):1161–1163

Kurtzman CP, Fell JW (2006) Yeast systematics and phylogeny—implications of molecular
identification methods for studies in ecology. In: Biodiversity and ecophysiology of yeasts.
Springer, Berlin, pp 11–30

Kurtzman CP, Fell JW, Boekhout T (2011) Definition, classification and nomenclature of the
yeasts. In: The yeasts. Elsevier, New York, pp 3–5

Lachance MA, Bowles JM (2002) Metschnikowia arizonensis and Metschnikowia dekortorum, two
new large-spored yeast species associated with floricolous beetles. FEMS Yeast Res 2(2):81–86

Lachance MA, Bowles JM, Kwon S, Marinoni G, Starmer WT, Janzen DH (2001) Metschnikowia
lochheadii and Metschnikowia drosophilae, two new yeast species isolated from insects asso-
ciated with flowers. Can J Microbiol 47(2):103–109

17 Symbiotic Harmony Between Insects and Fungi: A Mutualistic Approach 285

https://www.ck12.org/Biology/Fungi-Symbiosis/Lesson/Symbiotic-Relationships-Of-Fungi-Bio/
https://doi.org/10.1371/journal.pbio.1000313.t003


Lachance MA, Bowles JM, Starmer WT (2003) Metschnikowia santaceciliae, Candida hawaiiana,
and Candida kipukae, three new yeast species associated with insects of tropical morning glory.
FEMS Yeast Res 3(1):97–103

Landell MF, Inacio J, Fonseca A, Vainstein MH, Valente P (2009) Cryptococcus bromeliarum
sp. nov., an orange-coloured basidiomycetous yeast isolated from bromeliads in Brazil. Int J
Syst Evol Microbiol 59(4):910–913

Leufvén A, Nehls L (1986) Quantification of different yeasts associated with the bark beetle, Ips
typographus, during its attack on a spruce tree. Microb Ecol 12(2):237–243

Li Y, Simmons DR, Bateman CC, Short DP, Kasson MT, Rabaglia RJ, Hulcr J (2016) Correction:
new fungus-insect Symbiosis: culturing, molecular, and histological methods determine sapro-
phytic Polyporales Mutualists of Ambrosiodmus Ambrosia beetles. PLoS One 11(1):e0147305

Listemann H (1988) Über die Beziehungen zwischen Candida pulcherrima und Laspeyresia
pomonella: the interrelation between Candida pulcherrima and Laspeyresia pomonella. Myco-
ses 31(8):423–425

Lu M, Hulcr J, Sun J (2016) The role of symbiotic microbes in insect invasions. Annu Rev Ecol
Evol Syst 47:487–505

Martin MM (1987) Invertebrate-microbial interactions. Ingested fungal enzymes in arthropod
biology. Cornell University Press, Ithaca

Martin MM (1992) The evolution of insect-fungus associations: from contact to stable symbiosis.
Am Zool 32(4):593–605

Martin MM, Martin JS (1978) Cellulose digestion in the midgut of the fungus-growing termite
Macrotermes natalensis: the role of acquired digestive enzymes. Science 199(4336):1453–1455

Martin MM, Carman RM, MacConnell JG (1969) Nutrients derived from the fungus cultured by the
fungus-growing ant Atta colombica tonsipes. Ann Entomol Soc Am 62(1):11–13

Martin MM, Gieselmann MJ, Martin JS (1973) Rectal enzymes of attine ants. α-amylase and
chitinase. J Insect Physiol 19(7):1409–1416

Molles M (2015) Ecology: concepts and applications, 2nd edn. McGraw-Hill, New York, pp
87–118

Moncalvo JM, Lutzoni FM, Rehner SA, Johnson J, Vilgalys R (2000) Phylogenetic relationships of
agaric fungi based on nuclear large subunit ribosomal DNA sequences. Syst Biol 49(2):278–305

Moncalvo JM, Vilgalys R, Redhead SA, Johnson JE, James TY, Aime MC, Hofstetter V, Verduin
SJ, Larsson E, Baroni TJ, Thorn RG (2002) One hundred and seventeen clades of euagarics.
Mol Phylogenet Evol 23(3):357–400

Mueller UG, Gerardo N (2002) Fungus-farming insects: multiple origins and diverse evolutionary
histories. Proc Natl Acad Sci 99(24):15247–15249

Mueller UG, Wcislo WT (1998) Nesting biology of the fungus-growing ant Cyphomyrmex
longiscapus Weber (Attini, Formicidae). Insect Soc 45(2):181–189

Mueller UG, Schultz TR, Currie CR, Adams RMM, Malloch D (2001) The origin of the attine
ant-fungus symbiosis. Q Rev Biol 76:169–197

Mueller UG, Gerardo NM, Aanen DK, Six DL, Schultz TR (2005) The evolution of agriculture in
insects. Annu Rev Ecol Evol Syst 36:563–595

Nielsen C, Williams DW, Hajek AE (2009) Putative source of the invasive Sirex noctilio fungal
symbiont, Amylostereum areolatum, in the eastern United States and its association with native
siricid woodwasps. Mycol Res 113(11):1242–1253

Noda H, Kodama K (1996) Phylogenetic position of yeastlike endosymbionts of anobiid beetles.
Appl Environ Microbiol 62(1):162–167

Noda H, Koizumi Y (2003) Sterol biosynthesis by symbiotes: cytochrome P450 sterol C-22
desaturase genes from yeastlike symbiotes of rice planthoppers and anobiid beetles. Insect
Biochem Mol Biol 33(6):649–658

Nygaard S, Zhang G, Schiøtt M, Li C, Wurm Y, Hu H, Zhou J, Ji L, Qiu F, Rasmussen M, Pan H
(2011) The genome of the leaf-cutting ant Acromyrmex echinatior suggests key adaptations to
advanced social life and fungus farming. Genome Res 21(8):1339–1348

286 S. Nagendran et al.



Paine TD, Raffa KF, Harrington TC (1997) Interactions among scolytid bark beetles, their associ-
ated fungi, and live host conifers. Annu Rev Entomol 42(1):179–206

Pinto-Tomás AA, Anderson MA, Suen G, Stevenson DM, Chu FS, Cleland WW, Weimer PJ,
Currie CR (2009) Symbiotic nitrogen fixation in the fungus gardens of leaf-cutter ants. Science
326(5956):1120–1123

Pulvirenti A, Zambonelli C, Todaro A, Giudici P (2002) Interspecific hybridisation by digestive
tract of invertebrates as a source of environmental biodiversity within the Saccharomyces
cerevisiae. Ann Microbiol 52(3):245–256

Reuter M, Bell G, Greig D (2007) Increased outbreeding in yeast in response to dispersal by an
insect vector. Curr Biol 17(3):R81–R83

Rodrigues A, Carletti CD, Bueno OC, Pagnocca FC (2008) Leaf-cutting ant faecal fluid and
mandibular gland secretion: effects on microfungi spore germination. Braz J Microbiol 39
(1):64–67

Rønhede S, Boomsma JJ, Rosendahl S (2004) Fungal enzymes transferred by leaf-cutting ants in
their fungus gardens. Mycol Res 108(1):101–106

Roossinck MJ (2008) Symbiosis, mutualism and symbiogenesis. In: Plant virus evolution. Springer,
Berlin, pp 157–164

Rouland C, Civas A, Renoux J, Petek F (1988) Synergistic activities of the enzymes involved in
cellulose degradation, purified from Macrotermes mülleri and from its symbiotic fungus
Termitomyces sp. Comp Biochem Physiol B 91(3):459–465

Rouland-Lefèvre C (2000) Symbiosis with fungi. In: Termites: evolution, sociality, symbioses,
ecology. Springer, Dordrecht, pp 289–306

Rouland-Lefèvre C, Bignell DE (2001) Cultivation of symbiotic fungi by termites of the subfamily
Macrotermitinae. In: Symbiosis. Springer, Dordrecht, pp 731–756

Rouland-Lefevre C, Diouf MN, Brauman A, Neyra M (2002) Phylogenetic relationships in
Termitomyces (family Agaricaceae) based on the nucleotide sequence of ITS: a first approach
to elucidate the evolutionary history of the symbiosis between fungus-growing termites and
their fungi. Mol Phylogenet Evol 22(3):423–429

Rouland-Lefèvre C, Inoue T, Johjima T (2006) Termitomyces/termite interactions. In: Intestinal
microorganisms of termites and other invertebrates. Springer, Berlin, pp 335–350

Sands WA (1956) Some factors affecting the survival of Odontotermes badius. Insect Soc 3
(4):531–536

Sasaki T, Kawamura M, Ishikawa H (1996) Nitrogen recycling in the brown planthopper,
Nilaparvata lugens: involvement of yeast-like endosymbionts in uric acid metabolism. J Insect
Physiol 42(2):125–129

Schultz TR, Brady SG (2008) Major evolutionary transitions in ant agriculture. Proc Natl Acad Sci
105(14):5435–5440

Schultz TR, Meier R (1995) A phylogenetic analysis of the fungus-growing ants (Hymenoptera:
Formicidae: Attini) based on morphological characters of the larvae. Syst Entomol 20
(4):337–370

Seifert, K.A., Wingfield, M.J. and Kendrick, W.B., 1993. A nomenclator for described species of
Ceratocystis, Ophiostoma, Ceratocystiopsis, Ceratostomella and Sphaeronaemella. 269–287.
American Phytopathological Society, St. Paul, Minnesota, USA, pp 269–287

Shen SK, Dowd PF (1991a) Detoxification spectrum of the cigarette beetle symbiont
Symbiotaphrina kochii in culture. Entomol Exp Appl 60(1):51–59

Shen SK, Dowd PF (1991b) 1-Naphthyl acetate esterase activity from cultures of the symbiont yeast
of the cigarette beetle (Coleoptera: Anobiidae). J Econ Entomol 84(2):402–407

Smith TM, Smith RL, Waters I (2012) Elements of ecology. Benjamin Cummings, San Francisco,
pp 112–225

Starmer WT, Aberdeen V (1990) The nutritional importance of pure and mixed cultures of yeasts in
the development of Drosophila mulleri larvae in Opuntia tissues and its relationship to host
plant shifts. In: Ecological and evolutionary genetics of Drosophila. Springer, Boston, MA, pp
145–160

17 Symbiotic Harmony Between Insects and Fungi: A Mutualistic Approach 287



Sternberg LDS, Pinzon MC, Moreira MZ, Moutinho P, Rojas EI, Herre EA (2007) Plants use
macronutrients accumulated in leaf-cutting ant nests. Proc R Soc B Biol Sci 274(1608):315–321

Suen G, Teiling C, Li L, Holt C, Abouheif E, Bornberg-Bauer E, Bouffard P, Caldera EJ, Cash E,
Cavanaugh A, Denas O (2011) The genome sequence of the leaf-cutter ant Atta cephalotes
reveals insights into its obligate symbiotic lifestyle. PLoS Genet 7(2):e1002007. https://doi.org/
10.1371/journal.pgen.1002007

Suh SO, Noda H, Blackwell M (2001) Insect symbiosis: derivation of yeast-like endosymbionts
within an entomopathogenic filamentous lineage. Mol Biol Evol 18(6):995–1000

Suh SO, Gibson CM, Blackwell M (2004) Metschnikowia chrysoperlae sp. nov., Candida
picachoensis sp. nov. and Candida pimensis sp. nov., isolated from the green lacewings
Chrysoperla comanche and Chrysoperla carnea (Neuroptera: Chrysopidae). Int J Syst Evol
Microbiol 54(5):1883–1890

Sung-Oui SUH, McHugh JV, Pollock DD, Blackwell M (2005) The beetle gut: a hyperdiverse
source of novel yeasts. Mycol Res 109(3):261–265

Talbot PHB (1977) The Sirex-amylostereum-pinus association. Annu Rev Phytopathol 15
(1):41–54

Taylor FJR, FJR T (1983) Some eco-evolutionary aspects of intracellular symbiosis. In: Jeon KW
(ed) Intracellular symbiosis. Academic Press, New York, pp 1–28

Urubschurov V, Janczyk P (2011) Biodiversity of yeasts in the gastrointestinal ecosystem with
emphasis on its importance for the host. In: The dynamical processes of biodiversity - Case
studies of evolution and spatial distribution. IntechOpen Limited, London, pp 277–302

Valiev A, Ogel ZB, Klepzig KD (2009) Analysis of cellulase and polyphenol oxidase production by
southern pine beetle associated fungi. Symbiosis 49(1):37–42

Vega FE, Hofstetter RW (eds) (2014) Bark beetles: biology and ecology of native and invasive
species. Academic Press, New York, pp 177–178

Vega FE, Blackwell M (eds) (2005) Insect-fungal associations: ecology and evolution. Oxford
University Press, Oxford, pp 211–243

Vega FE, Posada F, Aime MC, Pava-Ripoll M, Infante F, Rehner SA (2008) Entomopathogenic
fungal endophytes. Biol Control 46(1):72–82

Villesen P, Mueller UG, Schultz TR, Adams RM, Bouck AC (2004) Evolution of ant-cultivar
specialization and cultivar switching in Apterostigma fungus-growing ants. Evolution 58
(10):2252–2265

Weber NA (1966) Fungus-growing ants. Science 153(3736):587–604
Weber NA (1972) Gardening ants: the attines, Memoirs of the American Philosophical Society, vol

92. American Philosophical Society, Philadelphia, pp 1–146
Wheeler WM (1907) The fungus-growing ants of North America. Bull AMNH 23:31
Wilson EO (1971) The insect societies. Belknap, Cambridge, MA
Wirth R, Herz H, Ryel RJ, Beyschlag W, Hölldobler B (2003) Herbivory of leaf cutting ants. A case

study in the tropical rainforest of Panama. Springer, Berlin, Germany, pp 187–192
Witzgall P, Proffit M, Rozpedowska E, Becher PG, Andreadis S, Coracini M, Lindblom TU, Ream

LJ, Hagman A, Bengtsson M, Kurtzman CP (2012) “This is not an apple”-yeast mutualism in
codling moth. J Chem Ecol 38(8):949–957

Wood SL (1982) The bark and ambrosia beetles of north and Central America (Coleoptera:
Scolytidae), a taxonomic monograph. Great Basin Nat Memoirs 6:1–1356

Wood SL (1992) A catalog of Scolytidae and Platypodidae (Coleoptera), part 2: taxonomic index.
Great Basin Nat Memoirs 13:1–1553

Wood TG, Thomas RJ (1989) The mutualistic association between Macrotermitinae and
Termitomyces. In: Insect-fungus interactions. Academic Press, New York, pp 69–92

288 S. Nagendran et al.

https://doi.org/10.1371/journal.pgen.1002007
https://doi.org/10.1371/journal.pgen.1002007

	Chapter 17: Symbiotic Harmony Between Insects and Fungi: A Mutualistic Approach
	17.1 Introduction
	17.2 Fungi and the Ecosystem
	17.3 The Evolutionary Antiquity of Fungus-Farming Insects
	17.4 Mutualism Between Leaf-Cutter Ants and Fungi
	17.5 Adaptation of the Ant Genome
	17.6 Fungus Cultivating Termite Species
	17.7 Mutualistic Association of Beetle With Fungi
	17.8 Fungi and Insect Mutualistic Association
	17.9 Services Offered and Benefits Gained
	17.10 Conclusion
	References


