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ABSTRACT

Ophiocordyceps fungi infecting ants comprises one of the most intriguing and fascinating
relationships among pathogens and animals. They are spread especially on tropical forests
worldwide, with few reports for temperate ecosystems. These pathogens posses the ability to
manipulate the host behavior in order to increase its own fitness, leading the infected ants to leave
the nest and ascend understory shrubs, to die biting onto the vegetation. It is posited that this
behavioral change aids spore dispersal and thus increases the chances of infection, a phenomenon
named Extended Phenotype. Despite their undoubted importance for ecosystem functioning, these
fungal pathogens are still poorly documented, especially regarding their diversity, ecology and
evolutionary relationships. In this dissertation, I studied the diversity, ecology and evolution of
Ophiocordyceps infecting ant, i.e. Myrmecophilous Ophiocordyceps.
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Chapter 1

Diversity, Ecology and Evolution of Entomopathogenic Fungi, an overview

1.1.Background

The kingdom Fungi is comprised by a myriad of heterogeneous groups that play important roles
in the ecosystems they inhabit. There are approximately 100,00 described species (Kirk et al.
2008), which only represents a fraction of the estimated diversity, currently considered to be
between 1.5 to 5 million species (Hawksworth and Rossman 1997, Blackwell 2011). Few if any
organisms in terrestrial ecosystems exist in nature in the complete absence of fungi. Their
ecological diversity is unparalleled. There are saprophytic groups that degrade leaves, wood and
all sorts of organic matter (Braga-Neto et al. 2008), mycorrhizal lineages that form intimate
relationships with plant roots (Schüßler et al. 2001), lichenized groups that “farm” algae cells
(Spribille et al. 2016) and a particularly interesting group that forms close relationships with
insects.
Fungal associations with insects exhibit an enormous variety. They can act as mutualistic
symbionts (Suh et al. 2005), serve as an obligate food source, such as those found in fungusgardening ants (Currie et al. 2003), sexually and behaviorally transmitted parasites – e.g.
Laboulbeniales (DeKesel 1996) – and pathogens that have pronounced effects on host populations,
termed entomopathogens (Evans 1982).
Entomopathogenic species are found within five of the eight phyla of Fungi
(Microsporidia, Chytridiomycota, Entomophthoromycota, Basidiomycota and Ascomycota)
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(sensu Hibbett et al. 2007, Humber 2012). The entomopathogenic species within these phyla have
developed strategies to reach, colonize, infect and transmit within species across 19 of the 30
orders of insects. Microsporidians infect 14 orders, Chytridiomycota 3, Entomophthoromycota 10,
Basidiomycota 2 and fungi in the phylum Ascomycota infect 13 orders of insects (Araújo and
Hughes 2016 – chapter 2). Each of these fungal groups have evolved unique and complex
ecological and morphological traits that allowed them to reach – and persist – in the host
environment. However, one genus stands out by its diversity, broad range of hosts and complex
life cycle, which involves extremely sophisticated behavioral manipulation, those are
Ophiocordyceps species.
Ophiocordyceps is one of the biggest genus of entomopathogenic fungi, consisting of about
200 species (Robert et al. 2013). The genus is estimated to have emerged about 100 mya (Sung et
al. 2008) and since then has colonized eleven orders of insects (Sanjuan et al. 2015, Araújo and
Hughes 2016 – Chapter 2). Those are: Odonata, Dermaptera, Orthoptera, Blattaria, Isoptera,
Hemiptera, Coleoptera, Megaloptera, Lepidoptera, Diptera and Hymenoptera (Figure 1.1). Among
the hymenopteran hosts, the most common group infected are the ants (Formicidae), especially in
tropical forests worldwide.
Ants are the dominant group of insects in most terrestrial habitats. Although they make up
roughly 2% of the nearly 900,000 described species of insects (Höldobler and Wilson 2009), in
the Amazon Basin for example, ants are estimated to comprise four times the biomass of all
vertebrates combined (Grimaldi and Engel 2006). These colony-forming insects occupy a wide
range of habitats, from high canopy to the leaf litter and below the soil. Their colonies comprise
less than 100 indviduals to more than 10 million. Most ant species live in the tropical forests where
resources are abundanct, but these environments represent tradeoff as many species of
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Ophiocordyceps are also very well adapted to live in the warm and humid tropical forests and
infect the ubiquitous ants.
In this thesis, I explore these releationships. In Chapter 2, I provide a broad picture of
fungal/oomycetes pathogenicity across the Insect order. Chapter 3 was dedicated for the mode of
transmission within the system Ophiocordyceps and ants. I also provided a morphological
overview of this group of pathogens as well ecological aspects. Chapter 4 is about diversity of
Ophiocordyceps on Camponotini ants, exclusively from the Brazilian Amazon region. In Chapter
5, I extended the biodiversity studies on Ophiocordyceps/ants for a global scale with species
described form Brazil, Colombia, USA, Australia and Japan, which provided a novel phylogenetic
perspective for the whole genus. Chapter 6 presents the phenotypic plasticity within
Ophiocordyceps unilateralis complex, in the context of the diversity of behavior manipulation
across a latitudinal gradient. Chapter 7 investigate the host association between Ophiocordyceps
and Formicidae, framed in a phylogenetic and evolutionary perspective. Chapter 8 concludes and
point the future directions after this study.

4

Figure 1.1. Ophiocordyceps infections across the Insect orders. Orders infected have the
boxes highlighted, asterisks in front of their names and the insect illustration is shown in color.
Insect phylogeny was adapted from Grimaldi and Engel (2006).

5

Chapter 2
Diversity of Entomopathogenic Fungi: Which Groups Conquered
the Insect Body?

This chapter has been published in Advances in Genetics with the citation:
Araújo JPM, Hughes DP (2016). Diversity of Entomopathogenic Fungi: Which Groups Conquered
the insect Body? Advances in Genetics. 94: 1-39.

IF: 3.933
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Introduction

The Kingdom Fungi is one of the major groups of eukaryotic microbes in terrestrial and aquatic
ecosystems (Mueller and Schmit 2007). There are approximately 100,000 described species of
fungi (Kirk et al. 2008), which only represents a fraction of the estimated diversity, considered to
be between 1.5 and 5 million species (Blackwell 2011, Hawksworth and Rossman 1997).
Importantly, one of the hallmarks of Fungi is their propensity to form intimate interactions with
other groups of life on Earth (Vega and Blackwell 2005). According to (Hawksworth 1988), 21%
of all described species of fungi are associated with algae as lichens and 8% form intimate
relationships with plants as mycorrhiza. Few if any organisms in terrestrial ecosystems exist in
nature in the complete absence of fungi and for this reason fungi are essential players in the
maintenance of ecosystem health (Braga-Neto et al. 2008). Another group often considered when
discussing fungi are the Oomycota. These are colloquially known as water molds and belong to a
very distant kingdom – Stramenopila – (Alexopoulos and Mims 1996), more closely related to
brown algae (Kamoun 2003). However, it is appropriate to discuss oomycetes with fungi as they
were long considered to be in the same group and exhibit very similar ecologies, acting as parasites
of both plants and animals.
The insects, with over 900,000 described species, represent the most species-rich groups of
eukaryotes ((Grimaldi and Engel 2005) pg. 12). They are known to form intimate relationships
with many fungal groups: mutualistic endosymbionts that assist in nutrition (Suh et al. 2005), fungi
as food sources that are farmed as crops (Currie et al. 2003), vertically transmitted parasites
(Lucarotti and Klein 1988), commensals (DeKesel 1996) and pathogens suggested to have
pronounced effects on host populations (Evans and Samson 1982, 1984). However, even though
we know that many different fungal-insect associations do exist, this subject remains among the
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most understudied fields in fungal biodiversity and likely harbors one of the largest reservoirs of
undocumented fungal species (Vega and Blackwell 2005).
A prominent characteristic of insects is their chitinous exoskeleton, which the great majority
of entomopathogenic fungi and Oomycota need to penetrate (Evans 1988). Following entry, some
groups (i.e. Metarhizium and Beauveria in the order Hypocreales, phylum Ascomycota) are known
to grow inside the host as yeast-like hyphal bodies, multiplying by budding (Prasertphon and
Tanada 1968). Others, for example some species within the Entomophthoromycota, produce
protoplasts (cells without cell walls) instead (Butt et al. 1996). A third group encompassing some
species within Oomycota, Chytridiomycota and species within the genus Entomophthora that
infect aphids are known to grow directly as hyphal filaments inside the host’s body (Lucarotti and
Shoulkamy 2000a, Roberts and Humber 1981, R. Samson et al. 1979, Zattau and McInnis Jr 1987).
The majority of entomopathogenic fungi kill their hosts before the spore production starts (as such
they are termed hemibiotrophic). A few of them, especially some in the phylum
Entomophthoromycota species, sporulate from the living body of their hosts (and as such are
termed biotrophic) (Roy et al. 2006). All of entomopathogenic oomycetes kill the host before
transmission.
All entomopathogenic fungi and water molds are transmitted via spores. There are two types to
consider. The sexual spores (known as zoospores, zygospore, basidiospore, ascospore) are actively
released into the environment. By definition, zoospores are motile spores that actively swim and,
in the case of pathogenic fungi, reach their target-host actively, via a flagellum attached to the
spore. Such motile spores occur in the Chytridiomycota and Oomycota. In other groups, sexual
spores are named this way to link them to their groups: (Zygo)spore, (basidio)spore and
(asco)spores belonging to respectively, the “zygomycetes”, Basidiomycota and Ascomycota. Each
of the three types exhibits unique traits (Figure 2.1). The asexual mitotic spores (always called
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conidia regardless of taxon) are often passively released (Roberts and Humber 1981). Spore
morphology and the germination behavior have been heavily relied upon in the classification and
systematics of different groups of fungi (Alexopoulos and Mims 1996). We will discuss, below,
the diversity of these varied spores separately for each major group of entomopathogenic fungi.

Figure 2.1: Spore diversity within entomopathogenic fungi (in µm): A) Ascomycota - Moelleriella sloaneae (1315 x 2.8-3 µm) – (Chaverri et al. 2008), B) Oomycota - Lagenidium giganteum (8-9 x 9-10 µm) – (Couch 1935), C)
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Chytridiomycota - Coelomomyces psophorae (5 x 10) – (Whisler et al. 1975), D) Entomophthoromycota –
Entomophthora thripidum (10-15 x 8-12 µm) – (Samson et al. 1979), E) Microsporidia - Nosema hyperae (3.1 x 1.7
µm) – (Bulla and Cheng 1977), F) Basidiomycota - Septobasidium maesae (18-19.5 x 4-5 µm) – (Lu and Guo 2009),
G) Ascomycota - Ophiocordyceps lloydii (4 x 1 µm) - (Kobayasi 1978), H) Ascomycota - Hypocrella raciborskii (1016 x 2.5-4 µm) – (Liu et al. 2006), I) Ascomycota - Ophiocordyceps camponoti-rufipedis (80-95 x 2-3 µm) – (Evans
et al. 2011), J) Ascomycota - Ophiocordyceps blattae (40-60 x 4-6 µm) – (Petch 1924), K) Ascomycota Ophiocordyceps camponoti-melanotici (170-210 x 4-5 µm) – (Evans et al. 2011), L) Ascomycota - Ophiocordyceps
camponoti-novogranadensis (75-95 x 2.5-3.5 µm) – (Evans et al. 2011).

This paper has multiple aims. The first is to ask which groups of Fungi and Oomycota evolved
the ability to exploit the insect body. We will then explore the strategies these organisms employ
for both infection and subsequent transmission. We view each group of entomopathogens within
the ecological framework that is its insect host, an approach that has surprisingly not been
previously considered in a broad sense. Our overarching aim is to provide a clearer understanding
of the diversity and ecology of this important group of parasites, highlight lacunae in our
knowledge and motivating other studies. Before proceeding further however, it is necessary to
introduce each of fungal and oomycete groups that are known to infect insects. This is because
many groups presented here are generally unfamiliar.
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The major groups of entomopathogenic fungi and oomycetes Oomycota

The species belonging to Oomycota were in the past considered among Fungi due to multiple
ecological and morphological similarities. However, phylogenetic studies (James et al. 2006)
confirmed the earlier suggestions of some authors (Kreisel 1969, Pringsheim et al. 1858, Shaffer
1975) that these organisms are not Fungi. They were therefore placed in the Stramenopila, a
kingdom containing morphologically diverse organisms such as Hyphochytriomycota and
Labyrinthulomycota (Alexopoulos and Mims 1996, Beakes et al. 2012). Despite having been
previously considered in the same group the phylum Oomycota has a number of biological
characters that distinguish them from Fungi. The first one is reproduction by biflagellate zoospore
with a longer tinsel flagellum directed forward, and a shorter whiplash flagellum directed
backward (Figure 2.1b, (Barr 1992, Dick 2001). They also reproduce by a thick-walled oospore,
which is a structure not found in Fungi. At the cellular level, they possess mitochondria with
tubular cristae, whereas the Fungi have mitochondria with flattened, plate-like cristae. Moreover,
their cell walls contain cellulose, which is in contrast with Fungi that contain chitin as a cell wall
component (Alexopoulos and Mims 1996).
The Oomycota have evolved both parasitic and saprophytic (feeding from dead tissue and
organic particles) lifestyles (Phillips et al. 2008). As pathogens, oomycetes are able to infect a
broad range of hosts such as algae, plants, protists, fungi, arthropods and vertebrates, including
humans (Kamoun 2003). Certain genera are well-known plant pathogens, such as members of the
genus Phytophthora, which was the causative agent of the Irish Potato Famine (Goss et al. 2014)
and is currently causing Sudden Oak Death that affects millions of trees (Brasier et al. 2004).
Although better known as plant pathogens, the Oomycota do infect arthropods with records of
infections on lobsters (Fisher et al. 1975) and shrimps (Hatai et al. 1992) as well on insects (Pelizza
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et al. 2009, Samson 1988, Seymour 1984, Stephen and Kurtböke 2011). For additional information
about the entomopathogenic oomycetes, see (Dick 1998, Frances et al. 1989, Scholte et al. 2004,
Su et al. 2001, Tiffney 1939).

Microsporidia

Traditionally, microsporidian species were classified within the phylum Apicomplexa as
“sporozoan parasites” (Schwartz 1998). However, an increasing number of studies are lending
support to the hypothesis that Microsporidia are Fungi (Hibbett et al. 2007, Hirt et al. 1999, James
et al. 2006). However, a conclusive resolution about microsporidians as an early lineage of Fungi
will require further genetic studies from basal fungal taxa (James et al. 2006). Nevertheless, based
on the studies mentioned above and the Microsporidia’s ecological function as insect pathogens
we will include them among the entomopathogenic fungi in this study.
The most remarkable feature of this group is its unique spore – ranging from 1 to 40 µm
((Wittner and Weiss 1999) pg. 8), that acts as a “syringe” injecting its protoplast material into the
host (Keeling and Fast 2002). Ohshima (1937) first suggested that the protoplasm is transmitted
from the microsporidian spore to inside the host cell. We now know that this happens through the
tube formed during adherence, which facilitates the subsequent discharge of the parasite’s
intracellular content to within the host’s cell (Wittner and Weiss 1999). The discharging of the
polar tube occurs by breaking through the apex, which is the thinnest region of the spore wall. This
event is compared by (Keeling and Fast 2002) as “likened to turning the finger of a glove insideout”.
The host range for most Microsporidia species is relatively restricted. They have been
reported infecting a great number of domestic and wild animals such as fishes (Kent et al. 2014),
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amphibians, reptiles, birds (Kemp and Kluge 1975) and mammalians (Snowden and Shadduck
1999), including some groups of humans such as immunocompromised AIDS patients (Didier and
Bessinger 1999). Detailed studies on the biology and taxonomy of Microsporidia can be found in:
(Becnel and Andreadis 1999, Briano 2005, Hossain et al. 2012, Kyei-Poku et al. 2011, Bulla and
Cheng 1977, Lange 2010, Sokolova et al. 2010, Vega and Kaya 2012).

Chytridiomycota

The Chytridiomycota is the phylum suggested to be the earliest diverging lineage of the Fungi
(James et al. 2006). There are reports of them dating from Lower Devonian (about 400 mya)
(Taylor et al. 1992) and a parasitic chytrid-like fungus dating from the Antarctic Permian (about
250-300 mya) (Massini, 2007). Chytridiomycota is the only phylum among the kingdom Fungi
that possess motile cells at least once in its lifecycle. These cells are called zoospores, equipped
with a single posteriorly directed whiplash flagellum, which reflects their aquatic lifecycle (for
details see (Barr and Désaulniers 1988)). These zoospores respond to chemical gradients allowing
them to actively locate their hosts, which is especially important for species pathogenic on aquatic
organisms (Sparrow Jr. 1960). They can adaptively respond to environmental changes (e.g.
fluctuations in heat and humidity) in ways that reduce water loss or the collapse of the cell (Gleason
and Lilje 2009). The spore of chytrids is functionally equivalent to motile spores in the Oomycota
and so this is an example of convergent evolution, as both groups are aquatic.
The majority of chytrids are found as saprophytic organisms especially in fresh waters and
wet soils, but there are also some marine species (Gleason et al. 2011). However, a significant
number of species are known to be parasites of plants, animals, rotifers, tardigrades, protists and
also other fungi (Dewel et al. 1985, Karling 1946, Martin 1978, Sparrow Jr. 1960). Diseases of
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insects caused by chytrids seem to be comparatively rare (Karling 1948). For further reading see:
(Couch 1985, Millay and Taylor 1978, Padua et al. 1986, Voos, 1969, Whisler et al. 1975).

“Zygomycetes”

The phylum Zygomycota was traditionally organized as a single phylum and two classes,
Zygomycetes and Trichomycetes (Alexopoulos 1962, Alexopoulos and Mims 1996). Both sharing
characteristics such as coenocytic mycelium (i.e. lacking regular septation), asexual reproduction
usually by sporangiospores and absence of flagellate cells and centrioles (Alexopoulos and Mims
1996). Their main general characteristic is the production of thick walled resting spore (i.e.
zygospore) within a commonly ornamented zygosporangium, formed after fusion of two
specialized hyphae called gametangia (Alexopoulos and Mims 1996). The phylum is ecologically
very diverse, widely distributed and very common, with most species occurring as saprotrophs in
both soil and dung. Some of them are fast growing and often found colonizing bread, fruits and
vegetables.
However, despite being placed in a single group, molecular phylogenetic studies validated
the long-suggested hypothesis concerning the polyphyly of Zygomycota species and recognized
five monophyletic taxa to replace the phylum. Thus, species that form arbuscular mycorrhizal
associations with plants were accommodated within the phylum Glomeromycota and all other taxa
distributed among four subphyla: Entomophthoromycotina, Kickxellomycotina, Mucoromycotina
and Zoopagomycotina without placement to any phylum (Hibbett et al. 2007, James et al. 2006).
Thereafter, Humber (Humber 2012) proposed a detailed morphological and ecological description
of a new phylum: Entomophthoromycota Humber, to accommodate species previously assigned
to Entomophthoromycotina. This study was supported by a comprehensive phylogenetic study of

14

this new phylum, which demonstrated its monophyletic nature (Gryganskyi et al. 2012). In our
study, we will use this modern classification, which is supported by morphological, ecological and
phylogenetic data.
The Kickxellomycotina, Mucoromycotina and Zoopagomycotina are composed mostly of
saprobes. However, some families within Zoopagomycotina are known to predate nematodes
(Zhang and Hyde 2014). These are the relatively well known “nematode trapping fungi”. Within
Zoopagomycotina mycoparasitic species are more common (Alexopoulos and Mims 1996). While
Mucoromycotina is the largest and morphologically most diverse order within the zygomycetes,
just one species of entomopathogenic fungi is assigned to the subphylum, that is Sporodiniella
umbellata, which occurs on various insects, notably membracids (plant feeding insects in the order
Hemiptera), in cocoa farms (Evans and Samson 1977).
The trichomycetes, currently placed within subphylum Mucoromycotina, order
Harpellales, are fungi that exclusively inhabit the guts of various arthropods (Horn and Lichtwardt
1981). However, since the trichomycetes apparently do little, if any harm to their hosts under
natural conditions (Horn and Lichtwardt 1981) and the nature of their relationships is not fully
understood, they will not be further discussed in this study.
One of the most important groups of all entomopathogens is Entomophthoromycota, which
are mainly pathogens of insects. They exhibit specialized spore-producing cells (conidiophores)
that have positive phototrophic growth. Their spores are usually discharged forcibly by several
different mechanisms, sometimes producing secondary and in some species tertiary conidia (i.e.
Eryniopsis lampyridarum, Figure 2.2) (Humber 2012, Thaxter 1888). They frequently occur as
epizootic events, killing a large number of insects in small patches of forest or agricultural systems
(Roberts and Humber 1981). For further reading see: (Humber 1982, Humber 1976, 1981, 1984,
1989, Nair and McEwen 1973, Scholte et al. 2004).
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Figure 2.2: Entomophthoromycota – Eryniopsis lampyridarum: A) Infected chantarid beetle by E. lampyridarum
died attached to flowering plants or grass by the mandibles. The elytra and wings gradually become open as the fungus
grows through the host’s body, B) Conidiophores emerges directly from the host’s body, C) Primary conidium, D)
Primary conidium bearing mature secondary conidium at the tip, E) Secondary conidium, F) Secondary eventually
will produce capilliconidia in absence of a suitable host, G) Another cantharid beetle eventually get infected if it
touches the exposed fungal hymenium, References: (Humber 1984, Roy et al. 2006, Thaxter 1888).

Basidiomycota

This group, together with Ascomycota, forms the subkingdom Dikarya, which exhibits a dikaryotic
phase (Hibbett et al. 2007). They contain some of the most well-known fungi such as mushrooms,
puffballs, earthstars, smuts and rust fungi. The Basidiomycota are characterized by the formation
of sexual spores called basidiospores, which are formed outside specialized reproductive cells
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called basidium. These spores are in most cases forcibly discharged by specialized structures
(Pringle et al. 2005). Another important and unique trait for the group is the clamp connections.
Those are structures formed during the division of the nuclei on the tip of growing hyphae, which
help to ensure the dikaryotic condition (Alexopoulos and Mims 1996) and can be used to identify
members of this phylum, even in the fossil records (Krings et al. 2011).
The basidiomycetes exhibit some important ecological traits. They colonize dead wood,
decaying cellulose and lignin, also acting as leaf litter decomposers on the forest floor (Braga-Neto
et al. 2008). Pathogenic basidiomycetes (i.e. smut and rust fungi) are familiar scourges of plants,
responsible for huge losses in agriculture. In addition, forest environments are also attacked by
species like Armillariella mellea, which attack trees and Heterobasidion annosum, attacking
specifically conifers (Kendrick 2000). As animal pathogens, some species in the anamorphic genus
Nematoctonus (linked to the teleomorphic genus Hohenbuehelia) are known to attack nematodes
(Barron and Dierkes 1977). A few genera are known as pathogens of insects, which infect scale
insects (i.e. Septobasidium and Uredinella, order Septobasidiales) and termite eggs (i.e.
Fibularhizoctonia, order Atheliales, attacking eggs of the termite genus Reticulitermes).
The Septobasidiales exclusively attack scale insects (Hemiptera, Diaspididae) (Evans
1989). The order includes two genera of entomopathogens: Uredinella, attacking just single insects
and Septobasidium, attacking whole colonies of plant feeding insects with as many as 250 insects
infected by one fungus (Couch 1938). This character is one of the most remarkable differences
between both genera, but morphological differences also exist. For example, the presence of a
binucleate uredospore in Uredinella does not occur in Septobasidium (Couch 1937). Due to this
trait, Uredinella was called as “a new fungus intermediate between the rusts – a plant pathogen –
and Septobasidium” exhibiting traits of both (Couch 1937).

17

Another group within Basidiomycota was described on termite eggs (Matsuura et al. 2000).
This fungus was found living inside the nest of termites, among their eggs, which they occasionally
consume. The authors identified this fungus, based on molecular studies, within the order
Atheliales, as being a species very close related to Fibularhizoctonia sp. (asexual state of the genus
Athelia), however not describing them formally (Matsuura et al., 2000). For more details and
species descriptions see: (Couch 1938, Lu and Guo 2009, Matsuura 2005, 2006, Matsuura and
Yashiro 2010, Matsuura et al. 2009, Yashiro and Matsuura 2007).

Ascomycota

The phylum is the largest group in kingdom Fungi with about 64,000 species described (Kirk et
al. 2008). The majority of them are filamentous, producing regularly septate hyphae. They are
characterized by the formation of sexual spores (i.e. ascospores) in sac-like structures called an
ascus. As the most speciose group of fungi, it is not surprising that they also have diverse
ecological breadth comprised by decomposers, plant pathogens, human and animal pathogens as
well known to form mutualistic relationships (i.e. lichens) (Alexopoulos and Mims 1996).
The majority of entomopathogenic species within Ascomycota have a well-developed
parasitic phase that infects the host’s body. Furthermore, after killing the insect, this group is able
to colonize the cadaver switching to saprophytic nutrition (hemibiotrophic), maintaining hyphal
growth, even after the host’s death (Evans 1988). According to the same author, these
entomopathogens would have evolved and diversified in early moist tropical forests, particularly
rainforests. They are known to attack a wide range of different hosts (Figure 2.3). The great
majority of entomopathogenic ascomycetes form their spores inside structures called perithecia, a
subglobose or flask-like ostiolate ascoma that contains many asci (Evans et al. 2011, Kirk et al.
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2008, Kobayasi 1941, Kobayasi 1978). There is a wide diversity of spore types and shapes (Figure
2.1). The phylum ranges from insect pathogens such as Pleosporales, Myriangiales and
Ascosphaerales, which have relatively few species, to the biggest group of entomopathogens, the
hyperdiverse Hypocreales (Samson et al., 1988).

Figure 2.3: Hypocreales teleomorphic species numbers (y-axis) and their distribution across the different
orders of insects. Legends on the right shows the stage of host development that are attacked infected. The
holometabolous orders have complete development with a larval stage, whereas the hemimetabolous orders have an
incomplete development with no distinct larval stage, but rather nymphs.
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Methods
Search strategy

We are interested in determining which species of fungi and water molds successfully
conquered the insect body. As such our basic unit of analysis is the species name
(binomial). The repositories for such names are electronic databases such as Mycobank
(http://www.mycobank.org) and Index Fungorum (http://www.indexfungorum.org)
(Figure 2.4). MycoBank is owned by the International Mycological Association and is an
on-line database aimed as a service to the mycological and scientific community by
documenting mycological nomenclatural novelties (new names and combinations) and
associated data, for example descriptions and illustrations. The Index Fungorum, another
global fungal database, coordinated and supported by the Index Fungorum Partnerships,
contains names of fungi (including yeasts, lichens, chromistan fungal analogues, protozoan
fungal analogues and fossil forms) at all ranks.
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Figure 2.4. Flow chart showing the main sources consulted. (Mycobank and Index Fungorum), the
fungal/oomycetes phyla found infecting insects and the number of species and sources consulted in this study.

All groups (phyla) of fungi were investigated separately. Once we found phyla
containing at least one entomopathogenic species (six in total), a thorough search was made
within such phyla, narrowing until the entomopathogenic genera and finally identifying all
species recorded as insect pathogen in each phylum.
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Dealing with name changes

Species names are often not static and can change as taxonomists reorganize synonyms and
as we advance with molecular phylogeny. We matched old records of entomopathogenic
fungi with their current valid names, avoiding any duplicated record for the same
organism.

Determining host associations

To determine the host association, we first consulted the original formal description. This
information is available on both Mycobank and index Fungorum. The complete list of
original descriptions and references – that are not in the text –are listed within the tables
organized by phyla, in the supplementary materials with species names, host association
and original reference(s).

Monographs and atlases

We also consulted monographs and atlases of insect pathogenic fungi (e.g. Atlas of
Entomopathogenic Fungi (Samson et al.1988), The monograph of hypocreloid fungi
(Chaverri et al 2008), The Microsporidia and Microsporidiosis (Wittner and Weiss, 1999),
The Genus Coelomomyces (Couch and Bland 1985), The genus Septobasidium (Couch
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1938) among others. These were also useful for discovering both host associations and
ecological aspects of the fungi reviewed herein.

Results

We found 20 of 30 orders (sensu (Grimaldi and Engel, 2005)) of insects infected by fungi and
Oomycetes (approximately 65% of insect orders are infected, Figure 2.5). Microsporidia infects
14 orders of insects, Ascomycota (mostly Hypocreales) and Entomophthoromycota infect 13 and
10 orders of insects respectively. Chytrids infect three, Basidiomycota and Oomycota, each infect
two orders. There are several genera that are pathogenic of insects (Figure 2.6). Below we examine
incidences of parasitism for each of these six groups focusing on the morphological and ecological
traits they evolved to make them efficient and specialized parasites of insects.
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Figure 2.5: Insect orders x fungal phyla (and oomycetes): The parasitic relationship between entomopathogens
and their hosts. On the left, the phylogeny of insect orders (adapted from (Grimaldi and Engel, 2005) , 2005), on the
top the phylogeny of fungal phyla and oomycetes (adapted from (James et al., 2006)), the table shows which fungal
group infects each insect order. The colored insect figures mean the groups that have fungal infection, the ones in gray
means no record to have fungus/oomycetes as pathogen.
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Figure 2.6: Diversity of genera of entomopathogens across Fungi and oomycetes

Incidence of disease on insects caused by fungus and oomycetes

Oomycetes
The entomopathogenic oomycetes are comprised of 12 species distributed among six genera:
Lagenidium (one species, L. giganteum), Leptolegnia (two species, L. caudata and L. chapmanii),
Pythium (three species, P. carolinianum, P. sierrensis and P. flevoense), Crypticola (two species,
C. clavulifera and C. entomophaga), Couchia (three species, C. amphora, C. linnophila and C.
circumplexa) and Aphanomyces (one species, A. laevis). They have been discovered attacking
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species of mosquito in the following genera: Aedes, Anopheles, Chironomus, Culex, Forcipomyia,
Glyptotendipes, Mansonia, Ochlerotatus, Pentaneura, Polypedilum, Tendipes and Uranotaenia
(Martin 1981, 2000, Scholte et al. 2004).
Oomycetes infections have been recorded from mosquito larvae in freshwater, primarily in
well-aerated streams, rivers, ponds, lakes (Alexopoulos and Mims 1996) and even treeholes
(Saunders et al. 1988) and water that collects on leaf axils (Frances et al. 1989). A single example
of oomycetes infecting a non-dipteran was Crypticola entomophaga, which was described
attacking caddis flies (Trichoptera), which are also aquatic (Dick 1998).
Among the entomopathogenic oomycetes, the most well-known and broadly studied species is
Lagenidium giganteum Couch, a facultative mosquito larvae parasite (see Figure 2.7) (Scholte et
al. 2004). In an experimental study researchers described the swimming behavior of zoospores
towards the surface of the water (Golkar et al. 1993). Their results suggested that spore-swimming
behavior seems to be due to the cell shape and location of center of gravity rather than a sensory
response.
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Figure 2.7: Oomycetes – Lagenidium giganteum: A) Zoospore (n) adhere and penetrate the cuticle, starting the
infection, B) Mycelium starts to grow and proliferate within the larva’s body, C) Zoosporangium releasing asexual
zoospores, D) Oospore (Sexual part of the cycle) – D1) Antheridium fertilizing D2) oogonium, E) Oospore detach
from the hyphae and settle down in the environment, F) Releasing of sexual zoospores (2n).

Other oomycete genera like Leptolegnia, Pythium, Crypticola and Aphanomyces, have
received only limited attention (Scholte et al. 2004). Within the genus Leptolegnia, only L. caudata
de Bary (Bisht et al. 1996) and L. chapmanii Seymour (Seymour 1984) have been isolated from
insects (Scholte et al. 2004). The life cycle of L. chapmanii was presented by (Zattau and McInnis
Jr. 1987), who reported that species infecting Aedes aegypti, the yellow fever and dengue disease
vector. Effects of L. chapmanii on other aquatic invertebrates such as Odonata, Thichoptera,
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Coleoptera, Plecoptera and Cladocera were tested, though no infections were observed, suggesting
specificity (McInnis 1985). Members of the genus Pythium are species spread across the world,
occurring mostly as soil-inhabiting organisms or plant pathogens (Alexopoulos and Mims, 1996).
Three species of Pythium are known to infect insect larvae (Phillips et al. 2008). Aphanomyces
was recorded causing seasonal epizootic in insectaries (Seymour 1985), but few studies were
published about this genus infecting insects.

1.2 Microsporidia
Microsporidia is a group of pathogens comprising 143 genera (Sprague and Becnel 1999) with
more than 1,200 species (Wittner and Weiss 1999). Among those, 69 genera were recorded
infecting insects, attacking 12 orders (Figure 2.5). According to (Becnel and Andreadis), the
majority (42 of 69 genera) infect Diptera, five genera infect Ephemeroptera and Coleoptera, four
genera infect Lepidoptera, followed by Trichoptera, infected by three, Orthoptera, Odonata and
Siphonaptera each infected by two genera and Thysanura, Hymenoptera and Isoptera with one
genus of Microsporidia infecting each of them. These accounts are data based on described genera
that possess an insect as type-host. Hence, this number certainly will increase in future
publications.
As will be discussed further, the dipterans are the only insect group infected by five
different groups of Fungi/oomycetes (only the Basidiomycota have not been recorded as pathogens
of Diptera). Amongst the 42 microsporidian genera attacking diptera, the largest, most widespread
and common is Amblyospora (Andreadis 1985), which is known to infect 79 species of Diptera in
8 genera (Becnel and Andreadis 1999). This genus of Microsporidia exhibits a complex life cycle,
which requires an intermediate copepod host and two mosquito generations in order to complete
its full life span (Sweeney and Becnel 1991).
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Another important group among the entomopathogenic Microsporidia is the genus Nosema
(see Figure 2.8). Some authors consider them the most important and widely distributed genus
(Tsai et al. 2003), being responsible for the majority of microsporidian infections in Lepidoptera
species (Tsai et al. 2003). A good example of their ecological and economical importance occurs
with the species N. bombycis and N. ceranae that infect bees and are known to be responsible for
great losses in apiculture (Higes, Martín, and Meana 2006). These infections are restricted to the
midgut epithelial cells of bees and the infections occur by ingestion of spores by adults (Figure
2.8). Once in the midgut, the spores are chemically stimulated to trigger the polar tube, which
penetrates the host’s cells, starting the infection processes (de Graaf et al. 1994). Infectious spores
are then released with the feces and due the characteristic thick three-layered wall structure, they
are well adapted to resist in the environment until they are ingested by another adult bee (Wittner
and Weiss 1999).
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Figure 2.8: Microsporidia – Nosema sp.: A) Ingestion of spores, B) Spore reaches the gut of the bee and is activated
by its environment, triggering the polar tube to injec the sporoplasm into the host’s cell, C) Cellular multiplication
(Proliferate phase), D-E) Transition from sporoplasm to spore F) Spores are released into the gut again, which will be
spread by the bee’s feces or reinfect the same individual.

Chytridiomycota

Among the chytrids, there are four genera that are entomopathogenic: Myiophagus (one species,
M. cf. ucrainicus), Coelomycidium (one species, C. simulii), Myrmicinosporidium (one species,
M. durum) and the most diverse genus Coelomomyces (63 species). Most of the chytrid infections
in insects have been recorded for Diptera.
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The genus Myiophagus was described infecting dipteran pupae (Petch 1948) and scale
insects (Karling 1948, Muma and Clancy 1961). Doberski and Tribe (1978) reported Catenaria
auxiliaris on coleopteran larvae, although, they are not sure if the colonization occurred after the
larva’s death (saprophytism) or if, in fact parasitism occurred, leading to the death of the larvae
(in Figure 2.5 the uncertainty of this recorded is denoted with a question mark). Thus, since this
relationship is not proven yet, we will not consider Catenaria auxiliaris among the chytrids that
parasitize insects.
The genus Coelomycidium is known to attack a specific group within Diptera order, the
black flies (Simuliidae) (Jitklang et al. 2012, McCreadie and Adler 1999). This disease is identified
by the observation of the larvae filled with spherical sporangia throughout the body cavity (Kim
2011).
One group deserves special mention because of the effect they have on insect reproduction
and behavior. The Coelomomyces species are relatively well known because their hosts are
important human disease vectors (the mosquitoes: Anopheles, Culex, Aedes and Simulium) ((J.
Couch 1985) pg. 285). Species within this genus can infect eggs (Martin 1978), larvae, (the most
common type of infection, see details in (Travland, 1979) and adults (Lucarotti and Klein 1988).
In some species, (i.e. Coelomomyces psophorae, Figure 2.9) a copepod is required to complete the
whole life cycle (Whisler et al. 1975).
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Figure 2.9: Chytridiomycota Coelomomyces psophorae – A) Zoospores attach and penetrate the copepod cuticle,
B) Development of the gametophytic phase and dispersion of gametes into the environment, C) Fusion of compatible
gametes, inside the copepod or in the environment (plasmogamy), D) Formation of zygote (kariogamy = 2n) and
attachment to the cuticle of the mosquito larva, E) Colonization and development of the sporophytic phase and
formation of sporangium, F) Resting sporangium released into the environment after the larva’s death, G) Meiosis
and release of asexual zoospores, H) If the larvae reaches the adult stage, the fungus will migrate to the ovaries. Instead
of laying eggs, the mosquito will lay fungal sporangia.
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In some cases, the fungus does not kill the larvae. Rather, the chytrid remains inside the
insect as it passes through the larval and pupal stages before maturing in the ovaries of adult
females (Lucarotti 1992). Once there and after the first mosquito’s blood meal the hypha matures
to become sporangia, which is the fungal structure responsible to produce the zoospores (Lucarotti
and Shoulkamy 2000b). Thus, instead of laying eggs, the mosquito will ‘lay’ sporangia full of
zoospores, ready to infect new larvae (Lucarotti and Klein 1988). Fatefully, the fungus is
reintroduced at the mosquito’s breading site by its own host.

Entomophthoromycota

The phylum Entomophthoromycota is composed mostly of pathogens of insects, with few
pathogens of other invertebrates, desmid algae and fern gametophytes, while others living a
saprophytic life (Humber 2012). The entomopathogenic species are distributed among 19 genera:
Entomophthora, Conidiobolus, Entomophaga, Erynia, Meristacrum, Neozygites, Strongwellsea
and Massospora, Pandora, Eryniopsis (Figure 2.2), Batkoa, Tarichium, Completoria,
Ballocephala,

Zygnemomyces,

Ancylistes,

Macrobiotophthora,

Thaxterosporium

and

Basidiobolus. It is difficult to say how many species of entomopathogens exist since many of these
genera also infect different groups of hosts. In addition, the group is in constant taxonomic flux
(Humber 2012). However, since the scope of this work is not to provide a complete list of all
species within each group, but to present the diversity of morphologies and strategies to infect their
hosts,

we

will

provide

a

broad

overview

of

entomopathogenic

species

among

Entomophthoromycota, presenting some representative examples of their diversity.
The entomophthoroid fungi are well known as insect pathogens. This group attacks mainly
adult insects, although two species of Entomophthora (E. aquatica and E. conglomerata) and
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Erynia aquatica are known to infect aquatic larval stages of mosquitoes (Scholte et al., 2004).
Transmission within entomophthoroid fungi is via forcibly discharged spores into the
environment, with the exception of one single genus (Massospora) that releases the spores
passively, with the host still alive (Humber 1981, Thaxter 1888) (Figure 2.10). In addition to
Massospora, other groups like Strongwellsea and certain species of Entomophthora, Erynia and
Entomophaga, (in addition, to the Ascomycete Lecanicillium longisporum) produce spores before
the host death, in or on their living bodies (Roy et al. 2006). These fungi are characteristically
biotrophics, consuming the host when they are still alive with no somatic growth after its death.
This is one of the major differences when compared with hypocrealean fungi (discussed further in
Ascomycota section), which are all hemibiotrophic, switching from a biotrophic phase (parasitism)
to a saprophytic phase, growing on or in the host’s body even after its death (Roy et al. 2006).
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Figure 2.10: Entomophthoromycota – Massospora cicadina (A-B), Strongwellsea castrans (C-D). A) Alive cicada
flying and dispersing the spores while its body disintegrate due fungal activity. B) Spore-producing cell
(Conidiophores) in different stages of development. C) Fly exhibiting a hole on the abdomen caused by the fungal
infection. D) Conidiophores exhibiting a terminal spore.

The infections caused by Strongwellsea castrans in Hylemya brassicae and H. platura
(Diptera) are classic examples of these peculiar situations where the sporulation occurs while the
host is alive ((Nair and McEwen 1973), Figure 2.10 C-D). In this case, the infected fly is
characterized by the presence of a large circular hole on the lateral side of the abdomen. However,
surprisingly the infected insects can be observed acting normally, despite the big hole in its body,

35

filled with fungal tissue and conidiophores (spore-producing cells). Both, males and females were
described infected by S. castrans, causing castration and premature death (Nair and McEwen
1973). Another similar case occurs with Massospora cicadina, which attack cicadas (Figure 2.10
A-B). This fungus also initiates sporulation when the host is still alive (Goldstein 1929, Speare
1921). Due the pressure caused by the swelling mass of fungus, the collapse of its whole abdomen
is inevitable, exposing the fungal tissue. Since the fungus maintain its growth inside the insect,
over time the abdomen falls apart until just the head and thorax of the living insect remain (Speare
1921). The ability to fly is retained increasing dispersion of spores in the environment.
Although Mucoromycotina is the largest and morphologically most diverse group of
“zygomycetes”, the subphylum has just one single entomopathogenic species, Sporodiniella
umbellata found attacking the homopteran genus Umbonia in Ecuador (Evans and Samson 1977,
Samson et al. 1988) and the lepidopteran genus Acraea, in Taiwan (Chien and Hwang 1997).

1.5 Basidiomycota

Although the phylum exhibits great diversity of species - over 1,500 genera and 31,000 species
described (Kirk et al. 2008), just three genera are known to infect insects. Those are 1)
Fibularhizoctonia spp. (an undescribed species, see (Yashiro and Matsuura 2007)) infecting
termite eggs, 2) Uredinella (2 species, U. coccidiophaga and U. spinulosa) infecting scale insects
and 3) Septobasidium (ca. 240 species attacking scale insects, Hemiptera).
The order Septobasidiales Couch (Uredinella and Septobasidium) exhibits a peculiar and
complex relationship with their hosts, the Diaspididae (Hemiptera). Diaspididae are small,
sedentary phythophagous insects, which spend their whole lives in one spot on a plant, a
consequence of their sucking mouthpart structure (Grimaldi and Engel 2005). To protect
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themselves, since they are not able to fly away from enemies (Heimpel and Rosenheim 1995) and
do not survive unprotected, juveniles start to secrete fine threads of white wax, which within the
first 24h after their hatching will form complete covering over the insect’s body (Couch 1938).
This waxy protection is fragile but does afford some degree of defense, however they are
still exposed to external factors. An additional defense structure can be provided when a colony of
such plant feeding insects are infected by the fungus Septobasidium. The fungus can grow up to
20 cm and exhibit abnormal growth pattern between layers, creating an elaborate system of tunnels
and chambers inside its “body”, which is used by the Diaspididae as a good protection for their
whole lives within the fungal cavities (Couch 1938). However, not all insects are protected as this
fungus only infects some members of the colony. The infection often causes dwarfism and
castration of insects. The atrophy is due the haustorium activity, which is found attached only in
the circulatory system or haemocoel of these insects. This specialized structure drains sap and
nutrients from insect’s body, resulting in undernourishment (Couch 1931). As the insects are kept
inside the fungus, surrounded and held by hyphal threads, they become unable to move upwards
and mate (Couch 1931, Couch 1938). Juveniles (crawlers) can become infected as they attempt to
move out the chamber the parent insect occupies mother’s chamber, while trying to find an
appropriate spot to settle down and spend its whole life (Couch 1938).
With respect to the less speciose genus among Septobasidiales, Uredinella, there are only
two described species: U. coccidiophaga and U. spinulosa (see (Couch 1937, 1941)). They can
be divided based on the substratum they are found infecting the insects, leaf and trunk for U.
spinulosa and just trunk for U. coccidiophaga, and based on the spore shape. As the genus infects
the body of single insect (unlike Septobasidium), the death of the insect means the death the fungus
also. Spores are produced in the spring and reach sizes around 0.2 to 1.5 mm in diameter (Couch
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1937). On the other hand, Septobasidium exhibit an undefined lifetime, since its body is “renewed”
each season, by the infection of the newborns.
Another case of Basidiomycota parasitic on insects can be found between
Fibularhizoctonia spp. and some species of the subterranean termites Reticulitermes. These termite
workers are known to keep their eggs inside their nest in piles, taking care of them. Matsuura et
al. (2000) found among these piles, some sclerotia, globose fungal structures, being cared by the
workers, as if they were eggs. The same study found that these sclerotia mimic the egg diameter
and texture and because these traits are similar to those of the termite eggs themselves the worker
termites mistake the sclerotium for a true egg and care for it. In nature, it is rare to observe the
fungus consuming the termite eggs but there is the suggestion that the fungus becomes pathogenic
and grows over the true termite eggs if the termites stop caring for the fungi (Matsuura 2006)

Ascomycota

As mentioned, this diverse phylum comprises many entomopathogenic fungi: from the less
speciose orders Pleosporales, Myriangiales, Ascosphaerales to hyperdiverse groups within the
relatively well known order Hypocreales. In each case the insect dies before the fungus begins in
reproductive phase. Here, we describe each of these groups and their main characteristics.
Within the order Pleosporales, the entomopathogenic species belong to the genus
Podonectria (Petch 1921) that shares the unusual aspects of this groups such as bright coloration
and fleshiness. All known species have been found infecting scale insects, covering the whole
surface of insect body with cotton-like crust on which the perithecia is produced and later, the
multi-septated spores that do not disarticulate into part-spores (Kobayasi and Shimizu 1977). The
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related anamorphs are the genus Tetracrium (Kobayasi and Shimizu 1977, Petch 1921) and the
genus Tetranacrium (Roberts amd Humber 1981).
The Myriangiales includes a number of species associated with plants, resins, or scale
insects on plants (Alexopoulos and Mims 1996). The entomopathogenic species exhibits perennial
growth for several years or at least until the branch, where the scale insect is attached dies, probably
because of decreased nourishment. The dead host insects can be found directly under each stroma,
where there are several scales, penetrated and covered by mycelium (Miller 1938). The stroma
sometimes can be formed at the side of the insect (Petch 1924). The growth occurs when the rains
begin. The living parts of the fungus increase in diameter, producing ascomata and then later,
ascospores. Reproduction is entirely by ascospores and no evidence of conidial (asexual spore)
formation was found on stroma of any age or in culture (Miller 1938). For taxonomic and
additional discussions, see (Miller 1938, Petch 1924).
The order Ascosphaerales contains a unique group of bee pathogens within the genus
Ascosphaera, which has approximately 30 species. These parasites are specialists that exploit the
provisions of bees. Most species are exclusive saprophytes on honey, cocoons, larval feces or nest
materials such as leaf, mud or wax of bees (Wynns et al. 2012). However, some species are known
as widespread fungal disease agents, attacking the brood of numerous species of solitary and social
bees, causing a disease called “chalk-brood” (Klinger et al. 2013). The infection occurs when the
larva ingests fungal spores. The fungus grows as hyphae within the body before killing the host
and then developing spores from cuticle of the dead larvae (Vojvodic et al. 2012). The morphology
of Ascosphaera is very peculiar when compared to other fungal groups. The ascoma is a small
brown to blackish brown spore cyst, which is a single enlarged cell containing ascospores (Wynns
et al. 2012). Their spores also exhibit a curious similarity with pollen grains. For a detailed life
cycle, see (McManus and Youssef 1984).
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The Hypocreales fungi encompasses important genera of entomopathogenic fungi such as
Cordyceps, Tolypocladium, Hypocrella, Ophiocordyceps, Moelleriella, Samuelsia and
Torrubiella, In addition to these species, there are many anamorphic species related to them, i.e.
Hirsutella, Metarhizium, Hymenostilbe, Akanthomyces and many others (Roberts and Humber
1981). In the past, these anamorphic species (which only produce asexual spores) were treated
traditionally as a separate group within the now retired phylum Deuteromycota. However, with
molecular techniques some of these species are now strongly supported or proven to be asexual
stages of Ascomycota (Liu et al. 2001). Here we will address just the teleomorphic (i.e. sexual
stage) names since our goal is to provide the reader an overview of entomopathogenic groups and
to avoid confusion between the same species, in which both teleomorphic and anamorphic (i.e.
asexual stage) phases are known.
Within the largest group of entomopathogens, the Hypocreales, we can highlight some
genera that are notable due their diversity and abundance in tropical forests worldwide. For
example, Hypocrella (Archersonia is the anamorphic state) that was beautifully monographed by
Chaverri (Chaverri et al. 2008). These fungi are known to infect white flies and scale insects in
tropical forests, with few species recorded in the sub-tropics. They do cause epizootics in their
host’s population (but epizootics are by no means confined to this genus).
The genus Ophiocordyceps - especially species attacking ants - are known to cause huge
infestations in small areas, called graveyards (Evans and Samson, 1982, 1984, Pontoppidan et al.
2009). Indeed, one of the most fascinating phenomenon regarding entomopathogenic fungi is the
one caused by Ophiocordyceps unilateralis s.l. on ants. This species was originally described by
(Tulasne and Tulasne 1865) as Torrubia unilateralis. Species within this complex adaptively
manipulate the behavior of worker ants, leading the insect to find an optimum microclimate site,
which is required by the fungus to grow and produce ascospores (Figure 2.11-D). After infection,
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the parasitized ant, so-called ‘zombie-ants’ (Andersen et al. 2009, Hughes et al. 2011), leave the
colony to die biting firmly on underside or edge of the leaf, twigs, branches, etc (the death position
is related to each species or group of species of the fungus). Later on, after ant’s death, the fungus
grows a fruiting body from the back of the ant’s head, which will spread the ascospores on the
forest floor (Figure 2.11-E).

Figure 2.11: Ascomycota – Ophiocordyceps unilateralis s.l. A) Ants leave the nest to forage on the forest ground,
B) Eventually they will find a graveyard and get infected with Ophiocordyceps ascospores that were previously shot
on the forest floor, C-D) About 10 days after infection (depending the species and the geographical location) the ants
leave the nest to die on an elevated position, biting the edge or the main vein of the leaf. The fungus place the ant on
a precise location, which is optimal for the fungal development and further dispersion of the spores, E) After two to
eight weeks after the ant’s death, depending on the weather conditions, the fungus starts to produce spores and shoot
them into the environment, F) From 24 to 72h after been shoot, the spores will germinate and form a secondary spore,
the capilliconidia. The infection occurs when the ant get in contact with the spore.
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Discussion

Factors promoting diversity within entomopathogenic fungi and oomycetes

Hemipterans as a host group promoting hyperdiversity of entomopathogens

The host is the ecological niche for the fungus. Some ecological niches, i.e. host groups, are notable
because the abundance and diversity of entomopathogenic species infecting them is very high. For
instance, the broad diversity found among entomopathogenic fungal species attacking sap-sucking
Hemiptera. Based on teleomorphic species (i.e. species determined on the grounds of the sexual
stage) within Hypocreales, which is the most diverse group of entomopathogens in Ascomycota,
we found 180 species of fungi exclusively parasitizing hemipteran insects (Figure 2.3 and
Supplementary table 5). Most cases are infections on adult stages (n=165 records). The
Hypocrella-Aschersonia species are responsible for the majority of infections, with 92 species
infecting scale insects (Coccidae and Lecaniidae, Hemiptera) and white-flies (Aleyrodidae,
Hemiptera) (Aschersonia is the anamorphic stage and some species have no described
teleomorphic stage). The other Hypocreales species attacking hemipterans are spread among the
six other genera: Moelleriella (25 species), Ophiocordyceps (19 species), Torrubiella (18 species),
Cordyceps (17 species), Samuelsia (6 species) and Regiocrella (2 species). These are all from the
order Hypocreales. Other orders such as Myriangiales (3 species: Myriangium asterinosporum, M.
curtisii and M. duriaei, Ascomycota), Septobasidiales (approx. 240 species, Basidiomycota) and
even the chytrid fungi Myiophagus ucrainicus (Chytridiomycota) in the order Chytridiales are
known to infect exclusively hemipteran sap-sucking insects. No other group of insects is attacked
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either by so many different groups of fungi or so many distinct species of entomopathogens.
Why are hemipterans such common hosts? According to Spatafora et al (Spatafora et al.
2007) the order Hypocreales evolved from an ancestor with a plant based nutritional mode. They
made a horizontal host-jump from plants to the insects feeding on plants. There are estimated to
have been around five to eight interkingdom host jumping events between Plant, Animal and Fungi
within Hypocreales (Spatafora et al. 2007). In general, terms the shifts between different host
groups is suggested to be important for expanding the host range of the Hypocreales. (Kepler et
al. 2012, Nikoh and Fukatsu 2000). But how did this happen?
Although the insects arose in the Devonian (earliest fossils from around 407 mya) their
major diversification occurred after the seed plant (spermatophytes) radiation (Permian, 299–251
million years ago), when most of the modern order of insects emerged, including small basal
groups of Hemiptera (Grimaldi and Engel 2005). Afterwards, a new episode transformed all the
ecosystems on Earth as the flowering plants (angiosperms) evolved and radiated (Lower
Cretaceous, 130 million years ago). The diversification of insects (Gaunt and Miles 2002, Grimaldi
and Engel 2005). A result of the co-diversification of insects and flowering plants was the
expansion of the different insect mouthparts (Labandeira 1997). In the case of the hemipterans, the
mouthparts evolved into two pairs of long and fine stylets, which are able to create strong suction
in order to drawn fluids from plant tissues (Grimaldi and Engel 2005). This derived feature was
essential for this group of insects, since it allowed them to exploit a new niche: living on the plants
and feed from their sap.
On the other hand, in the same way that hemipterans adapted their mouthparts into stylets,
the fungi in order to exploit another food source switched from plant-based to insect-based ecology
about 170-150 million years ago. This event would have been facilitated by the ecological
proximity between hemipterans and a Hypocreales ancestors, one feeding from plant exudates, the
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other living inside the plant as endophytes, at least 190 million years ago (Sung, Poinar Jr, and
Spatafora, 2008). After the fungi adapted to their new ecological niche in insects they necessarily
would have had to optimize horizontal transmission between insects. For instance, the
hyperdiverse Hypocrella-Aschersonia group, which exhibits mitotic slime spores, adapted for
short distance dispersal by rain-splash on leaf surfaces, which is a hotspot to find their hosts
(Chaverri et al. 2008, Evans 1989).
Afterwards, the transition from growing within plants to infect insects would have provided
a route to infect other insects that were not phytophagous. As a result, all these changes have given
rise to three of the most important entomopathogenic families Clavicipitaceae (e.g. Hypocrella,
Moelleriella, Samuelsia, Metacordyceps,), Cordycipitaceae (e.g. Cordyceps, Torrubiella) and
Ophiocordycipitaceae (Ophiocordyceps and Tolypocladium (formerly Elaphocordyceps, see
(Quandt et al. 2014)), Polycephalomyces (Kepler et al. 2013, Sung et al. 2007, Sung et al. 2008).
Those genera undoubtedly achieved such a great success with this host shifting from plant-based
ecology to other groups, as observed with their species-richness and ecological abundance, being
currently found broadly distributed worldwide, especially in tropical forests.

Broad range of ecologies, broad range of pathogens

Another interesting case of unusual diversity among fungal-insect infections can be found within
the insect order Diptera (flies). Although the number of species is comparatively low (Figure 2.3
and Table 5) it is notable that flies are the only order of insect with records of entomopathogens
infecting all stages of development: eggs, larvae, pupae and adults. Only the phylum –
Basidiomycota – of the six phyla we recorded infecting insects do not infect dipterans. Why are
flies such magnets for fungal infections? One reason is probably because they are the most
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ecologically diverse group of insects, found all over the world, occupying a broad range of niches:
blood feeders, endoparasites and ectoparasites of vertebrates and invertebrates, gall makers, larval
and adult predators, leaf miners, parasitoids, pollinators, saprophages and wood borers (Grimaldi
and Engel 2005). In addition, their larvae can be found in many different breeding sites such as
aquatic, semi-aquatic (wet soils, stones on stream edges) or terrestrial (mushrooms, rotten wood,
trunk). We suggest that by occupying such diverse niches, the flies have increased the opportunity
for infection by fungal and oomycetes pathogens, which as well as the insects, occupy diverse
environments. It is still notable however that while flies are infected by 5 of the 6 different groups
of entomopathogens and that all developmental stages of flies are attacked, and that flies are a very
speciose order (over 150,000 species) the overall species diversity of entomopathogens attacking
them is still low. Flies would appear to be magnets for entomopathogens, but they are not cradles
of diversity in the same way hemipterans have apparently been.

Susceptibility of Lepidoptera and Coleoptera larval stages to fungal infections

Beyond the insect orders discussed above (Hemiptera and Diptera), it is worthwhile to mention
the prevalence of infections in larval stages of Lepidoptera and Coleoptera (Figure 2.3) by
hypocrealean fungi (Ascomycota). The larvae of both insect orders are the preferred host for two
of the most diverse and ecologically abundant genera of entomopathogenic fungi, Cordyceps and
Ophiocordyceps (Table 1). We found 80 and 87 species of teleomorphic Hypocreales infecting
Lepidoptera and Coleoptera larvae, respectively. In contrast, we found just 10 and 11 records of
teleomorphic Hypocreales species attacking adults of Lepidoptera and Coleoptera, respectively
(Figure 2.3). What factors promote such a predominance of infections on larval stages?
A number of biological traits that are different between the larvae and adults, may be
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crucial to understanding this pattern: 1) Partition of niches, 2) Predictability in time-space scales,
3) Feeding rate and 4) Protection (Cuticle). (1) As holometabolous insects (which exhibit complete
metamorphosis), the larval and adult stages are ecologically separated, occupying completely
different microenvironments, thus avoiding competition between juvenile and adults (Gullan and
Cranston, 2009) (pg. 234). (2) Both coleopteran and lepidopteran larvae generally exhibit modest
mobility compared to the wandering adults, tending to be closer to the breeding site eating
ferociously, hence being more predictable in time-space scales. (3) The larva needs to eat massive
amounts of food and store them, in order to grow as quick as possible, making them a huge
reservoir of energy. (4) Furthermore, larvae need to grow at a high rate and this would be
impossible if they had the hard exoskeleton that adult coleopterans have. However, on the other
hand, having such soft and thin skin would make these organisms much easier to be invaded by
fungal spores equipped with their enzymatic and physical apparatus. It is important to emphasize
that the usual defenses the larvae usually exhibit - mimicry, aposematism, gregarious behavior,
stinging hairs - that are very useful against predators are completely useless against the effective
entomopathogenic fungi. These 4 ecological traits that distinguish larvae and adults from each
other may explain why entomopathogenic fungi exhibit such a greater prevalence for infecting
larvae rather than adults.
The other major holometabolous order infected by Hypocreales is Hymenoptera (wasps,
bees, termites and ants). Here however, most infections are of the adult stages. There are few
records (n=47) so it is harder to contrast with Lepidoptera and Coleoptera. But is noticeable that
the hymenopterans build nests for their larvae and in the case of ants, some wasps and some bees
these larvae are nursed and cleaned by their siblings, which is known the reduce fungal infections
(Cremer et al. 2007).
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Conclusion

This is the first time that an extensive approach encompassing all entomopathogenic fungal phyla
and oomycetes were explored with a fungal-host approach. Despite the importance of insect-fungal
associations, it has been overlooked and its diversity poorly studied. The lack of interaction
between mycologists and entomologists might play an important role in this gap of knowledge and
efforts to address this issue are crucial to better understand the parasitic relationship between
insects and the multiple lineages of entomopathogenic fungi.
Fungi that are able to infect insects are not just comprised by a single monophyletic group.
Different groups have arisen independently and repeatedly in many different lineages through
fungal evolution (Humber 2008). As presented here, they are spread from more basal to more
complex Dykaria members. The basal groups, such as aquatic chytrids infecting mostly Diptera,
while Microsporidia and Entomophthoromycota infecting a wide range of hosts. Basidiomycota
infects mostly Hemiptera, while Ascomycota, the most speciose group, infects a vast number of
insect groups.
Insect pathologists, entomologists and life scientists in general have traditionally seen
entomopathogenic fungi as having a single role, to kill insect pests (Vega 2008). But the coevolution of fungi and insects across hundreds of millions of years has resulted in a wide range of
complex and intricate interactions. The purpose of this work is to provide a wide overview of these
relationships by focusing on the impressive diversity of morphologies, ecologies and interactions
between insects and fungi. Our work also highlight ways biological and ecological aspects of the
hosts likely played an important role to explain why and how some groups of insects are more
susceptible to fungal infection than others.
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1. OVERVIEW OF ENTOMOPATHOGENS

The insects, with over 900,000 described species, represent the most speciose group of animals
(Grimaldi and Engel 2005). From the outset of their considerable evolutionary history, which
began during the Devonian period (ca. 400 million years ago), the insects have evolved a wide
diversity of morphological and ecological adaptations, reaching an incredibly broad range of
environments. One of the most important characteristics of the insects is their multi-layered, chitinprotein, exoskeleton that is considered to have been a central development in the evolution of
insects (Wigglesworth 1957). Although the exoskeleton provides protection against many
predators and pathogens, there is an ecological group of organisms that successfully developed
strategies to break through the cuticle and reach the hemocoel. Those are the entomopathogenic
fungi.
Most of the entomopathogenic fungi use the insect cuticle as a gateway into the abundant
resources inside the host animal. Once inside, the pathogen needs to overcome the host defenses,
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apparently by disrupting hemocyte activity and other defensive components of the insect body, by
means of toxin release. Therefore, once the immune system is depleted, it is assumed that the insect
cannot prevent invasion and establishment of fungal cells, consequently “colonization of the
hemocoel is thus unchecked” (Evans 1988). Despite the complexity of the morphological,
physiological, individual and social behaviors that function to thwart pathogens, the insect body
has been conquered by several groups of entomopathogenic fungi (Araújo and Hughes 2016).
Entomopathogenic species are found within five of the eight phyla of Fungi (sensu Hibbett
et al. 2007). The two exceptions are ecologically specific phyla such as the anaerobic
Neocallimastigomycota, inhabiting the rumen of large herbivorous mammals and Glomeromycota,
a group formed almost exclusively by arbuscular mycorrhizal fungi, with a single exception –
Geosiphon pyriformis – that forms symbiosis with cyanobacteria (Kützing 1848, Schüßler 2002).
The other five phyla together (Microsporidia, Chytridiomycota, Entomophthoromycota,
Basidiomycota and Ascomycota) infect a large variety of insect groups. The entomopathogenic
species within these phyla have developed strategies to reach, colonize, infect and transmit within
species across 19 of the 30 orders of insects. Microsporidians infect 14 orders, Chytridiomycota
3, Entomophthoromycota 10, Basidiomycota 2 and fungi in the phylum Ascomycota infect 13
orders of insects (Araújo & Hughes 2016). Each of these fungal groups have evolved unique and
complex ecological and morphological traits that allowed them to reach – and persist – in the host
environment.
Chytridiomycota are mostly aquatic fungi, although some groups live in moist terrestrial
habitats in the forest (e.g. moss). Other members of this group are known as parasites of terrestrial
fungi (Voos 1969, Webster & Weber 2007). The entomopathogenic chytrids infect mostly Diptera
larvae, but one exception is Myiophagus cf. ucrainicus, that was recorded infecting scale insects
(Karling 1948).
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Entomophthoromycota is a large group comprised almost exclusively of entomopathogenic
fungi, with some exceptions infecting other invertebrates, desmid algae, fern gametophytes and
few saprophytes (Humber 2012). The entomopathogenic fungi in this phylum are also called
entomophthoroids and are distinct in that they are characteristically biotrophic, meaning that they
are able to grow and reproduce while the host is still alive. In addition, some species such as
Massospora infecting cicadas and Strongwellsea infecting flies, sporulate from the living hosts,
which presumably helps to optimize the transmission (Roy et al. 2006).
In the Basidiomycota, there are just two groups of entomopathogenic fungi, despite the fact
that the phylum itself is very diverse. One group is the Septobasidiales (i.e. Septobasidium and
Uredinella), that exclusively infect scale insects (Couch 1938). The other is Fibularhizoctonia,
the so-called "termite ball fungi", which mimic termite eggs to take advantage of termite nursing
behavior. Because they effectively mimic the eggs, the termite workers mistake the fungal sclerotia
for their own eggs, allowing them to live within the nest without being removed. Eventually, the
fungus can switch to a parasitic nutritional mode and consume the eggs (Matsuura et al. 2000,
Matsuura 2005, Matsuura 2006, Yashiro & Matsuura 2007).
Ascomycota is the phylum that hosts the largest number of entomopathogenic species.
There are multiple lineages within this phylum that evolved the ability to exploit the insect body.
From the morphologically simple Ascosphaerales that infect the brood of the honeybee to species
that exhibit sophisticated morphology and life-cycle (e.g. Ophiocordyceps unilateralis sensu lato).
The diversity of life cycles across the different groups of entomopathogens are illustrated in Araújo
& Hughes (2016).
Although the insects exhibit a broad range of defenses against pathogens (e.g. exoskeleton,
immune system, behavior defenses), many fungal lineages were able to overcome those defenses
by conquering, establishing and developing strategies to transmit their spores and persist in the
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host environment. Many structures and processes are involved in such task such as the utilization
and depletion of trehalose resources in the hosts, weakening them (Humber 2008), the adaptive
manipulation of host behavior (Andersen et al. 2009, Hughes et al. 2011, 2016) and production of
chitinases and lipases by the spore, aiming to breach into the cuticle (St. Leger et al. 1987).
Nevertheless, the main structure responsible for the success entomopathogens is certainly
the spores. In the following sections, we will provide a brief overview of the diversity of spores
across different groups of fungi and then focus on the entomopathogenic species.

2. SPORES IN FUNGI

Reproduction by means of small spores is a cornerstone adaptation in the ecology of fungi
(Webster & Weber 2007). The majority of fungal species produce massive amounts of spores that
are discharged either actively (e.g. ballistospores and some ascospores) or passively (e.g. most
conidia). The spores are primarily responsible for reproduction and dispersion (Ingold 1971). In
order to optimize dispersion, fungi evolved a myriad of morphological and ecological adaptations
to successfully spread their spores and find a suitable substrate or host. For example, some spores
are actively shot into the environment in response to certain external conditions. In contrast, some
spores are passively spread, either by abiotic factors or by other organisms, especially arthropods
(Ingold 1971).
Across the kingdom Fungi, there is a huge diversity of spore morphologies. Such diversity
was shaped by evolutionary forces related to the particular ecological niche of a species or group
of species (Pringle et al. 2015), with the purpose to optimize the dispersal in the case of saprophytic
species or to locate a specific host in a particular environment, as in the case of parasitic species.
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Each fungal group evolved spore traits to better adapt to their lifestyles, which are mostly
terrestrial. However, three lineages exhibit adaptations to their aquatic living mode. Those are
Blastocladiomycota, Chytridiomycota sensu stricto and Neocallimastigomycota. They were long
considered to belong to the same group (Chytridiomycota sensu Alexopoulos 1996), essentially
based on one trait, the self-propelled zoospore. However, they were split based on ecological and
phylogenetic data (Hibbett et al. 2007). Neocallimastigomycota is a very peculiar group of fungi.
They are obligate anaerobes, exhibiting up to 16-flagellated zoospore, inhabiting the rumen of
large herbivores. Such anoxic environment in the herbivore's gut is created due to the intense
respiratory activity of large populations of protozoans and bacteria, which are facultative
anaerobes (Webster and Webber 2007). The Chytridiomycota possess a characteristic posteriorly
oriented single whiplash flagellum, which enable the group to colonize aquatic and moist
environments. In addition to morphological traits, the behavior of zoospores can influence the
structure of the colony formation, which is thought to affect species distribution (Gleason & Lilje
2009).
Zygomycetes, especially the Mucorales, produce asexual spores that are formed within
structures called sporangia. Those are the structures we normally see even with naked eye, as dark
pinheads growing on bread, fruits and other organic materials. The sexual spores of zygomycetes
are called zygospores, formed within thick-walled and ornamented structures (i.e.
zygosporangium), produced after fusion of two gametangia. However, since zygomycetes is an
artificial group, formed by five lineages that evolved independently, the morphology is highly
variable among species within this group (Humber 2012, Gryganskyi et al. 2012)
Basidiomycota is a large group of fungi that includes the mushrooms, boletes, puffballs,
earthstars, stinkhorns, jelly and coral fungi and the pathogenic rust, bracket and smut fungi. Their
spores, called basidiospores, primarily characterize them. They are formed on the outside of a
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microscopic structure called basidium, which is unique to the phyllum. The basidiospores of many
species are discharged forcibly, termed ballistospore. Despite the variety of strategies of
dispersion, they are relatively similar regarding spore morphology, especially compared to the
ascomycetes.
The phylum Ascomycota, although it shares common traits with Basidiomycota such as
septated mycelium and dikaryotic phase, form their spores – termed ascospores – in a characteristic
microscopic structure called ascus (Gr. askos = sac). As a group, they exhibit a huge variety of
spore shapes and sizes. For example, Daldinia caldariorum produces small and round ascospores
measuring about 8 µm, in contrast with the entomopathogenic Ophiocordyceps camponotimelanotici that produces spear-like ascospores that average 210 µm in length (Stadler et al. 2002,
Evans et al. 2011).

3. DIVERSITY OF SPORES IN ENTOMOPATHOGENS

Fungi that colonize organic matter (saprophytic) need to find a suitable substrate.
Substrates like organic matter in the soil are static environments and predictable in the landscape
(such as a forest floor). However, the substrate that entomopathogenic fungi colonize is a living
animal that is a much less predictable in the environment. In order to colonize its host, the fungi
obviously need first to locate them and that is the first challenge the spore of entomopathogenic
species need to face. Different groups of entomopathogens developed strategies to optimize the
horizontal transmission by means of morphological, physiological or ecological adaptations.
However, since the class Insecta is comprised of several groups with broad ecological diversity,
the entomopathogenic fungi had to develop multiple adaptations – especially in the spores – to
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infect such a diverse group of hosts. These novel adaptations have subsequently led to the rise of
several lineages of pathogens (Araújo and Hughes 2016).
The entomopathogenic fungi exploit 19 of the 30 different insect orders. Each of these
orders colonizes a range of environments, including deserts, humid tropical forests, temperate
forests and even aquatic systems (Grimaldi & Engel 2005). Naturally, as the insects are adapted to
inhabit a broad range of environments, the entomopathogenic fungi also needed to adapt their
morphological traits in order to reach, colonize and transmit disease among their hosts.
Compared to other insects, the ones inhabiting aquatic systems apparently suffer less
pressure by fungal pathogens. Chytrid fungi are mostly saprophytes, but there are at least four
genera known to infect insects. The hosts are almost exclusively mosquito larvae, with just few
records for chytrids infecting scale insects – i.e. Myiophagus ucrainicus – (Karling 1948, Muma
& Clancy 1961), despite their clear susceptibility for fungal infections (Araújo & Hughes 2016).
Chytrid spores – entomopathogenic or not – are characterized by a single posteriorly directed
whiplash flagellum, which reflects their aquatic life cycle (Barr & Désaulniers 1988). These
flagellated spores are able to actively swim and locate their hosts by responding to chemical
gradients, making them a “seeker missile” towards the unprotected larvae that swim in the water.
They also possess the ability to regulate the osmotic pressure, reducing water loss or the collapse
of the cell (Gleason & Lilje 2009).
Microsporidians are obligate intracellular parasites of a broad range of hosts, including
humans. They were long considered as protozoans, in the phylum Apicomplexa (Schwartz 1998).
However, with the advances of molecular systematics, they were proven to belong to the kingdom
Fungi (Hirt et al. 1999, Hibbett et al. 2007). They don’t form mycelia as most fungi do in their
vegetative forms, instead, they grow as inconspicuous cells, exhibiting primitive cellular features
in its organelles (Vávra & Larsson 2014). The only structure that is able to live outside the host’s
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cell is their unique spore that ranges from 1 to 40 µm, depending on the species (Wittner & Weiss
1999). The spores in this group play the important role of actively inject the protoplast material
into the host's cell, through a polar tube. Once within the cell, the parasite multiplication will take
place, followed by maturation and lysis of the host's cell, liberating new infective units on the
lumen of the host’s gut.
The strategies used by entomopathogenic fungi to spread the spores varies broadly. For
example, in Entomophthoromycota, there are three distinct mechanisms to forcibly discharge the
spores, except for Massospora (Humber 1981). In this case, the spores are released passively while
the cicada body disintegrates and expose the fungal mass that develops from its living body (Speare
1921, Goldstein 1929). In addition, some species can form spores parthogenetically, named
azygospores (Bessey 1950). Entomophthoralean fungi possess the ability to produce one or more
types of secondary spore – sometimes tertiary and so on – which is an important taxonomic feature.
The secondary spores can be either passively detached (i.e. capillispores) or forcibly discharged
(Humber 1981).

4. OPHIOCORDYCEPS ON ANTS: A CASE STUDY

Ants are a dominant group of insects in most terrestrial habitats. Although they make up roughly
2% of the nearly 900,000 described species of insects (Höldobler & Wilson, 2009), in the Amazon
Basin for example, ants are estimated to comprise four times the biomass of all vertebrates
combined (Grimaldi & Engel, 2006). Such dominance, not surprisingly, exposes the ants to a broad
range of pathogens, especially fungal pathogens.
Ophiocordyceps is one of the biggest genus of entomopathogenic fungi, consisting of about
200 species (Robert et al. 2013). There are records of these pathogens infecting a variety of hosts
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– Odonata, Dermaptera, Phasmatodea, Orthoptera, Blattaria, Isoptera, Hemiptera, Coleoptera,
Megaloptera, Lepidoptera, Diptera and Hymenoptera. Among the hymenopteran hosts, by far the
most common group infected are the ants (Formicidae), especially in tropical forests worldwide.
The ability of Ophiocordyceps fungi to infect, establish and persist in ant societies have
evolved repeatedly along the evolutionary history of the genus. Those lineages can be primarily
divided into five complexes: 1) O. myrmecophila + O. irangiensis, 2) O. lloydii, 3) O. australis,
4) O. kniphofioides and 5) O. unilateralis (Figure 1). Each of them exhibiting unique
morphological and ecological traits. In the following sections, we will present morphological
aspects of the spore producing structures and the different spores produced by each lineage of these
myrmecophilous pathogens.

Hirsutelloids
Whole ascospores

O. unilateralis complex

O. kniphofioides complex

O. lloydii complex

O. myrmecophyla/irangiensis complex
Hymenostilboids
Partspores

O. australis complex

Figure. 3.1: The five main lineages of myrmecophilous Ophiocordyceps: O. unilateralis complex and its typical
vermiform ascospore (ranging from 60 to 210 µm long) with capilliconidiophore emerging from it. The same
hirsutelloid hymenium shared by O. unilateralis and O. kniphofioides (Anamorph). O. lloydii, O.
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myrmecophila/irangiensis and O. australis share the same hymenostilboid anamorph. The sexual spores shown here
represents the basic shape of spores within each complex. Morphological variation occurs within each complex. The
tree topology reflects several phylogenetic studies (e.g. Quandt et al. 2014).

4.1 Diversity of hymenostilboid and hirsutelloid morphologies

Ophiocordyceps that infect ants form an ecologically important and phylogenetically diverse group
of pathogenic fungi. The five main species complexes likely originated independently across the
entire genus. Those can be grouped in two different major groups as hymenostilboid and
hirsutelloid species. Hymenostilbe and Hirsutella were previously anamorphic genera in fungi,
used to group species based on asexual characters. However, with advances in molecular
phylogenetics, most species assigned to these genera were proven to be part of the genus
Ophiocordyceps (Sung et al. 2007), except those ones for which DNA data is not yet available.
Quandt et al. (2014) proposed to suppress the anamorphic names in an effort to protect
Ophiocordyceps as the valid synonym over Hymenostilbe and Hirsutella. Thus, hymenostilboid
and hirsutelloid are used to refer to Ophiocordyceps species that exhibits anamorphic morphology
related to these two genera.
The Neocordyceps group (sensu Kobayasi 1982) or “Ophiocordyceps sphecocephala
clade” (sensu Quandt et al. 2014), consist of species that have perithecia obliquely immersed into
the clava region and ascospores that disarticulate into 64 part-spores (Hywel-Jones, 2002, Sung et
al. 2007). Within this clade, we have three of the five complexes mentioned: O.
myrmecophila/irangiensis, O. australis and O. lloydii. Species within these three complexes
exhibit hymenostilboid morphology as the anamorphic state, besides other phylogenetic poorly
resolved groups such as Stilbella species. Although the clade occupies a long branch and has good
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bootstrap support by Maximum-Likelihood analysis, internal nodes of this clade are not yet fully
resolved (Sung et al. 2007, Quandt et al. 2014). Further studies with more data and taxonomic
sampling may contribute to a better resolution of the clade, which would bring a better concept
about its plesiomorphic characters. Thus, it is likely that new arrangements will be proposed.
In contrast to O. myrmecophila/irangiensis, O. australis and O. lloydii, the other two
complexes belong to a different branch in the Ophiocordyceps phylogenetic tree (Figure 3.1). The
complexes O. unilateralis and O. kniphofioides are assigned to a clade that shares the same
anamorphic morphology, the hirsutelloids. Hirsutelloid anamorphs are recognized by their
remarkable phialides, characterized by Patouillard (1892) as “conidiogenous cells that swollen
towards the base, hyaline, smooth or rough, tapering gradually or abruptly towards the apex”
(Minter & Brady 1980). Nevertheless, hirsutelloid species can display considerably distinctive
morphologies, which reflects their ecology and strategies to transmit the spores to the next suitable
host.
For example, the species that names the O. kniphofioides complex, Ophiocordyceps
kniphofioides. In certain conditions this fungus only produces the anamorphic (asexual)
morphology, named by Evans & Samson (1982) as Hirsutella stilbelliformis var. stilbelliformis (=
Ophiocordyceps kniphofioides anamorphic structures). This species infects exclusively the
arboreal ant Cephalotes atratus in South America. This species can form just anamorphs, just
teleomorphs (sexual state) and holomorphs (anamorph and teleomorphs in the same host). It is
commonly found across the Brazilian Amazon, killing dozens of ants in a single tree, often on its
basal part that is covered with moss. Evans & Samson (1982) observed that the anamorphic
structures in this species frequently grows from the ant towards underneath the moss layer, arising
as synnematal structures, forming spores at the apex. They also observed that Cephalotes workers,
presumably uninfected, removed the corpses of the infected ones, which accumulate at the base of
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the tree (Figure 3.2). However, the workers just remove the corpses of their nest mates, not the
synnematal structures that are retained by the moss carpet. Thus, the parts that remains in the
substrate keeps acting as an inoculum, even after the host from which the fungus was growing is
completely removed from the bark (Figure 3.3).

Figure 3.2: Dead infected Cephalotes ants that were removed from the tree accumulate at the base of the infection
focal tree.
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A

B

C

Figure 3.3: Hirsutella synnemata that arises from the moss and serve as inoculum after the infected Cephalotes are
removed by other workers (A). Synnemata arising from infected ants (B-C).

The other complex of hirsutelloid Ophiocordyceps infecting ants is the unilateralis group.
They share many unique traits and are the most speciose group among the myrmecophilous
Ophiocordyceps. This complex is known to be exclusive pathogens of ants in the tribe
Camponotini: Camponotus, Echinopla, Dinomyrmex, Polyrhachis and Oecophylla ants. The
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hypothesis raised by Evans et al. (2011) that each fungal species within this complex infects a
particular species of ant remains robust, supported by other studies that followed (Luangsa-ard et
al. 2011, Kepler et al. 2011, Kobmoo et al. 2012, 2015, Araújo et al. 2015).
The complex shares common morphological characters such as a single stalk arising
through the intersegmental membrane, anterior to the dorsal part of the pronotum. The stalk
supports the ascoma which is formed unilaterally (i.e. one sided, hence to species epithet of the
type species O. unilateralis). The ascoma is the structure bearing the asci, the structures that
forcibly shoots the whole ascospores upon maturity. As a whole, this group exhibit three types of
hirsutelloid structures as the anamorphic state: A, B and C types (Figure 3.4). Hirsutella A is shared
by all species within the clade. The conidiogenous cells of Hirsutella A are formed on the stalk
(synnema), mostly on the apical portion. The function of these spores is unknown. They are not
forcibly discharged and their location on a growing stalk far from the cadaver makes contactinfection to other ants unlikely. Though speculative it may be that the spores of Hirsutella A are
involved in the formation of the teleomorphic stage (ascoma). It is possible that as rain water
moves down the stalk the haploid conidia are brought together and fuse to from a diploid cell that
gives rise to the ascoma. Hirsutella B has so far only been observed in Ophiocordyceps camponotinovogranadensis, found in the Atlantic Rainforest at Southeast of Brazil, formed on the tarsi of
the host, Camponotus novogranadensis (Evans et al. 2011). This type is unusual in that it produces
biguttulate conidia. These spores are released but forcible ejection (as occurs for ascospores) is not
likely. Hirsutella C was recorded for O. camponoti-balzani also in the Atlantic rainforest (Evans
et al. 2011), O. camponoti-indiani in the Northern part of the Brazilian Amazon (Araújo et al.
2015) and for three yet undescribed species, two from Central Brazilian Amazon and one from
USA (Araújo et al., chapter 5). All anamorphic spores (conidia) in the Hirsutella C group are likely
transmitted by contact, rather than actively released into the environment. We would predict that
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Hirsutella C increases the likelihood of transmission to a new host from its current location by
making the cadaver attractive to foraging ants, most likely by smell.

Hirsutella A

Hirsutella C

Hirsutella B

Figure 3.4: Diversity of Hirsutella morphologies in the O. unilateralis complex. Hirsutella A is present in all species
of this complex, whereas the type B occur in one species and type C in five species, although three formally still
undescribed (Evans et al. 2011, Araújo et al. 2015).
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4.2 Diversity of Sexual Structures (Teleomorphs)

All the complexes discussed here display unique and well-defined characteristics. They all form
macro-structures called ascoma (i.e. a fruiting body), in which the perithecia and the ascospores
are produced. All the complexes can be easily identified based on evident characteristics such as
coloration, size, shape and host association.
The complex O. myrmecophila/irangiensis produces a slender single yellow synnema that
arises laterally from the host. The hosts are always found on the ground, or underneath the leaf
litter. The closely related O. australis complex also exhibit a single stalk, but bicolored fruiting
body, emerging also laterally from the host (only one exception is known, an undescribed
Ghanaian species that forms two lateral projecting stalks). The long stalk is black, bearing a vivid
red (in most species) terminal ovoid ascoma with perithecia. The O. lloydii complex produces one
or two light-yellow fruiting bodies, that are terminal to the stalk, with perithecia arranged
vertically. This perithecia arrangement seems to be a morphological variation in the Neocordyceps
group. The location, size and position of the ascoma depends on the species. The ascospores
formed by O. myrmecophila/irangiensis, O. australis and O. lloydii disarticulate into 64 partspores upon release (see Hywel-Jones 2002). No secondary germination of infective structures is
known for any of the Neocordyceps species infecting ants.
The O. kniphofioides complex normally produces a single stalk although on rare occasions
multiple stalks are found. These stalks invariably arise laterally from the upper thorax of the host.
The terminal region is light-brown to vivid orange, darkening with age. The epithet kniphofioides
comes from the resemblance with the angiosperm genus Kniphofia known as ‘red hot poker’
(Evans & Samson 1982). The perithecia are produced at a 90º angle to the central stipe. Ascospores
are filiform, not breaking into partspores, with rounded apex and multiple septa (Evans & Samson
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1982). The perithecia are produced 360º around the central stipe. There is no evidence of secondary
structures arising from the ascospores, which is a common feature of the sister taxa O. unilateralis.
All O. unilateralis s.l. species invariably produce a single stalk anterior to the dorsal part
of the pronotum and posterior to the head on the ventral side of the ant. The stalks always emerge
through the intersegmental membranes and not through the cuticle. However, O. halabalaensis,
O. septa and O. camponoti-indiani consistently produce multiple fruiting bodies from a single
host, growing laterally from the intersegmental membranes at the thorax and leg joints (Luangsaard et al. 2011, Kobmoo et al. 2015, Araújo et al. 2015). In contrast with O. kniphofioides, O.
unilateralis complex species form the perithecial plate(s) attached laterally to the central stipe,
which may be an adaptation to optimize transmission onto ant trails. The complexity of ascospores
of O. unilateralis complex is the main feature – together with host association – to delimitate the
species within this complex (Evans et al. 2011).
Ascospores are discharged forcibly from the perithecia to land on the forest floor. Among
the Brazilian species described (7 spp.), nearly all produces capilliconidia (Evans et al. 2011,
Araújo et al. 2015). The only exception so far is O. camponoti-melanotici, which most ascospores
remained unchanged after 28 days on potato dextrose media, (Evans et al. 2011). All the other
species within this complex that were not yet described (from USA, Brazilian Amazon and Japan)
but were observed in the nature, produced capilliconidia (Araújo & Hughes 2017, chapter 3).
Species described from Thailand, O. halabalaensis, O. polyrhachis-furcata, O. camponotileonardi, O. camponoti-saundersi, O. septa and O. rami have not been studied for the germination
behavior of their spores (Luangsa-ard, 2011, Kobmoo, 2015) and further studies are needed. But
to date it appears that forming capilliconidia from ascospores is a key adaptation. We suggest that
the function is to increase the infectious period of the ascospores on the forest floor which can
send up hairs with conidia (capilliconidia) that infect passing ants. It is probable that a single
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ascospore produces multiple capilliconidia over days and possibly weeks. However, this needs to
be tested under field conditions.

5. CONCLUSION
The insects, despite their arsenal of mechanisms to avoid pathogens, were colonized by
multiple lineages of entomopathogenic fungi. Once there, most of these lineages had diversified
and originated mega-diverse groups, such as the myrmecophilous Ophiocordyceps. These,
exhibiting a variety of morphological and ecological traits that reflects the host ecology,
subsequently optimized the spore transmission that is reflected by its obvious reproductive success
in tropical forests. In this chapter, we have provided an overview of this successful strategy from
the perspective of the fungal spore. This we believe that the current diversity represents just a
minuscule part of its real diversity and future studies can unravel one of the largest reservoirs of
undocumented species among the kingdom Fungi.
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Abstract

In tropical forests, one of the most commonly encountered relationships between parasites and
insects is that between the fungus Ophiocordyceps (Ophiocordycipitaceae, Hypocreales,
Ascomycota) and ants, especially within the tribe Camponotini. Here, we describe three newly
discovered host-specific species, Ophiocordyceps camponoti-atricipis, O. camponoti-bispinosi
and O. camponoti-indiani, on Camponotus ants from the central Amazonian region of Brazil,
which can readily be separated using morphological traits, in particular the shape and behavior of
the ascospores. DNA sequence data support inclusion of these species within the Ophiocordyceps
unilateralis complex.

Introduction

In tropical forests, social insects (ants, bees, termites and wasps) are the most abundant landdwelling arthropods. Although they represent only 2% of the nearly 900,000 known insect species
on Earth, they are estimated to compose more than half the biomass (Fittkau & Klinge 1973;
Höldobler & Wilson 2009). One of the better-known members within this group are the ants, which
form a single family (Formicidae), with close to 13,000 species described (Agosti & Johnson
2009). Ants occupy a wide range of habitats from high canopy to the leaf litter, forming huge
colonies comprising tens to hundreds of thousands to millions of individuals.
Ants are associated with and susceptible to a variety of parasites. Amongst these, one group
is particularly well adapted to live in tropical forests and to exploit this ant abundance,
entomopathogenic fungi of the genus Ophiocordyceps (Hypocreales; Ophiocordycipitaceae),
currently comprising around 160 species (Robert et al. 2005; Sung et al. 2007). These parasites
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infect many different insects with a wide range of ecologies, from solitary wandering beetles to
highly-organized ant societies. The orders infected include Blattaria, Coleoptera, Dermaptera,
Diptera, Hemiptera, Hymenoptera, Isoptera, Lepidoptera, Mantodea, Odonata and Orthoptera
(Araújo & Hughes Preprint). The functional morphology of Ophiocordyceps is equally diverse and
has been linked to the host’s ecology and biology (Evans et al. 2011).
Species of Ophiocordyceps were originally placed within Cordyceps, a genus established
to accommodate fungal pathogens of arthropods bearing the sexual spore-producing structures
(ascoma) on conspicuous stalks (synnema), arising from the host cadaver (Evans et al. 2011).
However, due to the polyphyletic nature of Cordyceps – as evidenced by recent phylogenetic
studies – species formerly assigned to the genus have now been reorganized into four genera
(Cordyceps, Elaphocordyceps, Metacordyceps and Ophiocordyceps), within three families
(Cordycipitaceae, Clavicipitaceae and Ophiocordycipitaceae) (Sung et al. 2007).
Within the Formicidae, Ophiocordyceps infections have been reported from the basal
primitive groups (Ponerines) through to modern genera, such as Camponotus (Evans & Samson,
1982; Sanjuan et al. 2001; Evans et al. 2011), and often occur as epizootics, killing large number
of ants in small patches of forest (Andersen et al. 2009; Pontoppidan et al. 2009). Such events are
pan-tropical with records from Asia, Australasia, Africa and the Americas (Evans 1974; Andrade
1980; Evans & Samson 1982, 1984; Evans 1988a, 2001; Kepler et al. 2011; Luangsa-ard et al.
2011; Kobmoo et al. 2012).
Entomopathogenic fungi infect their hosts following spore contact and subsequent
germination on the cuticle. Typically, an adhesive pad (appressorium) is formed, whereby a germ
tube penetrates the exoskeleton of the host. Upon reaching the haemocoel, the fungus proliferates
in the form of yeast-like cells (Evans 1988b). In the O. unilateralis complex, a series of
synchronized events are triggered within the ant host in order to make it leave the colony, climb
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understorey shrubs to die in an elevated position - characteristically, biting the underside or edge
of a leaf - and, once there, a spore-producing structure arises from the back of its head from which
the ascospores are forcibly released at maturity (Andersen et al. 2009).
The taxonomy and evolutionary relationships of this important group of pathogens remain
unclear. For many years, it was suspected that O. unilateralis, originally described as Torrubia
unilateralis (Tulasne & Tulasne 1865), represents a complex of species, based on macromorphological variation within collections worldwide (Petch 1931; Kobayasi 1941; Mains 1958;
Samson et al. 1982; Evans & Samson 1984). However, it was not until recently that species
delimitation was proposed formally, when four new taxa were described from the Minas Gerais
state of Brazil (Evans et al. 2011), and it was posited that each ant within the Camponotini would
host a different species of Ophiocordyceps. Subsequent descriptions of new taxa, from both
Thailand and Japan on both Camponotus and Polyrhachis hosts, are lending support to this
hypothesis (Luangsa-ard et al. 2011; Kepler et al. 2011; Kobmoo et al. 2012) - and, even more
recently, from the USA (de Bekker et al. 2014) - with the clear indication that there are still many
species to be discovered.
During field surveys in the central Brazilian Amazon, we collected a range of Camponotus
species killed by Ophiocordyceps, often in large numbers. Based on macro-morphological
characters, all the specimens fell within O. unilateralis sensu lato: typically, comprising a stalk
(synnema) arising from the dorsal anterior part of the pronotum. A Hirsutella-like asexual morph
occupies the terminal region and the sexual morph (ascoma) occurring as lateral cushions or plates.
Here, we describe and characterize three new species from field-collected material, which have
distinct micro-morphological characters (Kobayasi 1941; Evans et al. 2011). We also performed
PCR and ribosomal DNA (rDNA) sequence analyses of DNA extracted directly from the field
collected material. Overall these analyses yielded inferences consistent with placement of these
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species in the O. unilateralis clade, but different rDNA regions produced very different
phylogenetic results.

Materials and Methods

Sampling

Surveys were undertaken in the central Amazonian region of Brazil concentrating on four forest
reserves (Figure 1): (A) Reserva Adolpho Ducke, ca. 10,000 ha (2°57'S, 59°55'W), adjacent to
Manaus (Amazonas state - AM) and composed of terra-firme forest, with plateaus, lowlands and
campinarana vegetation, occurring on sandy soil across the Rio Negro basin; (B) Parque Nacional
de Anavilhanas (AM), an archipelago (2˚23’S, 60˚55’W) of more than 400 islands, 40 km up the
Rio Negro from Manaus, colonized by Igapó forest (varzea), which is characterized by watersoaked soils with high acidity due to seasonal flooding; (C) Parque Nacional do Viruá, ca. 227,000
ha (01˚42'25" N, 61˚10'24" W), located near Caracaraí city (Roraima state - RR), based on sandy
soils with many lagoons and lowland Amazonian forest; (D) Estação Ecológica de Maracá (RR),
ca. 104,000 ha (3˚22’N, 61˚27’W), located 135 km from Boa Vista on an island of the Uraricoera
River in Roraima state, containing both savanna and a mix of humid lowlands and plateaus (terrafirme).
The sampling protocol consisted of a careful inspection of soil, leaf litter, shrub leaves and
tree trunks, up to 2m high. Infected ants, and the substrata they were attached to, were collected in
plastic containers for transport to the laboratory and, wherever possible, examined the same day.
During longer surveys, the samples were air-dried overnight to prevent mold growth. All
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specimens were photographed individually, using a Canon 60D camera fitted with a MP-E 65 mm
(x 5) macro lens, equipped with a MT-24EX macro lite flash.

FIGURE 1. Map showing the forest reserves sampled in the central Brazilian Amazon: A) Reserva
Adolpho Ducke; B) Parque Nacional de Anavilhanas; C) Parque Nacional do Viruá; D) Estação
Ecológica de Maracá.
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Morphological studies

Samples were screened using a stereoscopic microscope, and only mature fungal specimens were
selected for further micro-morphological studies. In order to obtain ascospores, infected ants were
attached to the lid of a plastic Petri plate (9-cm diam) using petroleum jelly, and suspended above
a plate containing either distilled water agar (DWA) or potato-dextrose agar (PDA). Plates were
transferred covered stands placed on the forest, subject to natural temperature and light fluctuations
and examined daily for the presence of ascospores, which, after ejection from the ascomata, formed
sub-hyaline halos on the agar surface. Freshly deposited ascospores were removed with a sterile
hypodermic needle under a stereoscopic microscope, and mounted on a slide in lactofuchsin (0.1g
of acid fuchsin in 100 ml of lactic acid) for light microscopy (Olympus BX61). A minimum of 50
naturally-released (mature) ascospores were measured for morphological comparison (Table 1).
The remaining ascospores were left in situ on the agar surface and examined over a number of
days in order to monitor germination events. For micro-morphology of the ascomata, either freehand or cryo-sectioning (Leica CM1950 Cryostat) was used. Permanent slides were deposited in
the Entomological Collection at INPA (Instituto Nacional de Pesquisas da Amazônia, Manaus),
with isotype collections held in Frost Entomological Museum at PSU (Penn State University).
Permits for collecting and export were provided by SISBIO to JPMA (Authorizations 40496-1;
32435-1; 32410-1).

Hirsutella
Type
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Ascospore
Capilliconidiophore
Host

Stroma (mm)

dimension

A

B

C

length (µm)
(µm)
O. camponoti-atricipis*

Camponotus atriceps

15-20 (-25)

55

80-85 x 3 **(5)

+

-

-

O. camponoti-bispinosi*

C. bispinosus

5-7

65

70-75 x 4.5 (4-5)

+

-

-

O. camponoti-indiani*

C. indianus

8-10 (-16)

130

75 x 4.5 (5)

+

-

+

O. camponoti-rufipedis

C. rufipes

5-8 (-15)

60-70 (-80)

80-95 - 2-3 (4-7)

+

-

-

O. camponoti-balzani

C. balzani

similar to O.c-rufipedis

-

+

-

+

+

-

-

+

+

-

+

-

-

135-175 x 4-5
(14-22)
170-210 x 4-5
O. camponoti-melanotici

C. melanoticus

similar to O.c-rufipedis

(27-35)

O. camponoti-

75-95 x 2.5-3.5
C. novogranadensis

similar to O.c-rufipedis

20-25

novogranadensis

(5-10)
60-75 x 3-5

O. halabalaensis

C. gigas

6.5-18

(“multi-septate”)

TABLE 1. Comparison of main morphological characters of the new Ophiocordyceps species and
closely related species (*New species; **Septation).

DNA extraction, PCR, sequencing and phylogenetic analyses

DNA was extracted from small pieces of the ascoma/stroma. The tissue was placed with two metal
balls (1/8'') in a 2 ml Eppendorf tube, frozen in liquid nitrogen and broken into powder using a
Tissuelyzer (Qiagen) for 1 min. Afterwards, with the fungal tissue still frozen, 0.8 ml of DNA
extraction buffer at 50˚C (1% SDS, 0.024 g/ml PAS, 0.2 ml/ml RNB, Distilled water) and 0.8 ml
phenol-chloroform was added, incubated at 60˚C for 10 min and centrifuged for 10 min at 10,000
rpm. The water phase was transferred to a new 2 ml tube (about 0.8 ml), 0.5 ml of chloroform was
added, mixed by inverting and centrifuged for 10 min at 10,000 rpm. The supernatant was
transferred to a new tube, to which an 80% volume of isopropanol added, mixed by inverting and
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centrifuged for 10 min at 14,000 rpm. The supernatant was removed and the pellet was washed
with 0.5 ml of 70% ethanol (Koptec), air-dried and resuspended in 30 µl of TE buffer.
Approximately 1,030 bp of nu-SSU (using 2 overlapping sets of primers, NS1/SR7 and
NS4/NS3; White et al. 1990), 770 bp of nu-LSU (primer pair LR5/LR0R; Vilgalys and Sun 1994)
and 550 bp of ITS (primers ITS1F/ITS4; Gardes and Bruns, 1993) were amplified by PCR. PCR
was performed using a T-3000 Thermocycler (Biometra GmbH, Göttingen, Germany), in 25 ul
reactions on the final concentration of: 1x PCR buffer, 0.2 µM dNTP (each), 1.5 mM MgCl2, 0.2
µM each primer, 1 µl genomic DNA template (concentration varies according to different
samples), 1 unit Platinum Taq DNA Polymerase (Invitrogen) and 18.4 µl Gibco UltraPure Distilled
Water. PCR products were cleaned using the QIAquick PCR Purification Kit (Qiagen, Venlo,
Netherlands) following the manufacturer’s instructions and sequenced by Sanger DNA sequencing
(Applied Biosystems 3730XL) at Genomics Core Facility service at Penn State University.
The raw ABI chromatograms were manually edited using Sequencher version 4.7 (Gene
Codes Corp., Ann Arbor, MI, USA). Sequences generated for this study were compared with
closely related species sequences identified in GenBank by BLAST. The alignment was obtained
using MUSCLE in MEGA v.5.X (Kumar et al. 2012), and gaps were treated as missing data. All
phylogenetic analyses were performed using MEGA v.5.X (Kumar et al. 2012). The Tamura-Nei
(Tamura & Nei, 1992) model of molecular evolution was selected for ML analyses. ML analyses
were performed using ten random taxon-additions and Nearest Neighbor Interchange (NNI) branch
swapping. The MP analyses were run using ten random taxon-addition replicates and SubtreePruning-Regrafting (SPR) branch swapping. Clade support was assessed by bootstrapping,
employing 500 pseudoreplicates of the data on both ML and MP analyses. The GenBank assession
numbers and Herbarium voucher information for each taxon are provided in Table 1.
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RESULTS

Taxonomy
Ophiocordyceps camponoti-atricipis Araújo, H.C. Evans & D.P. Hughes, sp. nov.
IF 550743
Etymology: Named after the ant host, Camponotus (Myrmothrix) atriceps F. Smith.
Type:—BRAZIL. Amazonas: Reserva Adolpho Ducke, 2° 57' 42"S, 59° 55' 40" W, 100 m, 10
January 2012 J.P.M. Araújo & H.C. Evans, A-56, on Camponotus atriceps F. Smith (holotype
INPA 261937!, isotype FEM 90326!).
External mycelium abundant, covering most of the host, produced from all orifices and
sutures; initially white, turning light-brown. Stroma single, produced from dorsal pronotum,
averaging 15-20 mm, up to 25 mm in length, cylindrical, velvety and ginger brown at the base,
becoming cream-pinkish towards apex; fertile region of lateral cushions, 1-2, hemispherical,
chocolate brown, darkening with age, variable in size, averaging 1.5 x 0.5-0.8 mm. Perithecia
immersed to partially erumpent, flask-shaped, 240-280 x 100-150 µm, with short, exposed neck
or ostiole. Asci 8-spored, hyaline, cylindrical to clavate, 110-140 x (4.5-) 6-6.5 (-8) µm;
prominent cap, (3.5-) 5 x 5.5 (-6.5) µm. Ascospores hyaline, thin-walled, vermiform (75-) 80-85
(-100) x (2-) 3 (-3.5) µm, 5- septate, sinuous to curved, never straight at maturity, rounded to
acute apex.
Asexual-morph: — Hirsutella-like A type only, produced on the upper stromatal surface;
phialides cylindrical to lageniform, 5-7 x 2-3 µm, tapering to a long neck, 5-11 µm; conidia not
seen. This asexual morph occurs in all the species included here and is not considered to be
critical for species separation. Hence, it is not analyzed in detail.
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Additional specimens examined (paratypes): —BRAZIL. Reserva Adolpho Ducke: Manaus, 2°
57' 42"S, 59° 55' 40" W, 100m elevation, 12 January 2012, Araújo, H.C. Evans & D.P. Hughes,
A35 (paratype INPA 261940)!.
Germination process: —The released ascospores germinated within 24-48 h, producing 1-2,
uniformly straight, thread-like structures (capillicondiophores); typically of uniform length and
averaging 55 µm; bearing a single terminal spore (capilliconidium), hyaline, smooth-walled,
allantoid and tapering at the ends at maturity, 10-11 x 2-2.5 µm, narrowing apically.

Habitat:—Brazilian Central Amazon. Hosts commonly found biting the apical part of palmfronds, but also on dicot leaves, rarely on palm-spines; abundant mycelial growth from the
mouthparts helping to fix the host to the leaf, in addition to the locked jaws.
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FIGURE 2. Ophiocordyceps camponoti-atricipis a) Single stroma, characteristic of
Ophiocordyceps unilateralis sensu lato, with a single lateral ascoma, arising anterior to pronotum
of Camponotus atriceps, firmly attached to apex of palm frond (bar = 1.5 mm); a-1) Detail of
biting ant; b) Detail of fertile region (ascoma) (bar = 0.8 mm); c) Section through ascoma showing
the mainly immersed perithecial arrangement (bar = 200 µm); d) Ascospore with a needle-like
outgrowth (capilliconidiophore) producing terminal conidium (bar = 20 µm); e) Close-up of
conidium (bar = 10 µm); f) Close-up of perithecium (bar = 50 µm); g) Ascus, clavate in shape and
with a prominent cap (bar = 20 µm); h) Detail of the ascus cap (bar = 5 µm); i) Section of upper
part of stroma showing asexual morph (Hirsutella-like A type), with a palisade of subulate
phialides (bar = 10 µm); j) Close up (bar = 10 µm) Images: João Araújo.

Ophiocordyceps camponoti-bispinosi Araújo, H.C. Evans & D.P. Hughes, sp. nov.
IF 550744
Etymology: Named after the ant host, Camponotus (Myrmocladoecus) bispinosus Mayr.
Type: —BRAZIL. Amazonas: Reserva Adolpho Ducke, 2° 57' 42" S, 59° 55' 40" W, 100 m, 15
January 2012, J.P.M. Araújo & H. C. Evans, B-77, on Camponotus bispinosus Mayr (holotype:
INPA (261936!, isotype FEM 90327!).

Mycelium dark-brown to black; forming aggregations of hyphae on the intersegmental
membranes. Stroma single, produced anterior to pronotum, averaging 5-7 mm in length;
cylindrical, black, with a cream-white swollen terminal part; fertile ascomatal region lateral,
forming a single globose cushion, initially dark brown becoming black with age, averaging 0.8 x
0.4-0.7 mm. Perithecia immersed to slightly erumpent, globose to flask-shaped, 250-290 x 150170 µm, with a short neck. Asci 8-spored, hyaline, cylindrical to clavate, (90-) 110-130 x (7-) 8-
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8.5 (-9.5) µm; with a small but prominent cap, 3.5 x 4.5 µm. Ascospores hyaline, thin-walled,
cylindrical, (60-) 70-75 (-80) x 4.5-5 (-6), 4-5 septate, round and slightly narrow at the apices.

Asexual-morph: —Hirsutella-like A type only, produced at the swollen upper part of stroma;
phialides cylindrical to lageniform, 6 x 2.5-3µm, tapering to a long hair-like neck, 10-16 µm
length; conidia narrow limoniform, averaging 6-7 x 2 µm, with a distinct tail.

Additional specimens examined (paratypes): —BRAZIL. Reserva Adolpho Ducke: Manaus, 2°
57' 42"S, 59° 55' 40" W, 100m elevation, 12 January 2012, Araújo, H.C. Evans & D.P. Hughes,
A35 (paratype INPA 261939)!.

Germination process: —Spores germinated 48-72 h after release, consistently producing a single,
straight, robust capilliconidiophore, (50-) 65 (-80) µm, bearing a single terminal capilliconidium,
10-11 x 3-4 µm, hyaline, smooth-walled, slightly truncate at the base.

Habitat: —Brazilian Central Amazon. Often biting palm-tree parts, commonly on spines or tipedge of the frond; mycelium growing from mouth, attaching the ant to the substrate; rarely on
broad-leaved plants.
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FIGURE 3. Ophiocordyceps camponoti-bispinosi a) Infected Camponotus bispinosus biting into
tip of palm leaf a-1) Detail showing biting behavior and ascoma; b) Section through ascoma
showing perithecial arrangement (bar = 100 µm); c) Ascospore after 48 h germinating with a single
capilliconidiophore with a capilliconidium at the tip (bar = 10 µm); c-1) Detail of the
capilliconidium (bar = 10 µm); d) Section of perithecium showing the arrangement of asci (bar =
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50 µm); e) Ascus showing the ascospore arrangement (bar = 20 µm); e-1) Detail showing the
prominent ascus cap (bar = 10 µm); f) Section of the swollen stromatal tip showing the asexual
morph (Hirsutella-like A)(bar = 10 µm). Images: João Araújo
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Ophiocordyceps camponoti-indiani Araújo, H.C. Evans & D.P. Hughes, sp. nov.
IF 550745
Etymology: Named after the ant host, Camponotus indianus Forel.
Type: —BRAZIL. Amazonas: Parque Nacional do Viruá, 01˚ 42' 25" N, 61˚ 10' 24" W
200 m, 12 February 2012, J.P.M. Araújo & F. B. Baccaro, V-25, on Camponotus (Tanaemyrmex)
indianus Forel (holotype INPA 261938)!, isotype FROST 90328)!.
Type: — Brazil. Roraima: Parque Nacional do Viruá, 9 Feb 2012, V-15, on Camponotus
(Tanaemyrmex) indianus Forel.
Mycelium aggregations arising from all inter-segmental membranes (sutures), ginger in color.
Stromata multiple, arising from dorsal, right and left sides of pronotum, and leg joints, (1.5-) 8-10
(16) x 0.3-0.4 (-1) mm, ginger at the base becoming purplish-cream towards the apex. Ascomata
produced only on the pronotal stromata, never from those on legs; lateral cushions, 1-4,
hemispherical, chocolate to dark brown with age. Perithecia immersed to semi-erumpent, ovoid to
flask-shaped, 230-310 x 120-175 µm, with a short, exposed neck. Asci 8-spored, hyaline,
cylindrical (135-) 170 (-190) x 8.5 (-11.5) µm; cap prominent, 4.5 x 5 µm; Ascospores hyaline,
thin-walled, cylindrical, (60-) 75 (-80) x (3.5-) 4.5 (-5), 5-septate, occasionally swollen, narrowing
to acute tips at both ends.
Asexual-morph: —Hirsutella-like A type associated with the apical region of all stromata;
phialides cylindrical to lageniform, 7.5 (-9.5) x 3.5 µm, tapering to a long hair-like neck, 6.5-11
µm in length, conidia not seen. Hirsutella-like C type (= H. sporodochialis-type) produced from
ginger cushions (sporodochia) on legs and antennal joints: phialides hyaline and subulate at the
base, robust; no conidia observed.
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Additional specimens examined (paratypes):—BRAZIL. Reserva Adolpho Ducke: Manaus,
01˚42'25" N, 61˚10'24" W, 200m elevation, 14 February 2012, Araújo, H.C. Evans & D.P. Hughes,
A35 (paratype INPA 261941)!.
Germination process: —Ascospores germinated 48 h after release; typically, producing 2, rarely
3, hair-like capilliconidiophores, 120-130 µm in length; bearing a single terminal conidium, 13-14
µm biguttulate, fusoid, narrowing apically.
Habitat: —Brazilian Central Amazon (Parque Nacional do Viruá). Biting onto leaves, never twigs.
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FIGURE 4. Ophiocordyceps camponoti-indiani a) Camponotus indianus biting into a leaf,
several stromata arising from dorsal pronotum, mesonotum and leg joints, with a characteristic
purplish coloration. a-1) lateral, fertile cushion (ascoma) ; a-2) Close up of the dead ant’s head
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showing the biting behavior. b) Section through ascoma showing perithecial arrangement (bar =
500 µm); c) Ascospore after 24 h, with very long capilliconidiophores (1-3) with capilliconidia at
the tip (bar = 50 µm); c-1) Detail of fusoid capilliconidium (bar = 10 µm); d) Close up of perithecia
showing asci arrangement and the semi-erumpent ostiole (bar = 50 µm); e) Ascus showing the
spiral arrangement of ascospores (bar = 20 µm); e-1) Ascus cap detail (bar = 5 µm); f) Section of
upper part of stroma showing asexual morph (Hirsutella-like A type), with long-necked phialides
(bar = 10 µm); g) Phialides formed as mycelial cushions (sporodochia) on leg joints and antenna
(Hirsutella-like C type) (bar = 10 µm). Images: João Araújo

Discussion

Morphology

The three new species proposed herein differ considerably from other Ophiocordyceps species
described previously. Ophiocordyceps camponoti-atricipis, O. camponoti-bispinosi and O.
camponoti-indiani share common traits, such as Camponotus ants as the host, a stroma arising
from the intersegmental region anterior to the pronotum, bearing one or more brown to blackish
cushions attached laterally. Thus, they could readily be grouped within the O. unilateralis s.l.
complex of species, based purely on macro-morphology. Further micro-morphological analyses in
the lab revealed clear differences between our collections and previous species belonging to the
O. unilateralis species complex. The ascospores - including their germination and growth behavior
- and the host association were the most evident characters to distinguish the three new species. In
addition, other features - such as ascoma, perithecia, asci, anamorphic morphology - were also
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examined and used for comparison and further separation from closely related species within the
O. unilateralis complex (Figures 1-3; Table 1).
Using macro-morphological characters, O. camponoti-indiani is the only species that
exhibits multiple (from 3 up to 12) pale-purplish stromata arising from several intersegmental
membranes on legs and thorax. The stromatal surface is covered by Hirsutella-like phialides,
producing conidia up to the tip, especially on sexually immature specimens (Fig. 4-f). A similar
species has been described from Thailand, O. halabalaensis (Luangsa-ard et al. 2011), which
likewise exhibits multiple stromata, but never more than three. However, no ascospore behavior
data is available for O. halabalaensis to be compared to O. camponoti-indiani. Ophiocordyceps
camponoti-atricipis and O. bispinosi exhibit the classic “unilateralis” macro-morphology, which
is a single stroma arising between the head and dorsal pronotum bearing a laterally attached
ascomatal cushion. O. camponoti-atricipis produces a long and slender stroma, which is chocolate
brown and velvety from the bottom up to the ascoma insertion, becoming pale-pinkish and
glabrous above and gradually forming a Hirsutella-like A layer, producing conidia up to the tip
(Fig. 2-j). O. bispinosi produces a much shorter black stroma, often swelling and becoming palecream in the last third (Figure 3-a), with a Hirsutella-like A layer producing conidia (Fig. 3-h).
Microscopic features are also markedly different between the species. As with other taxa
in the O. unilateralis clade proposed by Sung et al. (2007), the ascospores of all the new species
do not disarticulate into part-spores, but they can readily be delimited on shape, size and septation
(Table 1). In addition, their germination behavior can also be used to separate them, as reported
for other species within the complex (Evans et al. 2011). O. camponoti-indiani ascospores
germinate with one to three long capilliconidiophores that reach up to 130 µm (Figure 4-c),
contrasting with the fewer and shorter capillioconidiophores in O. camponoti-atricipis (producing
1-2, up to 55 µm long) and O. camponoti-bispinosi (single and robust, averaging 65 µm in length)

87

(Figures 2-d; 3-d). In addition, the shapes of the capilliconidia are also distinct between the three
species (Figures. 2-e; 3-c1; 4-c1). Capilliconidiophore variation among the species, especially the
length, may reflect an adaptation to the host biology and further studies aim to address this
question. Our results confirm that it is justifiable to split O. unilateralis s.l. into many taxa based
on host specificity, potentially, unraveling a huge diversity of undocumented species.

Phylogenetic relationships
Besides the morphological examination, we also investigated the new species at the molecular
level. We used a dataset of three genes (nu-SSU, nu-LSU and ITS1-5.8S-ITS2) to construct a tree
with O. camponoti-atricipis, O. camponoti-bispinosi, O. camponoti-indiani, as well as previously
studied species within Ophiocordycipitaceae, including members of the unilateralis complex (O.
unilateralis s.s. and O. pulvinata). Our findings corroborate the morphological and ecological data
that the species proposed here belong to O. unilateralis s.l. and comprise three novel species of
Ophiocordyceps on Camponotus ants (Figure 5). Further studies, including more genes and more
samples, are necessary to elucidate the relationship between the Ophiocordyceps species
pathogenic on ants and other Hypocreales species.
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FIGURE 5. Maximum-likelihood tree obtained from a concatenated dataset of three genes (nuSSU, nu-LSU, ITS) showing the placement of O.camponoti-atricipis, O. camponoti-bispinosi and
O. camponoti-indiani within Ophiocordyceps unilateralis complex and relative to other
Ophiocordycipitaceae species. Numbers above branches indicate bootstrap scores >70 (ML/MP).
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GenBank accession numbers

Specimen
Taxon

Host
voucher

nu-SSU

nu-LSU

ITS

KJ953886

KJ953889

KJ953892

KJ953887

KJ953890

KJ953893

KJ953888

KJ953891

KJ953894

JN049823

Will be
Camponotus atriceps (AntOphiocordyceps camponoti-atricipis

provided by
Hymenoptera)
INPA
Will be
Camponotus bispinosus (Ant-

O. camponoti-bispinosi

provided by
Hymenoptera)
INPA
Will be
Camponotus indianus (Ant-

O. camponoti-indiani

provided by
Hymenoptera)
INPA

O. irangiensis

OSC 128577

Ant (Hymenoptera)

DQ522546

DQ518760

O. kniphofioides

Ophkni790

Cephalotes atratus (Ant - Hymenoptera)

KC610789

KC610767

O. nigrella

EFCC 9247

Scarabaeidae larva (Coleoptera)

EF468963

EF468818

O. nutans

OSC 110994

Pentatomidae (Hemiptera)

DQ522549

DQ518763

O. pulvinata

TNS-F 30044

JN049853

Camponotus obscuripes (Ant GU904208

AB721302

Hymenoptera)
O. sphecocephala

OSC 110998

Wasp (Hymenoptera)

DQ522551

DQ518765

O. stylophora

OSC 111000

Elaterid larva (Coleoptera)

DQ522552

DQ518766

O. unilateralis

OSC 128574

Ant (Camponotus sp.)

DQ522554

DQ518768

Tolypocladium capitatum

NBRC 106327

Fungi (Elaphomyces sp.)

JN941737

JN941404

JN943317

TABLE 2. Taxon, specimen voucher, host affiliation and sequence information for specimens used
in this study

Ecological aspects

The species described in the present study are currently known only from the Brazilian Amazon.
Infected dead ants were collected biting onto shrub leaves and palm fronds, especially near the
tips, as well as on palm spines and epiphytes, and, occasionally, on slender climbing stems or
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lianas. We observed that early in the morning, droplets of dew are formed on the leaf tips
(especially of palm leaves), perhaps providing a daily supply of water for fungal development,
even in the extended dry season. Thus, the adaptation of dying in this specific location may be
advantageous for continual and consistent fungal development during the year. The same death
position and substrate was also reported for O. halabalaensis in Thailand (Luangsa-ard et al.
2011).
O. camponoti-atricipis and O. camponoti-bispinosi were commonly found at multiple sites
in all the four areas visited during this study, as well as in other areas previously visited across the
Brazilian Amazon. The clusters of infections were composed of either one or multiple species of
O. unilateralis s.l. in the same area, varying from just a few (i.e. 3-5) up to dozens of individuals.
In some areas, the density was so high that it was possible to find ants biting into the same leaf or
even into other infected ants (Figure 8). In contrast, the 19 O. camponoti-indiani specimens were
all collected at the Parque Nacional do Viruá on a single occasion from one small site (~10 m2).

FIGURE 6. Infected Ophiocordyceps camponoti-atricipis showing initial development. a) Day 1
(24th March 2011): Ant attaching to the leaf and dying a few hours later; b) Day 3: Cottony white
fungal mycelium arises from ant sutures and joints, the stroma (synnema) emerges from behind
the ant head; c) Day 5: the covering mycelium becomes light brown and the pink-tipped stroma
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continues to grow. In 2-3 weeks, the ascoma forms and matures over time depending on climatic
conditions. Image: João Araújo

FIGURE 7. Unusual aggregation of different ant species biting on the same leaf and even onto
the stoma from another infected ant. Arrows show the four different ants (two species) dead at the
same spot. Image: João Araújo
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FIGURE 8. Scanning Electron Micrographs (SEM) of the infected ants. a) C. bispinosus infected
by O. camponoti-bispinosi; b) Close-up of the O. camponoti-bispinosi ascoma; c) close-up of the
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O. camponoti-atricipis ascoma; d) infected C. atriceps; e) infected C. indianus; f) close-up of O.
camponoti-indiani ascoma. Images: João Araújo

Conclusions

Ants of the genus Camponotus are parasitized by specialist fungal pathogens of the genus
Ophiocordyceps, and this parasite-host association is especially common in tropical and subtropical forests. Based on macro-morphology, these pathogens – or, zombie-ant fungi - can all be
assigned to O. unilateralis s.l. However, it has been posited that each species of Camponotus is
parasitized by a host-specific species of the fungus and that these taxa can be separated on micromorphology (Evans et al. 2011). Here, based on collections from central Amazonia, we show that
this hypothesis is robust, particularly when the form and function of mature and living ascospores
are compared. This has also been supported by molecular evidence and, therefore, we are confident
that many more (perhaps, hundreds) new Camponotus-Ophiocordyceps associations remain to be
discovered worldwide.
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Chapter 5

Zombie-ant fungi across continents: 14 new species and new
combinations within Ophiocordyceps. I. Myrmecophilous
Hirsutelloid species
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Abstract

Ophiocordyceps species infecting ants – the so-called zombie-ant fungi – comprise one of the most
intriguing and fascinating relationships between microbes and animals. They are widespread
within tropical forests worldwide, with relatively few reports from temperate ecosystems. These
pathogens possess the ability to manipulate host behavior in order to increase their own fitness.
Depending on the fungal species involved the infected ants are manipulated either to leave the nest
and ascend understory shrubs, to die biting onto vegetation or descend from the canopy to die at
the base of trees. Experimental evidence has demonstrated that the behavioral change aids spore
dispersal and thus increases the chances of infection, because of the existing behavioral immunity
expressed inside ant colonies that limits fungal development and transmission. Despite their
undoubted importance for ecosystem functioning, these fungal pathogens are still poorly
documented, especially regarding their diversity, ecology and evolutionary relationships. Here, we
describe 14 new species of Ophiocordyceps with Hirsutella-like asexual morphs that exclusively
infect ants. These form a monophyletic group which we identified in this study as Myrmecophilous
hirsutelloid species. We also propose new combinations for species previously described as
varieties and provide for the first time important morphological and ecological information. The
species proposed herein were collected in Brazil, Colombia, USA, Australia and Japan. All species
could readily be separated using classic taxonomic criteria, in particular ascospore and asexual
morphology, as well as host association and molecular data.
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Introduction

Fungi associated with insects are one of the most spectacular and diverse interactions found in
nature. There is an enormous variety to consider: mutualistic symbionts (Suh et al. 2005); fungi
serving as an obligate food source, such as those found in fungus-gardening ants (Currie et al.
2003); sexually- and behaviorally-transmitted parasites – e.g. Laboulbeniales (DeKesel 1996); –
and entomopathogenic fungi that are highly virulent and are suggested to have pronounced effects
on host populations (Evans 1974). Despite this increasing knowledge, fungal-insect associations
still remain an understudied area of fungal biodiversity and likely harbor one of the largest
reservoirs of undocumented species among Fungi.
Insects, with more than a million described species (Foottit & Adler 2009), are distributed
among 29 orders (Misof et al. 2014). The fungal pathogens are able to colonize 19 of these orders,
resulting in the evolution of a wide diversity of morphologies and strategies that enable infection
and on-ward transmission using the insect body as the ecological niche these fungi exploit (Araújo
& Hughes 2016). Among these different strategies, one of the most impressive and sophisticated
interactions between insects and entomopathogenic fungi is that involving ants and species of fungi
in the genus Ophiocordyceps (Andersen et al. 2009). The genus Ophiocordyceps is estimated to
have arisen about 100 mya (Sung et al. 2008) and since then has colonized ten orders of insects
(Sanjuan et al. 2015; Araújo & Hughes 2016), comprising about 200 species of entomopathogens
(Robert et al. 2013). Although ants account for less than 2% of insect species they contribute as
much as 50% of animal biomass in tropical forests (Holldobler and Wilson, Superorganism book,
Agosti & Johnson 2009). Ants occupy a wide range of habitats, from high canopy to the leaf litter,
forming colonies comprising from a few dozen (Jahyny et al. 2002) to millions of individuals
(Currie et al., 1999), especially in tropical forests. As such dominant members of most terrestrial
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biomes, ants are the most commonly encountered hosts for species in the genus Ophiocordyceps
in Tropical forests worldwide.
The genus Ophiocordyceps was erected by Petch (1931) to allocate species of Cordyceps
that exhibited clavate thick-walled asci and ascospores that do not disarticulate into partspores.
Kobayasi (1939) used the term as a subgeneric classification, based solely on ascospore
morphology. However, in more recent years, Sung et al. (2007) proposed the separation of the
family Clavicipitaceae into three monophyletic families: Clavicipitaceae, Cordycipitaceae and
Ophiocordycipitaceae, based on well-supported molecular data. The same study also proposed the
re-stablishment of Ophiocordyceps as a genus. All species forming a sister clade with
Elaphocordyceps (currently Tolypocladium, see Quandt et al. 2014) were transferred from
Cordyceps s.l. to Ophiocordyceps, including all species infecting ants. Included within that is the
relatively well-known and iconic species O. unilateralis which infects ants and dramatically alters
its behavior as a developmental necessity.
From the time when O. unilateralis sensu stricto was originally published – as Torrubia
unilateralis (Tulasne & Tulasne 1865) – few species have been described belonging to this group,
despite their diversity being estimated of about 580 species worldwide (Araújo & Hughes,
unpublished data), and separation was considered to be premature – due to lack of data – or, at the
best, at the varietallevel (Evans & Samson 1984). Species delimitation in this group started to be
investigated based on fresh specimens where ascospore morphology and that germination process
could be studied in depth by Evans et al. (2011), when four new species were described from
Atlantic rainforest in Brazil and they posited that each species within the tribe Camponotini could
host a different species of Ophiocordyceps. Subsequently, with the support of molecular data, six
species were described from Thailand (Luangsa-ard et al. 2011; Kobmo et al. 2012), one from
Japan (Kepler et al. 2011) and three from the Brazilian Amazon (Araújo et al. 2015). Consequently,
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there is increasing support for the “one ant-one Ophiocordyceps species” hypothesis. The present
paper builds on the hypothesis.
Asexual morphs associated with Ophiocordyceps, include Sorosporella, Syngliocladium,
Paraisaria, Stilbella, Hymenostilbe and Hirsutella (Quandt et al. 2014). With the exception of
Sorosporella and Syngliocladium all are recorded to be associated with ants. The asexual morphs
Hymenostilbe and Hirsutella morphs are commonly found associated with Ophiocordyceps
infecting ants (myrmecophilous species) (Evans & Samson, 1982; 1984; Araújo et al. 2015; Araújo
& Hughes 2017). The two distinct clades that these anamorphs form includes the vast majority of
myrmecophilous species within Ophiocordyceps: 1) O. unilateralis clade: O. unilateralis core
clade (O. unilateralis complex) + O. kniphofioides sub-clade (O. kniphofioides s.s. (H.C. Evans &
Samson), O. ponerinarum (H.C. Evans & Samson) T. Sanjuan & R.M. Kepler, O. briophyticola
nom. nov. (formerly O. kniphofioides var. monacidis H.C. Evans & Samson) and O. dacetini sp.
nov.), classified here as Myrmecophilous hirsutelloids; 2) Species within Ophiocordyceps subg.
Neocordyceps or “sphecocephala clade” sensu Sung et al. (2007): O. lloydii Fawcett, O.
pseudolloydii H.C. Evans & Samson, O. irangiensis Moureau, O. myrmecophila Cesati, O.
formicarum Kobayasi, O. australis Spegazzini, O. evansii T. Sanjuan, O. buquetii Spatafora,
Kepler & Quandt (= Stilbella buquetii) Montagne & C.P. Robin), classified here as
Myrmecophilous hymenostilboids. This study focuses exclusively on Myrmecophilous
hirsutelloids, comprised by the O. unilateralis clade (O. unilateralis core clade + O. kniphofioides
sub-clade). Future work will focus on the Myrmecophilous hymenostilboids.
Both the O. unilateralis core clade and O. kniphofioides sub-clade can easily be
distinguished in the field, based on macro morphological and ecological characters. For instance,
the stroma of O. kniphofioides sub-clade emerges laterally from the host’s thorax (i.e. in
Cephalotes atratus, Dolichoderus bispinosus and Paraponera clavata) and the orange ascoma is
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produced apically covering 360º of the stalk. The hosts often die among the moss carpets at the
base of large trees in the Amazon Rainforest. Conversely, the stroma of species within O.
unilateralis core clade consistently arises from the dorsal pronotum and produces a brown to black
ascoma that is attached laterally on the stalk (hence the unilateralis epithet), the hosts are
exclusively Camponotini species (i.e. Camponotus, Colobopsis, Dinomyrmex and Polyrhachis)
and the dead insect is always found biting onto the substrate. Other characters such as ascospore
morphology and germination, asexual morphs and differences in behavior manipulation caused by
the fungus, are also important criteria used to separate the species within these clades and these
are discussed in detail below.
The 14 new species proposed herein were collected following field surveys in five
countries across four continents: South America (Brazil, Colombia), North America (Florida,
Missouri and South Carolina – USA), Oceania (Australia) and Asia (Japan). Based on macromorphological characters, most species were readily identified as being part of the O. unilateralis
core clade, with just one new species belonging to the O. kniphofioides sub-clade.
The present work extends our understanding of this unique group of entomopathogens,
providing novel insights into their morphology, ecology and evolution.
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Material and methods

Sampling

Surveys were undertaken in the central Amazonian region of Brazil (Reserva Ducke, Manaus,
Amazonas), Colombia (Canyon Rio Claro, Antioquia), USA (South Carolina, Florida and
Missouri), Japan (Matsuoyama and ArimaFuji Park, Kyoto) and Australia (Licuala State Forest
and Kuranda, Queensland). Reserva Ducke (Brazil) comprises ca. 10,000 ha of terra-firme forest
with plateaus, lowlands and campinarana vegetation, characterized by areas of sandy soil across
the Rio Negro basin. Canyon Rio Claro reserve (Colombia) encompasses 450 ha of tropical forest
and canyons along the Magdalena River with marble caves and rich diversity of plants and animals.
The Japanese species were collected at Matsuoyama (Mt. Matsuo), a mountainous area with up to
687 m elevation, on the west side of Kyoto and Arimafuji Park, located at the base of Mt.
Arimafuji, in Sanda. In Australia, two places served as collecting sites: Licuala State Forest
comprising almost 900,000 ha of lowland tropical forest dominated by the native fan palm Licuala
ramsayi, but also areas of eucalyptus forest, wetlands and mangrove forests. Kuranda is a tropical
rainforest on the eastern edge of the Atherton Tablelands at an elevation of 380 m. The North
American sites are composed of deciduous forests with snowfall and below-zero temperatures
during winter (South Carolina), with exception of the Florida site, composed of ever-green
Tropical rainforest.
Our sampling protocol consisted of a careful inspection of the soil, leaf litter, shrub leaves
and tree trunks, up to ca. 2 m high. Infected ants – and the substrata they were attached to – were
collected in plastic containers, transported to the laboratory and, when possible, examined the same
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day. During longer surveys, the samples that exhibited informative taxonomic characters were airdried overnight to prevent growth of opportunistic fungi. For molecular work, samples were placed
in plastic tubes with 100-200µl CTAB (G-Biosciences) for further DNA extraction. All specimens
were photographed individually, using a Canon 7D camera equipped with EF 100mm macro lens
or MP-E 65mm (x5) with a MT-24EX Canon macro lite flash attached.

Morphological studies

For macro-morphological characterization, specimens were examined using a stereoscopic
microscope Olympus SZX16 and sorted for further micro-morphological studies. The characters
investigated were: host location (e.g. leaf, spine, trunk, moss, base of trunk, soil); interaction
between fungus/substrate (e.g. presence or absence of attachment structures); ascomatal size,
color, position, presence/absence and characterization of asexual morphs and perithecial insertion
(e.g.

immersed,

semi-immersed,

erumpent,

superficial).

For

micro-morphological

characterization, either free-hand or cryosectioning of the ascoma was performed using a Leica
CM1950 Cryostat. Samples were mounted on a slide with lacto-fuchsin (0.1g of acid fuchsin in
100 mL of lactic acid) for light microscopy examination using an Olympus BX61. In order to
obtain naturally-released ascospores, infected ants with mature ascomata were attached to the lid
of a plastic Petri plate (9cm diam) using tape, and suspended above a plate containing either
distilled water agar (DWA) or potato-dextrose agar (PDA). Plates were transferred to sheltered
stands installed in the forest, subject to natural temperature and light fluctuations. The plates
containing the infected ants were examined twice a day for the presence of ascospores, once in the
morning and again after sunset. When present, ejected ascospores form sub-hyaline halos on the
agar surface. Part of the freshly deposited ascospores was removed with a sterile hypodermic
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needle under a stereoscopic microscope, and mounted on a slide with lacto-fuchsin for light
microscopy examination (Olympus BX61). The remaining ascospores were left on the agar surface
and examined over a number of days in order to follow germination events. A minimum of 50
naturally-released (mature) ascospores were measured for morphological comparison (Table 1).
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Table 1. Comparison of morphological characters, host and Geographical location of Myrmecophilous Hirsutelloid species of Ophiocordyceps.
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DNA extraction, PCR and sequencing

All the species proposed in this study were collected in their natural habitat. The DNA templates
were obtained directly from the specimens with the following protocol: Samples were placed in
1.5 ml Eppendorf tubes with 100-200 µl of CTAB readily after its collection. In the lab, the
samples were ground mechanically, added 400 µl of CTAB and incubated at 60ºC for 20 min and
centrifuged for 10 min at 14,000 rpm. The supernatant (approx. 400 µl) was transferred to a new
1.5 ml Eppendorf tube, mixed with 500 µl of 24:1 Chloroform: Isoamyl-alcohol (Sigma) and
mixed by inverting. The mix was then centrifuged for 20 min at 14,000 rpm and the supernatant
transferred to a new 1.5 ml Eppendorf tube and further cleaned using the GeneCleanIII kit (MP
Biomedicals), following the recommended protocol. The only step modified was the addition 30
µl of GlassMilk per sample, instead of the recommended 10 µl to increase yield.
Five loci were used in the analyses, i.e. small subunit nuclear ribosomal DNA (SSU), large
subunit nuclear ribosomal DNA (LSU), translation elongation factor 1-α (tef) and the largest and
second largest subunits of RNA polymerase II (RPB1 and RPB2 respectively) with a total read
length of approximately 4,500 bp. However, for our field collected samples, RPB2 could not be
successfully amplified. The primers used were, SSU: NS1 (GTAGTCATATGCTTGTCTC) and
NS4

(CTTCCGTCAATTCCTTTAAG)

(White

et

al.

1990);

LSU:

LR0R

(5’-

ACCCGCTGAACTTAAGC-3’) and LR5 (5’-TCCTGAGGGAAACTTCG-3’) (Vilgalys and
Sun, 1994); tef: 983F (5’-GCYCCYGGHCAYCGTGAYTTYAT-3’) and 2218R (5’ATGACACCRACRGCRACRGTYTG-3’); RPB1: (5’-CCWGGYTTYATCAAGAARGT-3’)
(Castlebury et al. 2004) and RPB1Cr_oph was designed specifically to address the species
proposed herein (5’-CTGVCCMGCRATGTCGTTGTCCAT-3’). All the RPB2 sequences were
downloaded from GenBank.
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Each 25µl-PCR reaction contained 4.5 µl of Buffer E (Premix E – Epicentre) 0.5µl of each
forward and reverse primers (10 mM), 1 µl of DNA template, 0.1 Platinum Taq Polymerase
(Invitrogen) and 18.4 µl of Ultra Pure Distilled Water (Gibco). The PCR reactions were placed in
a Biometra T300 thermocycler under the following conditions: for SSU and LSU (1) 2 min at 94
ºC, (2) 4 cycles of denaturation at 94 ºC for 30 s, annealing at 55 ºC for 30s, and extension at 72
ºC for 2 min, followed by (3) 35 cycles of of denaturation at 94 ºC for 30 s, annealing at 50.5 ºC
for 1 min, and extension at 72 ºC for 2 min and (4) 3 min at 72 ºC. For tef and RPB1(1) 2 min at
94 ºC, (2) 10 cycles of denaturation at 94 ºC for 30 s, annealing at 64 ºC for 1 min, and extension
at 72 ºC for 1 min, followed by (3) 35 cycles of of denaturation at 94 ºC for 30 s, annealing at 54
ºC for 1 min, and extension at 72 ºC for 1 min and (4) 3 min at 72 ºC. Each 25 µl PCR reaction
was cleaned by adding 3.75 µl of Illustra ExoProStar enzymatic PCR clean up (1:1 mix of
Exonuclease I and Alkaline Phosphatase) (GE Healthcare Life Sciences), incubated at 37 ºC for 1
hour and 80 ºC for 15 min in the thermocycler. The clean PCR products were sequenced by Sanger
DNA sequencing (Applied Biosystems 3730XL) at Genomics Core Facility service at Penn State
University.

Phylogenetic analyses
The raw sequence reads (.ab1 files) were edited manually using Geneious version 8.1.8 (Kearse et
al., 2012). Individual gene alignments were generated by MUSCLE (Edgar, 2004). The alignment
of every gene was improved manually, annotated and concatenated into a single combined dataset
using Geneious version 8.1.8 (Kearse et al., 2012). Ambiguously aligned regions were excluded
from phylogenetic analysis and gaps were treated as missing data. The final alignment length was
4598 bp: 1031 bp for SSU, 893 bp for LSU, 991 bp for tef, 641 bp for RPB1, and 1042 for RPB2.
Maximum likelihood (ML) analysis was performed with RAxML version 8.2.4 (Stamatakis, 2006)
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on a concatenated dataset containing all five genes. The dataset consisted of 11 data partitions,
these included one each for SSU and LSU, and three for each of the three codon positions of the
protein coding genes, tef, RPB1 and RPB2. The GTRGAMMA model of nucleotide substitution
was employed during the generation of 1,000 bootstrap replicates. For this study, we generated
142 new sequences (40 for SSU, 37 for LSU, 33 for tef and 32 for RPB1), all deposited in Genbank
(Table 2).
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Table 2. Specimen information, Genbank accession number, host association and location of the
species used in this study.

Species
Hirsutella sp.

Voucher
Information

SSU

LSU

TEF

RPB1

RPB2

Host

Location

NHJ 12525

EF469125

EF469078

EF469063

EF469092

EF469111

n/a

n/a

Hirsutella sp.
Ophiocordyceps acicularis

OSC 128575
OSC 128580

EF469126
DQ522543

EF469079
DQ518757

EF469064
DQ522326

EF469093
DQ522371

EF469110
DQ522423

n/a
Coleoptera

n/a
USA

Ophiocordyceps acicularis
Ophiocordyceps acicularis

OSC 110987
OSC 110988

EF468950
EF468951

EF468805
EF468804

EF468744
EF468745

EF468852
EF468853

n/a
n/a

Coleoptera
Coleoptera

USA
USA

Ophiocordyceps agriotidis

ARSEF 5692

DQ522540

DQ518754

DQ522322

DQ522368

DQ522418

Coleoptera

Korea

RC20

KX713633

n/a

KX713670

n/a

n/a

Hymenoptera (Camponotus sp.)

Colombia

Ophiocordyceps amazonica

HUA 186143

KJ917562

KJ917571

KM411989

KP212902

KM411982

Orthoptera

Colombia

Ophiocordyceps amazonica
Ophiocordyceps annulata

HUA 186113
CEM 303

KJ917566
KJ878915

KJ917571
KJ878881

n/a
KJ878962

KP212903
KJ878995

KM411980
n/a

Orthoptera
Coleoptera

Colombia
Japan

Ophiocordyceps aphodii
Ophiocordyceps australis

ARSEF 5498
HUA 186147

DQ522541
KC610784

DQ518755
KC610764

DQ522323
KC610734

n/a
KF658678

DQ522419
n/a

Coleoptera
Hymenoptera

n/a
Colombia

Ophiocordyceps australis
Ophiocordyceps blakebarnesii*

HUA 186097
MISSOU5

KC610786
KX713641

KC610765
KX713610

KC610735
KX713688

KF658662
KX713716

n/a
n/a

Hymenoptera
Hymenoptera (Camponotus sp.)

Colombia
USA (Missouri)

Ophiocordyceps blakebarnesii*
Ophiocordyceps blakebarnesii*

MISSOU4
MISSOU3

KX713642
KX713643

KX713609
KX713608

KX713685
KX713687

KX713715
KX713714

n/a
n/a

Hymenoptera (Camponotus sp.)
Hymenoptera (Camponotus sp.)

USA (Missouri)
USA (Missouri)

Ophiocordyceps blakebarnesii*

MISSOU1

KX713644

n/a

KX713686

KX713713

n/a

Hymenoptera (Camponotus sp.)

USA (Missouri)

Ophiocordyceps briophyticola*
Ophiocordyceps briophyticola*

MF74C
MF74

KX713646
KX713647

KX713606
KX713605

n/a
n/a

n/a
KX713712

n/a
n/a

Hymenoptera (Dolichoderus bispinosus)
Hymenoptera (Dolichoderus bispinosus)

Brazil (Amazon)
Brazil (Amazon)

Ophiocordyceps brunneipunctata
Ophiocordyceps buquetii

OSC 128576
HMAS_199613

DQ522542
KJ878939

DQ518756
KJ878904

DQ522324
KJ878984

DQ522369
KJ879019

DQ522420
n/a

Coleoptera
Hymenoptera

n/a
China

Ophiocordyceps buquetii
Ophiocordyceps camponoti-atricipis

HMAS_199617
ATRI3

KJ878940
KX713666

KJ878905
n/a

KJ878985
KX713677

KJ879020
n/a

n/a
n/a

Hymenoptera
Hymenoptera (Ophiocordyceps atriceps)

Ophiocordyceps camponoti-balzani

G143

KX713658

KX713595

KX713690

KX713705

n/a

Hymenoptera (Camponotus balzani)

Ophiocordyceps camponoti-balzani

G104

KX713660

KX713593

KX713689

KX713703

n/a

Hymenoptera (Camponotus balzani)

Ophiocordyceps camponoti-bispinosi
Ophiocordyceps camponoti-bispinosi

OBIS5
OBIS4

KX713636
KX713637

KX713616
KX713615

KX713693
KX713692

KX713721
KX713720

n/a
n/a

Hymenoptera (Camponotus bispinosus)
Hymenoptera (Camponotus bispinosus)

China
Brazil (Amazon)
Brazil (Atlantic
Rainforest)
Brazil (Atlantic
Rainforest)
Brazil (Amazon)
Brazil (Amazon)

Ophiocordyceps camponoti-bispinosi
Ophiocordyceps camponoti-bispinosi

OBIS3
OBIS

KX713638
KX713639

KX713614
KX713612

KX713695
KX713694

n/a
KX713718

n/a
n/a

Hymenoptera (Camponotus bispinosus)
Hymenoptera (Camponotus bispinosus)

Brazil (Amazon)
Brazil (Amazon)

Ophiocordyceps camponoti-bispinosi
Ophiocordyceps camponoti-bispinosi

BISPI2
OBIS2

KX713665
n/a

KX713588
KX713613

n/a
KX713691

KX713700
KX713719

n/a
n/a

Hymenoptera (Camponotus bispinosus)
Hymenoptera (Camponotus bispinosus)

Brazil (Amazon)
Brazil (Amazon)

Ophiocordyceps camponoti-femorati*
Ophiocordyceps camponoti-floridani*

FEMO2
Flx1

KX713663
KX713661

KX713590
n/a

KX713678
n/a

KX713702
n/a

n/a
n/a

Hymenoptera (Camponotus femoratus)
Hymenoptera (Camponotus femoratus)

Brazil (Amazon)
Brazil (Amazon)

Ophiocordyceps camponoti-floridani*
Ophiocordyceps camponoti-floridani*

Flo4
Flx2

KX713662
n/a

KX713591
KX713592

n/a
KX713674

n/a

n/a
n/a

Hymenoptera (Camponotus femoratus)
Hymenoptera (Camponotus femoratus)

Brazil (Amazon)
Brazil (Amazon)

Ophiocordyceps camponoti-hippocrepi*
Ophiocordyceps camponoti-indiani*

HIPPOC
INDI2

KX713655
KX713654

KX713597
KX713598

KX713673
n/a

KX713707
n/a

n/a
n/a

Hymenoptera (Camponotus hippocrepis
Hymenoptera (Camponotus indianus)

Brazil (Amazon)
Brazil (Amazon)

Ophiocordyceps camponoti-niduli*
Ophiocordyceps camponotinovogranadensis
Ophiocordyceps camponotinovogranadensis
Ophiocordyceps camponoti-renggerii*

NIDUL2

KX713640

KX713611

KX713669

KX713717

n/a

Mal63

KX713648

KX713603

n/a

n/a

n/a

Mal4

KX713649

KX713602

n/a

n/a

n/a

RENG2

KX713632

n/a

KX713672

n/a

n/a

Hymenoptera (Camponotus nidulans)
Hymenoptera (Camponotus
novogranadensis)
Hymenoptera (Camponotus
novogranadensis)
Hymenoptera (Camponotus renggeri)

Brazil (Amazon)
Brazil (Atlantic
Rainforest)
Brazil (Atlantic
Rainforest)
Brazil (Amazon)

Ophiocordyceps camponoti-renggerii*

ORENG

KX713634

KX713617

KX713671

n/a

n/a

Hymenoptera (Camponotus renggeri)

G177

KX713657

KX713596

KX713680

n/a

n/a

Hymenoptera (Camponotus rufipes)

Ophiocordyceps albacongiuae*

G108

KX713659

KX713594

KX713679

KX713704

n/a

Hymenoptera (Camponotus rufipes)

Ophiocordyceps citrina

TNS F18537

n/a

KJ878903

KJ878983

n/a

KJ878954

Hemiptera

Brazil (Amazon)
Brazil (Atlantic
Rainforest)
Brazil (Atlantic
Rainforest)
Japan

Ophiocordyceps clavata
Ophiocordyceps clavata

NBRC 106962
NBRC 106961

JN941726
JN941727

JN941415
JN941414

n/a
n/a

JN992460
JN992461

n/a
n/a

n/a
n/a

n/a
n/a

Ophiocordyceps clavata
Ophiocordyceps clavata

CEM1762
CEM1763

KJ878916
n/a

KJ878882
KJ878883

KJ878963
KJ878964

KJ878996
KJ878997

n/a
n/a

Coleoptera
Coleoptera

China
China

J19
J7

KX713650
KX713653

KX713601
KX713599

KX713684
KX713683

KX713710
KX713711

n/a
n/a

Hymenoptera (Polyrhachis lamellidens)
Hymenoptera (Polyrhachis lamellidens)

Japan
Japan

Ophiocordyceps cochlidiicola
Ophiocordyceps communis

HMAS_199612
NHJ 12581

KJ878917
EF468973

KJ878884
EF468831

KJ878965
EF468775

KJ878998
n/a

n/a
EF468930

Lepidoptera
Coleoptera

China
n/a

Ophiocordyceps communis
Ophiocordyceps curculionum

NHJ 12582
OSC 151910

EF468975
KJ878918

EF468830
KJ878885

EF468771
n/a

n/a
KJ878999

EF468926
n/a

Coleoptera
Coleoptera

n/a
Guyana

Ophiocordyceps dacetini*
Ophiocordyceps dipterigena

MF01
OSC 151911

n/a
KJ878919

KX713604
KJ878886

KX713667
KJ878966

n/a
KJ879000

n/a
n/a

Hymenoptera (Daceton armigerum)
Diptera

Brazil (Amazon)
USA

Ophiocordyceps dipterigena
Ophiocordyceps elongata

OSC 151912
OSC 110989

KJ878920
n/a

KJ878887
EF468808

KJ878967
EF468748

KJ879001
EF468856

n/a
n/a

Diptera
Lepidoptera

USA
n/a

Ophiocordyceps entomorrhiza

KEW 53484

EF468954

EF468809

EF468749

EF468857

EF468911

Lepidoptera

n/a

Ophiocordyceps camponoti-rufipedis
Ophiocordyceps camponoti-rufipedis

Ophiocordyceps clavatus*
Ophiocordyceps clavatus*
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Ophiocordyceps entomorrhiza
Ophiocordyceps entomorrhiza

TNS 16252
TNS 16250

KJ878941
KJ878942

KJ878906
n/a

KJ878986
KJ878987

n/a
KJ879021

n/a
n/a

Coleoptera
Coleoptera

Japan
Japan

Ophiocordyceps formicarum
Ophiocordyceps formosana

TNS F18565
TNM F13893

KJ878921
KJ878908

KJ878888
n/a

KJ878968
KJ878956

KJ879002
KJ878988

KJ878946
KJ878943

Hymenoptera
Coleoptera

Japan
Taiwan

Ophiocordyceps forquignonii
Ophiocordyceps forquignonii

OSC 151902
OSC 151908

KJ878912
KJ878922

KJ878876
KJ878889

n/a
n/a

KJ878991
KJ879003

KJ878945
KJ878947

Diptera
Diptera

France
France

Ophiocordyceps gracilis
Ophiocordyceps gracilis

EFCC 3101
EFCC 8572

EF468955
EF468956

EF468810
EF468811

EF468750
EF468751

EF468858
EF468859

EF468913
EF468912

Lepidoptera
Lepidoptera

n/a
n/a

Ophiocordyceps gracillisima
Ophiocordyceps heteropoda

Ophgrc679
OSC 106404

n/a
AY489690

KC610768
AY489722

KC610744
AY489617

KF658666
AY489651

n/a
n/a

Coleoptera
Hemiptera

Colombia
Australia

Ophiocordyceps heteropoda
Ophiocordyceps irangiensis

EFCC 10125
OSC 128577

EF468957
DQ522546

EF468812
DQ518760

EF468752
DQ522329

EF468860
DQ522374

EF468914
DQ522427

Hemiptera
Hymenoptera

n/a
n/a

Ophiocordyceps irangiensis
Ophiocordyceps irangiensis

OSC 128578
OSC 128579

DQ522556
EF469123

DQ518770
EF469076

DQ522345
EF469060

DQ522391
EF469089

DQ522445
EF469107

n/a
n/a

Ophiocordyceps kimflemingiae*

SC03B

KX713619

KX713619

n/a

KX713723

n/a

Ophiocordyceps kimflemingiae*

SC30

KX713629

KX713622

KX713699

KX713727

n/a

Ophiocordyceps kimflemingiae*

SC27

KX713630

KX713621

n/a

KX713726

n/a

Ophiocordyceps kimflemingiae*

SC09B

KX713631

KX713620

KX713698

KX713724

n/a

Ophiocordyceps kimflemingiae*

SC03A

n/a

n/a

KX713697

KX713722

n/a

Ophiocordyceps kimflemingiae*

SC36

n/a

KX713623

n/a

KX713728

n/a

Ophiocordyceps kimflemingiae*

SC100

n/a

KX713624

KX713696

KX713725

n/a

Ophiocordyceps kimflemingiae*

SCX

n/a

KX713625

n/a

KX713729

n/a

Ophiocordyceps kniphofioides
Ophiocordyceps konnoana

Ophkni975
EFCC 7295

KC610790
EF468958

KF658679
n/a

KC610739
n/a

KF658667
EF468862

KC610717
EF468915

Hymenoptera
Hymenoptera
Hymenoptera (Camponotus
castaneus/americanus)
Hymenoptera (Camponotus
castaneus/americanus)
Hymenoptera (Camponotus
castaneus/americanus)
Hymenoptera (Camponotus
castaneus/americanus)
Hymenoptera (Camponotus
castaneus/americanus)
Hymenoptera (Camponotus
castaneus/americanus)
Hymenoptera (Camponotus
castaneus/americanus)
Hymenoptera (Camponotus
castaneus/americanus)
Hymenoptera
Coleoptera

Ophiocordyceps konnoana
Ophiocordyceps lloydii

EFCC 7315
OSC 151913

EF468959
KJ878924

n/a
KJ878891

EF468753
KJ878970

EF468861
KJ879004

EF468916
KJ878948

Coleoptera
Hymenoptera

Korea
Ecuador

Ophiocordyceps longissima
Ophiocordyceps longissima

TNS F18448
HMAS_199600

KJ878925
KJ878926

KJ878892
n/a

KJ878971
KJ878972

KJ879005
KJ879006

n/a
KJ878949

Hemiptera
Hemiptera

Japan
China

EFCC 6814
OSC 110993

n/a
DQ522548

EF468817
DQ518762

EF468757
DQ522331

EF468865
DQ522376

n/a
n/a

Hemiptera
Coleoptera

Korea
n/a

HMAS_199620
CEM1710

KJ878927
KJ878928

KJ878893
KJ878894

KJ878973
KJ878974

KJ879007
KJ879008

n/a
n/a

Hymenoptera
Hymenoptera

China
China

Ophiocordyceps myrmecophila
Ophiocordyceps naomipierceae*

TNS 27120
DAWKSANT

KJ878929
KX713664

KJ878895
KX713589

KJ878975
n/a

KJ879009
KX713701

n/a
n/a

Hymenoptera
Hymenoptera (Polyrhachis cf. robsonii)

Japan
n/a

Ophiocordyceps neovolkiana
Ophiocordyceps nigrella

OSC 151903
EFCC 9247

KJ878930
EF468963

KJ878896
EF468818

KJ878976
EF468758

KJ879010
EF468866

n/a
EF468920

Coleoptera

Japan
Korea

Ophiocordyceps nutans
Ophiocordyceps odonatae

OSC 110994
TNS F18563

DQ522549
n/a

DQ518763
KJ878877

DQ522333
n/a

DQ522378
KJ878992

n/a
n/a

Hemiptera
Odonata

n/a
Japan

Ophiocordyceps odonatae
Ophiocordyceps oecophyllae*

TNS 27117
OECO1

n/a
KX713635

KJ878878
n/a

n/a
n/a

n/a
n/a

n/a
n/a

Odonata
Hymenoptera (Oecophylla smaragdina)

Japan
Australia

J14
J13

KX713651
KX713652

n/a
KX713600

KX713682
KX713681

KX713709
KX713708

n/a
n/a

Hymenoptera (Polyrhachis moesta)
Hymenoptera (Polyrhachis moesta)

KC610767

Ophiocordyceps longissima
Ophiocordyceps melolonthae
Ophiocordyceps myrmecophila
ophiocordyceps myrmecophila

Ophiocordyceps ootakii*
Ophiocordyceps ootakii*

USA (South Carolina)
USA (South Carolina)
USA (South Carolina)
USA (South Carolina)
USA (South Carolina)
USA (South Carolina)
USA (South Carolina)
USA (South Carolina)
Colombia
Korea

KC610740

KF658668

n/a

Hymenoptera (Paraponera clavata)

GU904209

GU904210

n/a

Hymenoptera (Camponotus obscuripes)

Japan
Japan
Brazil, Colombia,
Ecuador
Japan

KJ878897
DQ518764

KJ878977
DQ522334

KJ879011
DQ522379

n/a
DQ522430

Coleoptera
Coleoptera

Japan
n/a

KJ878932
EF468969

n/a
EF468824

KJ878978
EF468765

KJ879012
EF468872

KJ878950
EF468922

Coleoptera
Coleoptera

USA
n/a

NHJ 12522
EFCC 7287

EF468970
EF468971

EF468825
EF468827

EF468764
EF468767

EF468873
EF468874

EF468923
EF468924

Coleoptera
Lepidoptera

n/a
n/a

Ophiocordyceps sobolifera
Ophiocordyceps sobolifera

KEW 78842
TNS F18521

EF468972
KJ878933

EF468828
KJ878898

n/a
KJ878979

EF468875
KJ879013

EF468925
n/a

Hemiptera
Hemiptera

n/a
Japan

Ophiocordyceps sp
Ophiocordyceps sp.

Gh41
TNS F18495

KX713656
KJ878934

n/a
KJ878899

KX713668
KJ878980

KX713706
KJ879014

n/a
n/a

Hymenoptera (Polyrhachis sp.)
Hemiptera

Ghana (Atewa)
USA

Ophiocordyceps sp.
Ophiocordyceps sp.

OSC 151904
OSC 151905

KJ878935
KJ878936

n/a
KJ878900

KJ878981
KJ878982

KJ879015
KJ879016

KJ878951
KJ878952

Hemiptera
Hymenoptera

USA
Guyana

Ophiocordyceps sphecocephala
Ophiocordyceps stylophora

OSC 110998
OSC 111000

DQ522551
DQ522552

DQ518765
DQ518766

DQ522336
DQ522337

DQ522381
DQ522382

DQ522432
DQ522433

Hymenoptera
Coleoptera

n/a
n/a

Ophiocordyceps stylophora
Ophiocordyceps tricentri

OSC 110999
CEM 160

EF468982
AB027330

EF468837
AB027376

EF468777
n/a

EF468882
n/a

EF468931
n/a

Coleoptera
Hemiptera

n/a
n/a

Ophiocordyceps unilateralis
Ophiocordyceps unilateralis

OSC 128574
SERI2

DQ522554
KX713627

DQ518768
n/a

DQ522339
KX713676

DQ522385
KX713731

DQ522436
n/a

Hymenoptera
Hymenoptera (Camponotus sericeiventris)

Ophiocordyceps ponerinarum

HUA 186140

KC610789

Ophiocordyceps pulvinata

TNS-F 30044

GU904208

Ophiocordyceps purpureostromata
Ophiocordyceps ravenelii

TNS F18430
OSC 110995

KJ878931
DQ522550

Ophiocordyceps ravenelii
Ophiocordyceps rhizoidea

OSC 151914
NHJ 12529

Ophiocordyceps rhizoidea
Ophiocordyceps sinensis

Ophiocordyceps unilateralis
Ophiocordyceps variabilis
Ophiocordyceps variabilis
Ophiocordyceps yakusimensis

SERI1

KX713628

KX713626

KX713675

KX713730

n/a

Hymenoptera (Camponotus sericeiventris)

ARSEF 5365

DQ522555

DQ518769

DQ522340

DQ522386

DQ522437

Diptera

Thailand
n/a
Brazil (Atlantic
Rainforest)
n/a

OSC 111003
HMAS_199604

EF468985
KJ878938

EF468839
KJ878902

EF468779
n/a

EF468885
KJ879018

EF468933
KJ878953

n/a
Hemiptera

USA
China
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Results

DNA sequencing

We used a BLAST search in the Genbank nucleotide database to ensure the quality of the
sequences generated in this study. Sequences that were identified as species not closely
related to the species treated in this study (e.g. O. unilateralis or O. kniphofioides
complexes) were discarded and interpreted to be from a contaminant and excluded from
further analyses. All the sequences included here passed the above quality control checks.

Phylogenetics relationships

Phylogenetic analyses recovered the topology presented by Sung et al. (2007) and Quandt
et al. (2014) with bootstrap proportions (bs=) of 99% for family level, i.e.
Ophiocordycipitaceae and 81% for generic level, i.e. Ophiocordyceps. The O. unilateralis
clade was resolved as a monophyletic group of 23 species with bs=100% and O.
oecophyllae sp. nov. as its sister taxon with bs=77%. We refer to the O. unilateralis core
clade as the clade formed by the following species: O. kim-flemingiae sp. nov., O.
camponoti-hippocrepi sp nov., O. camponoti-renggerii sp. nov., O. alba-congiuae sp. nov.,
O. camponoti-niduli sp. nov., O. camponoti-atricipis Araújo, H.C. Evans & D.P. Hughes,
O. camponoti-floridani sp. nov., O. camponoti-balzani H.C. Evans & D.P. Hughes, O.
camponoti-rufipedis H.C. Evans & D.P. Hughes, O. camponoti-femorati sp. nov., O.
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camponoti-chartifexi sp. nov., O. camponoti-bispinosi Araújo, H.C. Evans & D.P. Hughes,
O. pulvinata Kepler, Kaitsu & Spatafora, O. blake-barnesii sp. nov., O. rami Kobmoo,
Mongkols., Tasan., Thanakitp. & Luansa-ard, O. naomi-pierceae sp. nov., O. ootakii sp.
nov., O. halabalaensis, O. camponoti-saundersi Kobmoo, Mongkols., Tasan., Thanakitp.
& Luansa-ard, O. clavatus nom. nov., O. polyrhachis-furcata Kobmoo, Mongkols., Tasan.,
Thanakitp. & Luansa-ard and O. camponoti-leonardi Kobmoo, Mongkols., Tasan.,
Thanakitp. & Luansa-ard. There are three other species described previously that also
belong to this clade but were not included in this study due to lack of molecular data: O.
camponoti-melanotici H.C. Evans & D. P. Hughes, O. camponoti-indiani Araújo, H.C.
Evans & D.P. Hughes and O. camponoti-novogranadensis H.C. Evans & D.P. Hughes.
Future field surveys will address the recollection of these species for molecular studies.
The O. unilateralis clade is strongly supported (bs=100), with an emergent internal
structure. There is a strongly supported clade of Old World species/specimens (bs=90), as
well as a poorly supported node splitting species comprised largely of New World taxa,
but also including O. pulvinata, a species known only from Japan. Further work using a
broader dataset of taxa for O. unilateralis clade and more inclusive gene sampling might
help to resolve this subject. The species within the O. kniphofioides sub-clade share a broad
range of morphological and ecological traits, which reflects in their phylogenetic
placement as a monophyletic group.
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Taxonomic treatment

Ophiocordyceps dacetini Araújo, H. C. Evans & D. P. Hughes, sp. nov.

Etymology: Named after the ant host genus, Daceton.

Type: BRAZIL. Reserva Adolpho Ducke, Manaus, Amazonas, 2° 57’ 42” S, 59° 55’ 40”
W, 100 m, on Daceton armigerum (Latreille) (Myrmicinae, Dacetini), 20 January 2016
J.P.M. Araújo MF01, (Voucher #).
External mycelium scarce, ginger brown. Single synnema arising from the dorsal
pronotum, 1.2 cm in length, cylindrical, velvety, ginger brown, covered with Hirsutellalike phialides. No sexual morph observed.

Asexual morph. Hirsutella-like phialides; cylindrical to lageniform, averaging 16-18 x 4
µm, tapering to a long neck 4-6 µm in length; verrucose. Conidia cylindrical, smooth, 7–
10 x 3 µm.

Habitat. Brazilian Central Amazon. Hosts found attached to a leaf in the leaf litter.

It was assumed the ant has died that attached to the leaf when the it was still attached
to the plant. This is because other samples (n=5) were found attached to the petiole
or abaxial surface of leaves in the understory vegetation (<1.5m). No biting behavior
observed, but attachment to the substrate by the host’s leg. The highly distinctive
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trap- jawed ant is strictly arboreal (Dejean et al. 2012), to such an extent that when
an ant falls from the canopy it glides and can direct its descent enabling it to land
on tree trunks (Yanoviak et. al. 2005). The fact that diseased ants are found in the
litter and understory layers indicates a dramatic behavioral change following
infection.
Additional specimens examined (Paratypes): Brazil, Reserva Adolpho Ducke: locality
as above, 22 January 2016, J.P.M. Araújo, MF02, MF85 (Voucher #).
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Figure 1. Ophiocordyceps dacetini. A) Infected Daceton armigerum on the leaf litter. B)
Cross-section of the synnema. C) Close-up of synnema showing the Hirsutella hymenium. D-F) Verrucose
phialides. G) Phialides at early developmental stage. H) Close-up of the hymenium of verrucose Hirsutella
phialides. Scale bars: A = 5 mm, B = 200µm, C = 50µm, D-H = 10µm.
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Ophiocordyceps oecophyllae Araújo, S. Abell, T. Marney, R. Shivas H. C. Evans & D. P.
Hughes sp. nov.

Etymology: Named after the host ant genus, Oecophylla Smith 1860.

Type: Licuala State Forest, Wongaling Beach, Queensland, Australia: 8 June 2015, Abell,
S., Marney, T.S., Shivas, M.D.E., on Oecophylla smaragdina Fabricius (Formicinae:
Oecophyllini). (Voucher #).

Mycelium emerging from leg joints and fissures, superficial on exoskeleton, white at early
stages becoming brown with age. Conidiophores initially sterigmatic, integrated (not on
synnemata), ampulliform, 3-10 x 3-4.5 um, with an apical sterigmatum-like appendage up
to 10 µm, at maturity phialidic, integrated in hyphae, gradually tapering 30-80 um long, 57 µm at base, septate, pale brown at base becoming subhyaline at apex, straight or slightly
curved, occasionally branched one or more times forming more complex structures.
Conidiogenous cells 30-50 um, 3-4 at base, tapering evenly to 1-1.5 µm at apex, terminal,
subhyaline. Conidia ovoid to cylindrical, 5.5-10 x 1.5-3 µm hyaline, smooth, rounded at
apex, truncate at base, slightly darkened periclinally at base.

No sexual morph observed in any of the infected Oecophylla smaragdina collected.

116

Habitat. Tropical Australia. Found biting leaves at elevated positions on understory shrub

in coastal forest; common, associated with epizootics, and characterized by the
absence of the abdomen, whole or part legs, antennae (see Fig. 2-A), or with only
the head remaining. We suggest that the activity of other Oecophylla ants resulted
in the loss of body parts. This may be because of an anti-parasite behavior by the
uninfected colony members or it may be a parasite strategy where onward infection
requires close contact between susceptibe ants and cadavers. Whatever is the
possible explanation it is likely that onward trasmisson requires contact and this
contact is aggressive behavior by the health ants leading to extensive cadaver
damage. Such behavior may explain the absence of the sexual morph and the
dominance of the asexual morph due to insufficient nutrients. Typically, the
abdomen of infected ants is packed with lipid-filled hyphal bodies providing the
resources for stromatal development.
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Figure 2. A) Oecophylla smaragdina infected and biting the main vein of a leaf. B) Leg joints with
phialides. C-D) Phialides. E) Phialides and conidia. Scale bars: A = 1 mm, B = 0.4 mm, C-E = 10 µm.
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Ophiocordyceps camponoti-sexguttati Araújo, H. C. Evans & D. P. Hughes sp. nov.

Etymology: Named after the host, Camponotus sexguttatus

Type: Brazil. Amazonas: Reserva Adolpho Ducke, Manaus, 2° 57' 42"S, 59° 55' 40" W,
100 m, 16 January 2015, J.P.M. Araújo, A-56, on Camponotus sexguttatus (Fabricius)
(Formicidae: Camponotini).

Mycelium produced sparsely from joints, not covering the host body, dense when touching
the substrate, dark brown. Stroma single, arising from the dorsal pronotum, never
branching, averaging 1.8–2 cm in length, 0.2 mm thick, dark brown at the base turning
lighter brown towards the apex; fertile part consisting of a single lateral cushion, discshaped, chestnut-brown, averaging 1 x 1 mm. Perithecia immersed to partially erumpent,
flask-shaped, (205-) 225-230 (-265) x 135 (-180) µm with short neck. Asci 8-spored,
hyaline, cylindrical, 150-160 x 8-9 µm; apical cap prominent, 6 x 3 µm. Ascospores
hyaline, thin-walled, multiguttulate, cylindrical, 120-140 x 3 µm, 7-septate, straight or
curved tapering to the apex.

Asexual morph. Hirsutella A-type associated with apical region of stroma; phialides
lageniform, 5-8 x 3-4 µm, tapering to a long neck, 8-12 µm; conidia hyaline, limoniform,
5 x 2 µm.
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Germination process. Ascospores released on agar germinated after 72h to produce a
single, straight capilliconidiophore; 25-30 µm, bearing a terminal capilliconidium, hyaline,
smooth-walled, guttulate, 5-9 x 2 µm, narrowing apically.

Habitat. Brazilian Central Amazon. Infected ants of this ground-dwelling species found
biting onto palm-tree leaves. Rare.
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Figure 3. Ophiocordyceps camponoti-sexguttati. A) Camponotus sexguttatus biting into vegetation with the
long stroma arising from its dorsal pronotum. B) Close-up of the ascoma. C) Section through ascoma showing
the perithecial arrangement. D) Close-up of perithecium. E) Ascus. F) Long ascospores with the straight
capilliconidiophore bearing an apical capilliconidium. G) Hirsutella A-type layer on the apical part of the
stroma. Scale bars: A = 5 mm, B = 1 mm, C = 100 µm, D = 50 µm, E – G = 20 µm.
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Ophiocordyceps camponoti-renggerii Araújo, H. C. Evans & D. P. Hughes sp. nov.

Etymology: Named after the host, Camponotus renggeri

Type: Brazil. Amazonas: Reserva Adolpho Ducke, 2° 57' 42"S, 59° 55' 40" W, 100 m, 17
January 2015 J.P.M. Araújo, on Camponotus renggeri Emery (Formicinae: Camponotini).

External mycelium covering most of the host, produced from all orifices and sutures, brown
at maturity. Stroma single, rarely branched, produced from dorsal pronotum, averaging 1520 mm, up to 30 mm, cylindrical, velvety and dark brown, tapering towards the apex;
Fertile region (ascoma) of lateral cushions, 1-2, hemispherical to globose, dark-brown to
black, variable in size, averaging 1-1.5 x 0.8-1 mm. Perithecia immersed to partially
erumpent, flask-shaped, 220–250 x 100–165 µm, pronounced ostiole. Asci 8-spored,
hyaline, cylindrical, (110-) 130–145 x 8–10µm; prominent cap, 7–8 x 3 µm. Ascospores
hyaline, thin walled, vermiform 90 – 120 x 4 µm, 5–8-septate, straight to sinuous, round to
slightly tapered at apex.

Asexual-morph. Hirsutella A-type not observed. Hirsutella C-type, produced from brown
cushions (sporodochia) on leg and antennal joints; phialides subulate at base, 40–60 x 3–5
µm long, tapering to a long, hyaline neck. Conidia not observed.
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Germination process. All the ascospores remained unchanged after five days on wateragar plates. Similar non-germination has been reported in O. camponoti-melanotici (Evans
et al. 2011).

Habitat. Brazilian Central Amazon. Consistently associated with and biting onto moss at
the base of upperstory trees, not forming big; sometimes buried underneath the moss mat.
This ground-nesting ant is closely related to and frequently confused with C. rufipes, but
infection behavior is different with the latter species always found 1.5-2 m above the
ground biting into brnaches and leaves of understory shrubs (Evans et al. 2011).

123

Figure 4. Ophiocordyceps camponoti-renggerii. A) Camponotus renggeri dying attached to bryophytes on
the base of trees. B) Close-up of the fertile part (ascoma). C) Section through ascoma showing the perithecial
arrangement. D) Close-up of perithecium. E) Asci. F) Ascospores. Scale bars: A = 5 mm, B = 1 mm, C =
250 µm, D = 50 µm, E = 70 µm, F = 20 µm.
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Figure 5. Ophiocordyceps camponoti-renggerii (asexual morph). A) Ant biting into the moss carpet with
the antenna raised, showing detail of the sporodochis B) phialides (Hirsutella B-type). Scale bars: A = 1 mm,
B = 30 µm.
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Ophiocordyceps camponoti-chartifexi Araújo, H. C. Evans & D. P. Hughes sp. nov.

Etymology: Named after the host, Camponotus chartifex

Type: Brazil. Amazonas: Reserva Adolpho Ducke, Manaus, 2° 57' 42"S, 59° 55' 40" W,
100 m, 2 February 2015, J.P.M. Araújo & H.C. Evans, A-56, on Camponotus chartifex
(Smith) (Formicidae: Camponotini).

Mycelium growing from all inter-segmental membranes, often covering the host body;
initially white turning brown. Stroma single, produced from dorsal pronotum, averaging
10 mm, up to 15 mm in length, cylindrical, velvety and ginger brown, becoming creampinkish at the apical part; fertile region of lateral cushions, 1-2, hemispherical, chocolate
brown, darkening with age, slightly variable in size, averaging 1.5 x 1 mm. Perithecia
immersed to partially erumpent, globose-hemispherical shaped, 200-235 x 135-175, with
short neck. Asci 8-spored, hyaline, cylindrical to clavate, 100-125 x 6 µm; prominent cap,
6-7 x 3-4 µm. Ascospore hyaline, thin-walled, vermiform 75-85 x 5 µm, 9–13-septated,
sinuous to curved, never straight at maturity; rounded to acute apex.

Asexual-morph. Hirsutella-A type associated with apical region of stromata; phialides
lageniform, 5-6 x 3 µm, tapering to a robust neck, 4-8 µm in length; conidia fusiform to
limoniform, averaging 7 x 2.6 µm.
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Germination process. The released ascospores germinated within 24 h to produce a single,
long and extremely narrow hair-like capilliconidiophore; variable in length (65-) 75-90 (95) µm; bearing a single terminal capilliconidium, hyaline, smooth-walled, uni or
biguttulate, fusoid, narrowing apically.

Habitat. Brazilian Central Amazon. Biting exclusively on palm-tree parts, especially the
spines and leaves. This species was relatively rare. Host is an arboreal species which
weaves primitive carton nests in the canopy. Found 1-1.5 m above the ground.

127

Figure 6. Ophiocordyceps camponoti-chartifexi. A) Camponotus chartifex biting onto a palm leaf. B) Closeup of the ascoma. C) Cross section of the ascoma showing the perithecial arrangement. D) Close-up of the
perithecium. E) Ascus with ascospores arranged within. F) non-germinated ascospore. G) Ascospore with
long capilliconidia. H) Hirsutella A-type phialides on the stroma. Scale bars. A = 5 mm, B = 1 mm, C = 200
µm, D = 30 µm, E-F = 5 µm, G-H = 10 µm.
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Ophiocordyceps camponoti-niduli Araújo, H. C. Evans & D. P. Hughes sp. nov.

Etymology: Named after the host, Camponotus nidulans

Type: Brazil. Amazonas: Reserva Adolpho Ducke, Manaus, 2° 57' 42"S, 59° 55' 40" W,
100 m, 20 January 2015, J.P.M. Araújo, on Camponotus nidulans (Smith) (Formicinae:
Camponotini).

External mycelium produced from all orifices and sutures; initially white, becoming ginger
brown, covering the host body, notably the abdominal part. Stroma single, produced from
dorsal pronotum, 10–15 x 0.2 mm, cylindrical, black, covered with ginger velvety hyphae
fading away towards the apex; fertile region of lateral cushions, 1–2, disc-shaped to
hemispherical, light brown, darkening with age, averaging 1.5 x 1 mm. Perithecia
immersed to partially erumpent, flask-shaped, (170–) 200–240 x 100–150 (-180) µm, with
short, exposed neck or ostiole. Asci 8-spored, hyaline, thin-walled, vermiform to clavate,
110–145 x 6–8 µm; cap prominent, 4 x 6 µm; Ascospores hyaline, thin-walled, vermiform,
90–105 (-115) x 3-4 µm, 5-septate, gently curved, rarely straight; tapering to a round apex.

Asexual morph. Hirsutella A-type associated with the apical part of stroma. Hirsutella Ctype, produced from light brown cushions on leg and antennal joints: phialides subulate,
robust, 70–120 x 4–6 (-8) µm. Conidia limoniform, averaging 8 x 3 µm.
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Germination process. Ascospores germinating after 24–72h to produce 1–3, uniformly
straight, extremely narrow hair-like capilliconidiophores, 50–60 µm; bearing a single
terminal capilliconidium, hyaline, smooth-walled, biguttulate, clavate, 9 x 2 µm, narrowing
apically.

Habitat. Brazilian Central Amazon. Biting sapling leaves and petioles, always in lower
heights, 20–30cm above the ground. Forming local epizootics or aggregations of up to 20–
30 individuals in about 10 m2.
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Figure 7. Ophiocordyceps camponoti-niduli (sexual morph). A) Camponotus nidulans infected and biting
into a leaf (with fly larvae on the stroma). B) Close-up of the ascoma. C) Section through ascoma showing
the perithecia arrangement. D) Close-up of perithecium. E) Asci. F) Ascospore with capilliconidium. Scale
bars: A = 3 mm, B = 1 mm, C = 200 µm, D = 75 µm, E=F = 20 µm.
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Figure 8. Ophiocordyceps camponoti-niduli (asexual morph). A) Leg joints with Hirsutella phialides. B)
Close-up of leg phialides. C) Close-up of antenna covered with Hirsutella phialides. D) Antenna covered
with phialides. E) Typical antennal display exhibited by the ant after being killed by O. camponoti-niduli,
exposing the Hirsutella hymenium. Scale bars: A = 1 mm, B = 40 µm, C = 100 µm, D = 0.5 mm, E = 0.5
mm.
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Ophiocordyceps camponoti-femorati Araújo, H. C. Evans & D. P. Hughes sp. nov.

Etymology: Named after the host, Camponotus femoratus

Type: Brazil. Amazonas: Reserva Adolpho Ducke, Manaus, 2° 57' 42"S, 59° 55' 40" W,
100 m, 22 January 2015 J.P.M. Araújo, on Camponotus femoratus (Fabricius) (Formicidae:
Camponotini). Voucher #

External mycelium produced from all the orifices and sutures; initially white, becoming
ginger brown, covering the host body with sparse hyphae. Stroma single, produced from
dorsal pronotum, averaging 3.5 x 0.25, up to 6 mm in length, cylindrical to laterally
compressed, ginger to dark-brown; fertile part terminal of lateral cushions, 1–3, discshaped to hemispherical, chestnut-brown, darkening with age, 1.2 – 2.2 x 0.8–1.4 mm.
Perithecia immersed to partially erumpent, flask-shaped, 200-230 (–250) x 135–165 µm,
with short, exposed neck or ostiole. Asci 8-spored, hyaline, cylindrical to clavate, 110–130
x 8–9 µm; cap prominent, 6 x 3 µm; Ascospores hyaline, sinuous to curved, rarely straight,
75–90 x 3 µm, 5-septate; apex round to acute.

Asexual morph. Hirsutella A-type only: produced laterally on upper stroma; phialides
rare, cylindrical to lageniform, 7–10 x3–4 µm, tapering to a long neck, 10–15 µm; conidia
limoniform, averaging 7–9 x 3 µm.
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Germination process. Ascospores germinated in 24–48h to produce a single, narrow
capilliconidiophore, 35–40 µm long; bearing a single capilliconidium, hyaline, smoothwalled, uni–biguttulate, clavate, 9 x 3 µm, narrowing apically.

Habitat. Brazilian Central Amazon. Often associated with palm-trees, commonly on
spines towards the tip, where droplets of dew collect. Abundant species: forming
epizootics. The ant C. femoratus is an arboreal species involved in an unusual mutualism
(parabiosis) with other ants in which it contructs carton nests embedded with epiphytes that
it “gardens” (Vantaux et al. 2007). This suggests that infected ants move away from their
arboreal nests amongt the epiphytes on upperstory trees and die biting onto palm
vegetation.
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Figure 9. Ophiocordyceps camponoti-femorati. A) Camponotus femoratus biting a palm leaf; B) Close-up
of the ascoma. C) Cross section show the perithecial arrangement. D) Close-up of the perithecium. E) Ascus.
F) Capilliconidium. G) Sinuous ascospore with the capilliconidiophore bearing a capillicondium. H)
Hirsutella A-type phialide on the stroma. Scale bars: A = 1 mm, B = 0.3 mm, C = 200 µm, D = 50 µm, E =
20 µm, F = 5 µm, G = 20 µm, H = 5 µm.
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Ophiocordyceps camponoti-hippocrepi Araújo, H. C. Evans & D. P. Hughes sp. nov.

Etymology: Named after the host, Camponotus hippocrepis

Type: Brazil. Amazonas: Reserva Adolpho Ducke, Manaus, 2° 57' 42"S, 59° 55' 40" W,
100 m, 22 January 2015, J.P.M. Araújo, on Camponotus (Myrmorhachis) hippocrepis
(Emery) (Formicidae: Camponotini).
Voucher #

External mycelium produced from all the orifices and sutures; initially white, becoming
ginger brown, covering the host body with sparse hyphae. Stroma single, produced from
dorsal pronotum, 5–7 x 0.15 mm, cylindrical ginger to dark-brown, characteristically
swollen terminal part, clavate; ascomatal plate consistently produced at the middle part of
stroma, laterally attached, circular, chestnut brown, darkening with age, averaging 2–2.5 x
0.25–0.45 mm; Perithecia immersed to partially erumpent, flask-shaped, averaging 225–
250 x 135–165 µm, with short, exposed neck or ostiole. Asci 8-spored, cylindrical to
clavate, 115–135 x 7–10 µm, cap prominent, 6–7 x 4 µm; Ascospores hyaline, cylindrical,
robust, straight to gently curved, 75–85 x 4–5 µm, 5-septate, tapering to a round or slightly
acute apex.
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Asexual morph. Hirsutella A-type only; produced on the clavate part of upper stroma;
phialides cylindrical to lageniform, 8–9 x 4 µm, tapering to a long neck 9–10 µm in length;
conidia limoniform, averaging 5 x 2 µm.

Germination process. Ascospores germinated within 24–48h to produce a straight, robust
capillicondiophore, verrucose near the apex, 45–50 µm long; bearing a single
capilliconidium, hyaline, smooth-walled, guttulate, 10-11 x 4 µm, truncate at base,
narrowing apically.

Habitat. Brazilian Central Amazon. Predominantly associated with spiny palms. Found
often at the tip of spines, where drops of dew accumulate and surround the whole ant.
Abundant species, commonly found 10-20 infected ants in a single palm tree.
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Figure 10. Ophiocordyceps camponoti-hippocrepi. A) Minute Camponotus hippocrepis (ca. 1.5 mm) biting
onto a palm spine. B) Cloase-up of the ascoma. C) Cross section of the ascoma showing the perithecial
arrangement. D) Ascospore with capilliconidiophore with verrucose apical portion. E) Ascus. F) Hirsutella
A-type phialide on the stroma apex. Scale bars: A = 1 mm, B = 0.5 mm, C = 100 µm, D-E = 20 µm, F = 30
µm.
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Ophiocordyceps alba-congiuae Araújo, H. C. Evans, T. Sanjuán & D. P. Hughes sp. nov.

Etymology: Named after Alba Congiu, wife of David Hughes, who has contributed so
much to our understanding of Ophiocordyceps by facilitating the extensive travels of the
senior author (Hughes) in SE Asia, Australia and South America in search of behaviorally
manipulated ants.

Type: Colombia. Rio Claro: Reserva Nacional Canyon Rio Claro, Antioquia,
05°53'56.87"N, -074°51'21.76"W, 450 m, 14th November 2014 J.P.M. Araújo & T.
Sanjuán, on Camponotus sp.

External mycelium scarce, producing one or two stromata, never branching, dark brown,
basal part velvety, tapering towards the apex; producing single ascoma laterally attached,
disc-shaped, dark brown; Perithecia semi-immersed, flask-shaped, 240-290 x 105-135 µm,
with prominent, exposed neck or ostiole. Asci 8-spored, cylindrical to clavate, 130-160 x
8–11 µm, cap prominent; Ascospore hyaline, cylindrical, slightly curved in “S”, 80-100 x
5 µm, 5-6 septate, tapering towards the apex.

Asexual morph. No phialides or conidia observed.
Germination process. No ascospores released from herbarium material.
Habitat. In tropical lowland forest along Rio Claro. Typically found biting on epiphytes
on tree trunks at elevated positions, ranging from 0.5 m up to 2 m height.
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Figure 11. Ophiocordyceps albacongiuae. A) Camponotus sp. with two fruiting bodies emerging from its
dorsal pronotum and petiole. B) Sterile synnema with its hairy surface. C) Cross-section of the ascoma. D)
Ascus. E) Ascospore. F) Close-up of the perithecium. Scale bars: A = 0.2 mm, B = 100 µm, C = 200 µm, D
= 20 µm, E = 10 µm, F = 30 µm.
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Ophiocordyceps camponoti-floridani Araújo, H. C. Evans & D. P. Hughes sp. nov.

Etymology: Named after the host, Camponotus floridanus.

Type: USA. Florida: 28º 41’ 7” N, 81º 9’ 19 W 15 November 2015, Colbie Reed, on
Camponotus floridanus Buckley.

Abundant external mycelium produced from the sutures and joints. Stroma single, never
branching, ginger to light brown, basal part velvety, apical part cream; fertile part laterally
attached, disc-shaped, chocolate brown; Perithecia immersed to partially erumpent, flaskshaped, (253–) 265 (–300) x 100 (–125) µm, with short, exposed neck or ostiole. Asci 8spored, cylindrical to clavate, 145 x 9–10 µm, cap prominent; Ascospore hyaline,
cylindrical, straight, 75-90 x 4-5 µm, 5-septate, tapering towards the apexes.

Asexual morph. Hirsutella A-type present along the stroma. Phialides smooth, cylindrical
to lageniform averaging 8-9 x 3-4 µm, tapering to a long neck with 8–12 µm. Conidia
limoniform, biguttulate, 8-9 x 3 µm.

Germination process. No ascospores released from herbarium material.

Habitat. Florida (USA). A ground-dwelling ant, found biting leaves, predominantly palms.
Dying in elevated position, ranging from 0.5 m up to 1.5 m height.
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Figure 12. Ophiocordyceps camponoti-floridani. A) Camponotus floridanus infected, biting into a plant. B)
Close-up of the disc-shape ascoma attached to the stroma. C) Cross-section of the ascoma. D) Ascus. E)
Ascospores. F-G) Hirsutella phialides. H-I) Limoniform conidia. Scale bars: A = 2 mm, B = 1 mm, C = 100
µm, D-F = 10 µm, G-I = 5 µm.
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Ophiocordyceps kimflemingiae Araújo, H. C. Evans & D. P. Hughes sp. nov.

Etymology: Named after Kim Flemming, a naturalist, who has made a significant
contribution to the studies between this fungus and Camponotus species in the USA. An
image posted by Kim Flemming on the photosharing site Flickr (https://www.flickr.com/)
alerted Hughes to the widespread occurrence of this system in temperate woods in South
Carolina. Kim has subsequently taken thousands of images and recordings of the
phenology of Ophiocordyceps in South Caolina

Type: USA. South Carolina: Donalds County, 34° 22' 31"N, 82° 20' 49" W, 230 m, 15
August 2014, J.P.M. Araújo & K. Fleming, on Camponotus castaneus (Latreille)
(Formicinae: Camponotini).

External mycelium produced mostly on the ventral part of the host and head. Sparse
mycelium produced on joints. Stroma single, rarely branched, produced from dorsal
pronotum, 11–17 x 0.3–0.45 mm, cylindrical, ginger to light brown, basal part velvety,
apical part cream to purple; fertile part laterally attached, disc-shaped, dark-brown to black,
averaging 1.5–2 x 1.3 mm; Perithecia immersed to partially erumpent, flask-shaped, 250–
275 x (100–) 120–160 µm, with short, exposed neck or ostiole. Asci 8-spored, cylindrical
to clavate, (100–) 120–150 x 10–11 µm, cap prominent; Ascospore hyaline, cylindrical,
straight, 80–90 x 5µm, 5–6 septate, tapering towards the apexes;
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Asexual morph. Hirsutella A-type present on the stroma, Hirsutella C-type occurring
exclusively at early stages of development, produced from leg joints and dorsal pronotum.

Germination process. Ascospores germinating from the first 24h up to the 5th day;
Germination occurred in two different manners: capilliconidiophores or germination into
vegetative hyphae, separately or both on the same ascospores. Capilliconidiophores 1–3,
80-100µm long, bearing a terminal capilliconidium, 10–13 x 2–3 µm.

Habitat. South Carolina (USA). Found biting underside of twigs, never leaves. Dying on
elevated position, ranging from 0.5 m up to 1.5 m height. Forming patches i.e. graveyards,
of infected ants where the species is found.
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Fig. 13. Ophiocordyceps kimflemingiae (teleomorphic structures). A) Camponotus castaneus biting a
twig. B) Close-up of the stroma showing two ascomatal plates attached on it. C) Ascoma section and
Perithecia arranged on its surface. D) Perithecium. E) Ascus. F) Ascospores after 2–5 days on agar, exhibiting
a swollen section and two capilliconidiophores. G) Ascospores after 2–5 days on agar showing multiple
germination of capilliconidiophores and small hyphal growth on the medium part. Scale bars: A = 2 mm, B
= 0.5 mm, C = 300 µm, D = 100 µm, E-F = 20 µm, G = 10 µm, H = 20 µm, I = 40 µm.
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Ophiocordyceps blake-barnesii Araújo, H. C. Evans & D. P. Hughes sp. nov.

Etymology: Named after the collector, Dr Blake Barnes, a medical doctor and citizen
scientist who discovered this species and made important observations on its ecology.

Type: USA. Missouri: North of the Indian Hills Park, 43°38'19.39 N, 116°14'28.86"W,
15th November 2015, Blake Barnes, on Camponotus cf. chromaiodes.

Abundant external mycelium produced from the sutures and joints. Stroma single, sinuous,
never branching, dark brown, apical part lighter and velvety; fertile part laterally attached,
disc-shaped to irregular, black, averaging 1.5 x 1 mm; Perithecia immersed to slightly
erumpent, elongated, flask-shaped, 300-320 (-350) x 105-120 µm, with short, exposed neck
or ostiole. Asci 8-spored, cylindrical to clavate, 220-250 x 12–14 µm, cap prominent;
Ascospore hyaline, cylindrical, straight, 140-160 x 4 µm, 6-7 septate, tapering towards the
apexes.

Anamorph. Hirsutella A-type present along the stroma. Phialides smooth, cylindrical to
lageniformm 75 (-90) x 3-4 µm, tapering to a very long neck. Conidia limoniform
bigutulate 8-9 x 3 µm.

Germination process. No germination observed because the specimens studied were
previously dried
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Habitat. Missouri (USA). Found biting inside logs. The log biting behavior is highly
unusual and is found in herbaria samples from Michigan Herbaria also. The host ant
Camponotus chromaiodes nests in wood and the position of the manipulated ant inside logs
suggested manipulation involves nest desertion but dying in log where spores are
distributed. Although evidence is lacking we suggest log-biting is an adaptation to very
low temperatures in weather and exposure on twigs (which occurs in souther USA states)
may lead to excessive freezing and cadaver displacement.
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Figure 14. Ophiocordyceps blakebarnesii. A) Camponotus cf. chromaoides with the stroma arising from the
dorsal pronotum. B) Close-up showing the biting behavior inside the log. C) Stroma. D) Cross-section of the
ascoma. E) Ascus. F-G) Ascospore. H-K) Phialides. L) Multi-gutulate conidia. Scale bars: A = 2 mm, B =
0.5 mm, C = 0.3 mm, D = 200 µm, E-G = 5 µm, H-K = 10 µm, L = 5 µm.
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Ophiocordyceps naomi-pierceae Araújo, S. Abell, T. Marney, R. Shivas H. C. Evans &
D. P. Hughes sp. nov.

Etymology: Named after Naomi Pierce, Evolutionary Biologist at Harvard University who
has mentored Hughes and many other biologists to deeply consider ant-symbiont
interactions in the deep time framework provided by phylogentic studies.

Type: Australia. Kuranda, 16º 49’ S, 145º 38’ E, 22 May 2010,

External mycelium produced mostly on the ventral part of the host, also present on joints.
Stromata ginger to light-brown, commonly clavate, produced always from dorsal
pronotum, frequently on leg joints, 1.5–2.25 x 0.45–0.75 mm, branching into nodules
formed along the stromata, 120–150 x 35–50 µm, phialides very abundant along the whole
stromata; Fertile part single, attached laterally, he mispheric to irregular shape, orange,
averaging 0.75 x 0.5–0.65 mm. Perithecia immersed, flask-shaped, 260–320 x (–130) 150–
200 µm, with prominent neck. Asci 8-spored, hyaline, vermiform, cylindrical, 150–180 x
7 µm, cap prominent; Ascospore hyaline, straight to gently curved, vermiform, 75–105 x
5–6 µm, 4–6-septate; tapered apex.

Anamorph. Paraisaria-like phialides produced profusely along the whole stromata;
phialides abundant, cylindrical to clavate, 15–35 x 3 µm, producing up to 10 needle-like,
verrucose conidiophores, averaging 10 µm, bearing a terminal conidium, 5–7 x 3 µm.
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Germination process. No germination could be observed since the material examined was
not alive.

Habitat. Tropical Australia. Found biting leaves at elevated positions on understory shrub
in coastal forest; ver common, associated with epizootics.
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Fig. 15. Ophiocordyceps naomi-pierceae (teleomorphic structures). A) Polyrhachis cf. robsonii biting the
edge of a leaf. B) Close-up of the orange ascoma. C) Cross-section of the ascoma. D) Perithecium. E) Ascus.
F) Ascospore. Scale bars: A = 0.5 mm, B = 1 mm, C = 100 µm, D = 50 µm, E-F = 20 µm.
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Fig. 16. Ophiocordyceps naomipierceae (anamorphic structures). A) Dead Polyrhachis cf. robsonii with
stromata arising from leg joints and dorsal pronotum. B) Synnema C) Close-up of synnema. D) Close-up
phialide E) Phialides. F) Close-up synnema showing apical phialides. G) Individual long phialides with
multiple verrucose necks. Scale bars: A = 0.5 mm, B = 100 µm, C = 20 µm, D = 15 µm, E-G = 10 µm.
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Ophiocordyceps ootakii Araújo, H. C. Evans & D. P. Hughes sp. nov.

Etymology: Named after Shigeo Ootaki, an artist and amateur mycologist who has
contributed sisgnificantly to the study of entomopathogenic fungi in Japan.

Type: Japan. Matsuoyama (Mt. Matsuo), Kyoto, 35° 2’ 0” N, 135° 8' 0” E, 400 m, 20th
July 2014, R. G. Loreto & S. Ootaki, on Polyrhachis moesta Emery.

External mycelium produced from orifices and sutures; initially white, becoming lightbrown with age; Stroma single or branched, produced from dorsal pronotum, averaging 6.5
x 0.3 mm, cylindrical, grayish to light brown; Fertile part produced laterally on the stroma,
1–3, disc-shaped, dark–brown, averaging 1.1 x 0.8 mm. Perithecia immersed to partially
erumpent, flask-shaped, 230–260 x 120–150 µm, with short neck. Asci 8-spored, hyaline,
cylindrical to clavate, 130–180 x 8–9 µm, cap prominent; Ascospore hyaline, vermiform,
straight to gently curved, 85–100 x 3 µm, 5-septate, tapering to both ends.

Anamorph. Hirsutella type-A only. Phialides cylindrical to lageniform, 6–8 x 3–4,
tapering to a long neck, 9–10 µm long, bearing a terminal conidium, averaging 5x3 µm.

Germination process. No germination could be observed since the material examined was
not alive.
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Habitat. Biting evergreen plants in a temperate forest where leaf fall occurs. This habitate
implies that manipulated ants make choices as to the biting substrate.

Fig. 17. Ophiocordyceps ootakii. A) Polyrhachis moesta. biting on a leaf edge. B) Close-up showing two
ascomatal plates attached to the stroma. C) Cross-section of ascoma. D) Ascus. E) Ascospore. F) Hirsutella
A-type phialides on stroma. G) Ascus-cap close-up. Scale bars: A-B = 1 mm, C = 250 µm, D-E = 20 µm, F
= 10 µm.

154

Ophiocordyceps clavatus (Kobayasi) Araújo, H. C. Evans & D. P. Hughes, comb. nov.

Etymology: Name given due the clavate shape of the stromata.

Type: Japan: Honsyu, Prov. Kazusa, Kimitu-gun, Tanjinyama-mura, Myôken-zan.
Paratype: 20 July 2014, R. G. Loreto & S. Ootaki, on Polyrhachis lamellidens Smith.

External mycelium scarce, produced mostly on ventral part of the host and mouth. Stromata
produced from pronotum, dorsal– and laterally on both sides, clavate, 5–7.5 x 0.35–0.45
(–0.8) mm, never branching. Fertile part produced laterally on one or multiple stromata, 1–
6, commonly 2 per stroma, averaging 1 x 0.8 mm, up to 2.5 mmin length; Perithecia
immersed to partially erumpent, flask-shaped, 230–270 x 120–160 µm, with short, exposed
neck. Asci 8-spored, cylindrical to clavate, 120–160 x 8–10 µm, cap prominent; Ascospore
hyaline, cylindrical, straight, rarely curved, 85–100 x 4 µm, 5–septate, apex rounded,
tapering at base.

Asexual morph. Hirsutella type-A only. Phialides cylindrical to lageniform, averaging 12
x 7 µm, tapering to a long neck. No conidia observed.

Germination process. Ascospores germinating in 24 h to produce hair-like 1–3
capilliconidiophores, 40–50 µm long, bearing a terminal, hemispheric capilliconidium,
averaging 13 x 3 µm. Some ascospores germinating directly into germ tubes and vegetative
hyphae.

155

Habitat. A ground-dwelling ant species found consistently biting onto twigs in a temperate
forest where leave fall occurs.
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Fig. 18. Ophiocordyceps clavatus nom. nov. A) Polyrhachis lamellidens. with three stromata arising from
its body; B) Close-up stroma with two ascomatal cushions; C) Cross-section of the ascoma, showing the
perithecial arrangement; D) Close-up perithecium; E) Ascus; F) Ascospore with two capilliconidiophores
bearing one capilliconidium on their apex; G) Capilliconidium; H) Ascospore germinating on agar plate after
3–5 days. Scale bars: A = 1 mm, B = 0.5 mm, C = 100 µm, D = 40 µm, E-F = 20 µm, G = 2 µm, H = 20 µm.

157

158

Fig 19. Maximum Likelihood tree of Ophiocordyceps obtained with a combined dataset of SSU, LSU, tef,
RPB1 and RPB2 based with RAxML analysis. Species proposed in this study are highlighted. Ant drawings
correspond to the genera of ants each clade infects. Top right box corresponds the whole analyses with the
full dataset used including 414 taxa within Cordycipitaceae, Clavicipitaceae and Ophiocordycipitaceae, with
Ophiocordyceps highlighted.

Discussion
Our results support the hypothesis that species of fungi in the Ophiocordyceps unilateralis
complex are highly specific with each ant species in the tribe Camponotini. Our work
significantly expands our understanding of insect pathogenic fungi and can serve as a test
case against which other investigations into fungal diversity, systematics and evolution can
be compared. It remains to be seen if the very high specificity we found between
Ophiocordyceps/ant association is mirrored in species of fungi infecting other insect
groups. In the next sections, we discuss some aspects of these fungi in more detail.

Morphology

The species within the O. unilateralis clade share many macro-morphological
characteristics that makes them easily recognized in the field. Morphologically unique
features include the typical single stroma arising from dorsal pronotum with at least one
ascoma growing, unilaterally, from the stroma. Although there are exceptions, for example,
O. clavatus from Japan, usually produces three clavate stromata, with up to six ascomata
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attached to it (Fig. 17). Other species such as O. camponoti-indiani (North Brazilian
Amazon), O. halabalaensis (Thailand) and O. naomi-pierceae (Australia) are similar to O.
clavatus regarding the production of multiple stalks (Luangsa-ard, 2011; Araújo et al.
2015). Moreover, this trait cannot be considered as a synapomorphic feature since those
species are scattered along the O. unilateralis clade. Many samples of O. alba-congiuae
were collected exhibiting one stroma arising form the dorsal pronotum and another from
the petiole (Fig. 10). All the other species within O. unilateralis clade often produce only
one stroma with Hirsutella type-A, with rare occasional exceptions at a specimen level.
Furthermore, each species within the O. unilateralis clade exhibits unique micromorphological traits. The most significant microscopic character used to split the species
within this complex is the morphology of the ascospore, which includes septation, size,
shape and germination process (table 1). Other aspects such as the location where the host
is attached (e.g. leaf edge, leaf middle-vein, palm spine, trunk, epiphyte, etc.) and
morphology of the asexual morphs are also valuable characters that may be used as
information when distinguishing species but are less important than ascospore
morophology (and sequence data).
Ophiocordyceps oecophyllae and O. dacetini were found producing only the
asexual morph. O. oecophyllae produces the phialides directly from the host, especially
joints, while O. dacetini produces a single synnema from the dorsal pronotum covered with
a hymenium of verrucose Hirsutella-like phialides. Both species, although lacking the
sexual morph, are easily recognized as new taxa based on host association, phialides
morphology and habit, which was further confirmed by molecular data (Fig. 18). Based on
morphological and ecological data, our results suggest O. oecophyllae as a sole early
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divergent lineage of O. unilateralis core clade. This means that a common ancestral form,
most likely infecting ants, diversified into the hyper-diverse O. unilateralis core clade. The
discovery of O. oecophyllae should help us to trace back the origin of O. unilateralis clade
and test evolutionary hypotheses regarding the factors (e.g. morphological adaptations and
host association) that led them to be one of the most prolific groups of entomopathogenic
fungi. However, to test that hypothesis and to confidently propose O. oecophyllae as an
early ancestral of O. unilateralis core clade, we need a broader gene sampling for this
species, in order to have a strong support from morphology, ecology and molecular data.
Species of fungi within the O. kniphofioides clade share several morphological and
ecological characters. All species within this clade are exclusively pathogens of neotropical
ants (i.e. Cephalotes atratus, Paraponera clavata, Dolichoderus bispinosus and Daceton
armigerum) (fig. 18). The sexual morph produces vermiform, multi-septate ascospores that
do not germinate into secondary structures (e.g. capilliconidiophores) or into hyphae,
despite multiple attempts, which suggests that germination is controlled by biotic factors,
possibly being triggered by contact with the host. Furthermore, the most evident
morphological feature shared by all species in this clade is the Hirsutella stilbelliformis
type as the asexual morph with its unique long verrucose phialides united into synnemata
(Fig. 19). Typically, these arise from rhizoid-like outgrowths, formed on the substrate (tree
bark) rather than directly on the host. This behavior could be analogous to the “minefields”
created by the germinating ascospores of the O. unilateralis s.l. which produce sticky
capilliconidia after landing on surrounding substrata (Araújo and Hughes, 2017).
Although the topological relationship between O. unilateralis core clade and O.
kniphofioides sub-clade corroborates the findings of Sanjuan et al. (2015), the bootstrap
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value was low (bs=47%). With the inclusion of O. briophyticola and O. dacetini in the
analysis, O. tiputini infecting the larval stage of Megaloptera, was supported (bs=71%) as
a sister group of the O. unilateralis core clade + O. oecophyllae + O. kniphofioides subclade, rather than a member of O. kniphofioides sub-clade as presented by Sanjuán et al.
(2015). This novel result allows us to consider the monophyly of O. unilateralis core clade
+ O. oecophyllae + O. kniphofioides sub-clade, forming a strictly ant-pathogenic clade
within Ophiocordyceps. However, this is a hypothesis and further more inclusive, studies
are needed. Thus, we currently might refer to the O. kniphofioides sub-clade as the clade
formed by the species: O. briophyticola nom. nov., O. kniphofioides s. s., O. ponerinarum
and O. dacetini sp. nov. and O. tiputini as incertae sedis regarding its position within O.
unilateralis clade.

Figure 20. Comparison of the phialide morphology for the species within the O.
kniphofioides clade (A-phialides and conidia). A) O. kniphofioides sensu stricto. B) O.
briophyticola. C) O. ponerinarum D) O. kniphofioides var. gnamptogenyos. E) O. dacetini
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sp. nov. (A-D) Evans & Samson 1984; E) This study).

Ascospores

All species belonging to the O. unilateralis and O. kniphofioides clades produce ascospores
that do not disarticulate into part-spores. No species within the O. kniphofioides sub-clade
has ascospores that germinate in vitro, to produce either capilliconidiophores or hyphae.
Conversely, production of capilliconidiophore has been shown to be a common behavior
within the O. unilateralis core clade species (Evans et al. 2011; Araújo et al. 2015, table
1). Unfortunately, we could not determine the germination process of some species because
the specimens collected did not release spores on the agar plate or because the samples
were dried and sent by collaborators (i.e. O. naomi-pierceae, O. camponoti-floridani, O.
blake-barnesii, O. ootakii, O. alba-congiuae). In addition, the description of species from
Thailand do not include any information regarding ascospore behavior, although it is
probable that they also produce capilliconidiophores.
Ophiocordyceps camponoti-indiani produces ascospores measuring 75 x 5 µm
exhibiting up to three capilliconidiophore that are 130 µm, which is the longest described
for the O. unilateralis group so far (Araújo et al. 2015). Interestingly, Camponotus indianus
is significantly bigger than other Amazonian Camponotus species infected by this group of
pathogens. This could be hypothesized to be a result of local adaptation between host and
pathogen where fungal morphology matches the ant morphology/ecology in order to reach,
infect and transmit the disease within that species. Future studies will test the hypothesis
between capilliconidia size/shape and the ant morphology/ecology.
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Ascospores of O. camponoti-balzani and O. camponoti-melanotici produce either
a small appressorial-like structure or a single short phialide respectively, even after an
extended period of incubation on agar (Evans et al. 2011). O. camponoti-sexguttati
produces a large ascospore measuring 120-140 µm in length, but only small single 25–30
µm long capilliconidiophores, consistently formed in the first third of its length. O.
camponoti-hippocrepi and O. camponoti-bispinosi are very similar in size and shape, but
the capilliconidiophore of O. camponoti-bispinosi is slightly bigger and smooth, in contrast
with the terminally verrucose capilliconidiophore produced by O. camponoti-hippocrepi
(Fig. 9). Only O. clavatus and O. kim-flemmingiae germinated into hyphae on agar; found
in Japan and South Carolina (USA) respectively, both temperate forest locations. Another
particular feature observed in both species was the swelling of the ascospores following
germination. These traits might be related to adaptations to temperate forests since we
never observed such behavior in ascospores of any tropical species.

Asexual morphs

Ophiocordyceps unilateralis core clade

There are many kinds of asexual spores or conidia produced by entomopathogenic species,
from dry to mucilaginous, aseptate to septate, produced along the stroma on phialides in a
palisade or hymenial layer, or on phialides arising from pulvinate structures (sporodochia).
Most species within the O. unilateralis core clade form an asexual morph characterized by
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subulate phialides that bear a single conidium at their apices (Hirsutella type-A). There are
also two other types of hirsutelloid morphs within O. unilateralis core clade species:
Hirsutella type-B is found in O. camponoti-novogranadensis, while Hirsutella Type-C is
found in O. oecophyllae (sister taxon of the O. unilateralis core clade), O. camponotirenggerii, O. camponoti-niduli, O. camponoti-balzani and O. camponoti-indiani. O.
flemingii exhibits type-C phialides during its early stages of development, but these
gradually disappear as the stroma matures. Ophiocordyceps naomi-pierceae from Australia
has a unique asexual morph within the O. unilateralis core clade, formed on the surface of
synnemata arising from the dorsal pronotum and leg joints. The abundant, long phialides
are polyphialidic, branching sympodially to produce up to 10 pointed necks (Fig. 15). A
similar Paraisaria-like asexual morph is associated with the red ant (Myrmica rubra) in the
UK, which was found to lie within the Ophiocordyceps, close to O. gracilis from which
the genus Paraisaria was erected (Samson & Brady, 1983), but far from O. unilateralis core
clade (Evans et al. 2010). The role of these asexual morphs is not fully understood, but we
believe that because the conidia are usually encased in mucus, they are contact spores and
adhere to foraging host ants.

Ophiocordyceps kniphofioides s.s.: a strategy to persist in the environment

This species, besides its characteristic Kniphofia-like (red-hot poker) sexual morph is
known to form four types of asexual morphs. One of these, plays a remarkable role of
transmission, even after the host removal. Evans & Samson (1982), described a behavior
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in which apparently non-infected Cephalotes atratus – not displaying symptoms of fungal
infection – actively attempted to remove infected cadavers from the lower trunk of the socalled cemetery or graveyard tree, forming a Necropolis of ant corpses just above the tree
base (Fig 22). However, this type of asexual morph serves as a perfect adaption against this
behavior displayed by the healthy workers; consisting of a prostrate rhizoid-like outgrowth
from the host that creep beneath the moss carpet and bark, giving rise to synnemata-like
structures producing mucoid balls of conidia at their tips (Fig. 21 and Evans & Samson
1982 pag. 436). Thus, once the ant cadaver is removed, the fungal structures remains on
the tree, serving as a persistent inoculum for future hosts that are constantly passing on the
trunk, on the the way to their arboreal nest: a perfect hidden trap or minefield.
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Fig. 21. Ophiocordyceps kniphofioides sensu stricto. A) Cephalotes atratus with the
fungus arising laterally from pronotum. B) Close-up of the ascoma. C) T.S. of the ascoma
showing the immersed perithecia. D) Ascospore. E) Ascus. F) Hirsutella-like phialides,
present along the stroma (stalk). Scale bar: A = 2 mm. B = 1 mm. C = 200 µm. D-F = 20
µm.
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Fig. 22. A) Synnemata of the asexual morph (Hirsutella type-C) arising from the
moss/trunk which remain attached, even after removal of the corpse. B-C) Close-up of the
infected ants with synnemata on the surrounding substrate.
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Fig. 23. Base of the tree, with corpses of infected Cephalotes atratus (arrowed) removed
from the trunk byt the activity of other workers (Araújo & Hughes, 2017).

New combinations

Based on morphological and molecular data, we do not recognize the previous designation
of varieties within the O. unilateralis and O. kniphofioides complexes and the following
species, new names and new combinations are now recognized:
Ophiocordyceps kniphofioides (H.C. Evans & Samson) G.H. Sung, J.M. Sung, HywelJones & Spatafora, Studies in Mycology 57: 44 (2007).
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Basionym: Cordyceps kniphofioides H.C. Evans & Samson, 434 (1982), on Cephalotes
atratus.
Ophiocordyceps dolichoderi (H.C. Evans & Samson) Araújo, H. C. Evans & D. P. Hughes
comb. nov.
Basionym: Cordyceps kniphofioides var. dolichoderi H.C. Evans, Trans Brit Mycol Soc
79: 437 (1982), on Dolichoderus attelaboides.
Synonym: Ophiocordyceps kniphofioides var. dolichoderi (H.C. Evans & Samson) G.H.
Sung, J.M. Sung, Hywel-Jones & Spatafora, Stud Mycol 57: 44 (2007).
Synonym: Ophiocordyceps kniphofioides var. monacidis (H.C. Evans & Samson) G.H.
Sung, J.M. Sung, Hywel-Jones & Spatafora, Stud Mycol 57: 44 (2007).
Ophiocordyceps ponerinarum (H.C. Evans & Samson) T. Sanjuan & R.M. Kepler,
Fungal Biol 119: 911 (2015).
Basionym: Cordyceps kniphofioides var. ponerinarum H.C. Evans & Samson, Trans Br
Mycol Soc 79, 441 (1982), on Paraponera clavata.
Synonym: Ophiocordyceps kniphofioides var. ponerinarum (H.C. Evans & Samson) G.H.
Sung, J.M. Sung, Hywel-Jones & Spatafora, Studies in Mycology 57: 44 (2007).
Ophiocordyceps briophyticola Araújo, H.C. Evans & D.P. Hughes nom. nov.

Basionym (replaced name): Ophiocordyceps kniphofioides var. monacidis H.C. Evans &
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Samson, Trans Br Mycol Soc 79: 439 (1982).
Since the genus Monacis is now considered to be a junior synonym of Dolichoderus, the
specific name monacidis is not valid and thus a new epithet is proposed.
Etymology: The moss-mimicking fungus, found within clumps of moss where the
ascomata strongly resemble the moss sporophytes.
Type: Brazil, Pará, Monte Dourado, 10 Jan 1980, H.C. Evans, RS 1540A (CBS), on
Dolichoderus (Monacis) bispinosus (Olivier) (Dolichoderinae: Dolichoderini).
The stroma, usually single, emerges laterally from the pronotum – rarely form the gaster
– with a dark orange fertile terminal ascoma. The ascospores measure 95-110 µm long,
with no germination in vitro.
Habitat: One of the most interesting aspects of O. briophyticola (Fig. 23) is the behavioral
manipulation whereby the fungus consistently leads the host to die among/underneath
moss, specifically Octoblepharum albidum Hedwig that is commonly found in clumps at
the base of trees in the Amazon forest. After host death, the fungus produces its
reproductive stroma that grows through the moss carpet, before exposing its fruiting body.
The resemblance of the ascomata of O. dolichoderii and the sporophytes of O. albidum is
striking (fig. 24), which makes the fungus hard to detect in situ. We hypothesize that the
fungus mimics the asexual reproductive structure of this species of moss, although future
studies are needed to better understand the relationship between the moss, O. briophyticola
and its host Dolichoderus bispinosus.
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Fig. 24. Ophiocordyceps briophyticola nom. nov. A) Dolichoderus bispinosus infected by O. briophyticola;
B) Cross section of the ascoma; C) Ascomata arising from a carpet of moss; D) Ascus; E) Ascospore. Scale
bars: A = 1 mm, B = 200 µm, C = 3 mm, D = 20 µm, E = 30 µm.
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Fig. 25. A-B) Ophiocordyceps briophyticola stromata among Octoblepharum albidum. The ants die hidden
underneath the moss carpet just exposing the fungal structures (white arrows). C-D) O. albidum on the tree
surface with its orange sporophytes.

173

Behavior manipulation

All Myrmecophilous Hirsutelloid species (O. unilateralis core clade + O. oecophyllae + O.
kniphofioides sub-clade) are known to alter the behavior of their hosts. This phenomenon
is called an extended phenotype. The term was coined by Dawkins (1982) to describe the
relationship between hosts and parasites, where the parasite DNA (genotype) is expressed
in any aspect of the host morphology or behavior (phenotype).
We found that species in the O. kniphofioides clade display a less sophisticated type
of manipulation of the host compared to those in the O. unilateralis clade. O. kniphofioides
s. s., O. ponerinarum and O. briophyticola lead their hosts to die typically at the base of
lower trunks of upperstory trees and attached to the substrate by their legs, which is further
reinforced with fungal structures (Hughes et al. 2016, pg 443). O. dacetini is an exception
in the group and dies in the leaf litter or attached to the petiole or underside of leaves (fig.
25). In the case of the species within the O. unilateralis clade, the behavior manipulation
occurs in a much more complex manner.
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Figure 26. Daceton armigerum infected by Ophiocordyceps dacetini. A) Infected ant attached on the leaf
petiole, upside down; B) Close-up showing the attachment exclusively by the host legs with no apparent
fungal attachment structures. C) Close-up showing the early stages of O. dacetini emerging from the host’s
dorsal pronotum.

Most species within Ophiocordyceps unilateralis s.l. cause the infected ants to
leave the colony and to ascend to the understory vegetation, where they bite onto branches
and leaves. However, each species displays a characteristic niche and has a clear preference
for certain substrates. O. camponoti-renggeri, for example, is often found biting onto moss
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carpets, at the base of upperstory trees (fig. 26 A-C). Fungi infecting very small ants such
as O. camponoti-hippocrepi, O. camponoti-bispinosi and O. camponoti-femorati regularly
induce the host to bite onto the tips of palm needle (Fig. 26 D-E), especially spiny palms
of the genus Astrocaryum, while both O. camponoti-atricipis and O. camponoti-floridani,
sister species in the phylogeny, bite onto palm leaves, specifically close to the apical edge
region; whilst, O. camponoti-leonardi in Thailand, invariably bites onto the underside of
dicot leaves, precisely on the middle vein (Andersen et al 2009). The species O. camponotinovogranadensis has a clear preference for epiphytes (lichens or small bromeliads) (Evans
et al. 2011). And O. camponoti-niduli is often found at a precise height, 25–40 cm above
the ground, consistently biting onto the vegetation saplings. These species are all found in
tropical forests.
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Figure 27. Different behavioral manipulation within the O. unilateralis complex. A-C) O. camponoti-renggerii
dying among moss at the base of trees. D-E) Smaller ants (e.g. O. camponoti-bispinosi, O. camponoti-hippocrepi
and O. camponoti-femorati) die often at the very tip of palm spines and epiphytes where water droplets form.
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Conclusion

Studies in biodiversity play an essential role on cataloguing and describing species,
especially for understudied groups such as entomopathogenic fungi. Furthermore, by
unravelling the true diversity of this group, much more intriguing and complex questions
will come to the light. The goal of this study is to, besides the important task of document
new taxa, help to build up the knowledge necessary to answer questions related to the
evolutionary history, host relationships and functional morphology of this group of
pathogens. For example, which factors led the hyper-diversity of O. unilateralis clade?
How did they reach the Camponotini ants and why this group of hosts are such a prolific
environment for Ophiocordyceps radiation? Was it due morphological adaptations like
capilliconidia? Was it due the extremely sophisticated behavioral manipulation that arose
in this group? Unfortunately, we are still unable to answer those questions, but we hope
that this study contributes to answer those and other questions about this fascinating group
of fungi.
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Chapter 6

Convergent evolution of a parasite extended phenotype in
response to environmental conditions

Loreto RG*, Araujo JPM*, Kepler R, Fleming K, Moreau CS,
Hughes DP

*both authors contributed equally to this work.
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Introduction
Animal behavior has long been considered the evolutionary pacemaker (Baldwin 1896).
As the environment changes, individuals that can modulate their behavior may avoid,
acclimate and tolerate adverse conditions. The initial behavioral response to a changing
environment is then followed by other changes in the phenotype of individuals, such as
physiological or morphological changes, that become fixed in the population over
evolutionary time (West-Eberhard 2003, Duckworth 2009, Rozenberg et al. 2015). The
local adaptation of the populations is, in part, due to an animal’s ability to express different
behaviors in the face of environmental changes (Blumstein 2002, Fyda et al. 2005, Buckley
et al. 2015a, Buckley et al. 2015b). Behavior is therefore a labile phenotypic trait that
allows the animal to respond to spatial and temporal environmental heterogeneity in ways
that may result in increased fitness.
In some cases, the behaviors we observe in nature are an adaptation on the part of parasites
that have evolved to infect animals and manipulate their behavior as a transmission strategy
(Moore 2002). In these cases, the behavior of the host (i.e. its phenotype) is an extension
of the genotype of the parasite; a phenomenon known as the extended phenotype (Dawkins
1982). The number of examples of parasites that adaptively manipulate their host behavior
has recently escalated, a reflection of the expansion of the field (Hughes et al. 2012). Many
aspects have been considered in the study of parasitic manipulation, such as the
mechanisms of behavioral manipulation (Biron et al. 2005, Biron et al. 2006, Hoover et al.
2011, de Bekker et al. 2014) (de bekker 2015), the epidemiological significance of
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behavioral manipulation (Loreto et al. 2014) and the ecological importance of manipulated
hosts in the environment (Thomas et al. 1998, Sato et al. 2011, Sato et al. 2012, Laferty
and Kuris chapter in Hughes 2012). What has not been examined is if parasitic
manipulation of animal behavior as a transmission strategy is responsive to environmental
changes outside of the host that represents the immediate environment of the parasite. Since
environmental changes are known to result in adaptive shifts of phenotypes, such as animal
behavior (Losos et al. 2004, Hoekstra et al. 2005) it is reasonable to suppose that the same
environment may act as a selective force on the extended phenotypes of parasites inside
those animals.
One system where we might expect the environment to play a significant role in behavioral
manipulation are the ‘zombie ants’. In this system the parasitic fungus Ophiocordyceps
unilateralis sensu lato (s.l.) manipulates ants from the tribe Camponotini to climb and bite
onto aerial vegetation, attaching themselves to the plant tissue (Andersen et al. 2009).
Uninfected ants never display this stereotypical biting behavior. The biting behavior in the
ant is the extended phenotype of the fungus and has been experimentally demonstrated to
be adaptive for the fungus (Andersen et al. 2009, Loreto et al. 2014). The death of the ant,
shortly after the manipulated biting behavior, is the end point of the manipulation and
marks the transition, for the fungus, from feeding parasitically on living tissue to feeding
saprophytically on the dead tissue of its recently killed host (de Bekker et al. 2015). Besides
providing nutrients, the carcass of the ant will serve as a platform for the fungus to grow a
long stalk, externally, from its dead host to release the spores (termed ascospores in this
group of fungi) that, ultimately, will infect new hosts (Evans et al 2011, Hughes et al 2016).
Once it starts growing externally to the dead host, including the critical stage of spore
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release, the fungus is exposed to environmental conditions outside the body of its host.
Fungal development is known to be strongly affected by environmental conditions, notably
by changes in humidity and temperature (Baxter and Illston 1980, Kerry 1990). Species in
the O. unilateralis complex have been recorded at latitudes ranging from 34° north (de
Bekker et al. 2014) to 20° south (Loreto et al. 2014) which implies a wide range of
environmental conditions exist in which behavioral manipulation of the ant and the subsubsequent post mortem development of the fungus occur.
Previous observations have suggested two kinds of behavioral manipulation occurring in
distinct forest types. In tropical forests, ants infected by species of fungi in the O.
unilateralis complex are predominantly manipulated to bite leaves (Andersen et al. 2009,
Loreto et al. 2014, Araújo et al. 2015). By contrast, in northern temperate systems (USA,
Japan), manipulated ants have been described as biting onto twigs. In temperate forests,
seasonal leaf shed represents a major difference in comparison to tropical forest, where the
majority of the tress are evergreen. For a parasite using the host cadaver as a platform for
transmission and known to manipulate ants to bite leaves before killing them it follows that
the permanence of a leaf as a platform may impact its fitness.
We hypothesized that biting different substrates (leaf versus twig) is a local adaptation of
the parasite extended phenotype to the distinct seasonality and environmental conditions
present in the two forest types. To test this hypothesis, we focused on three lines of
evidence. First, it was necessary to establish if the biting substrate (leaf versus twig)
consistently varies across the South-North cline from tropical forests to temperate woods
(in the northern hemisphere). To this end, we analyzed the geographic distribution of
species within the O. unilateralis complex at the global scale to determine how this
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distribution relates to the biting substrate. Secondly, we hypothesized that twig biting may
confer an adaptive advantage in temperate forests where the leaves are shed annually,
especially if the fungus requires an extended period of time to fully develop. Thus, we
evaluated, across 20 months, the development of O. unilateralis s.l. in a temperate forest
located in South Carolina, USA after the fungus manipulated its host. Finally, since
temperate forests occur in different locations, we tested the hypothesis that behavioral
manipulation of ants by fungi to bite twigs is an adaptation that has convergently evolved
in geographically distinct temperate forests. To do this we reconstructed the phylogenetic
relationship between fungi that manipulate the host to bite leaves and those that manipulate
their hosts to bite twigs, in both Old and New World temperate and tropical forests. Taken
together, we present multiple lines of evidence that suggest that a parasite extended
phenotype has responded to long-term changes of local environmental conditions through
local adaptation by shifting biting behavior from leaves to twigs.

Material and Methods
The global distribution of the zombie-ant fungi O. unilateralis s.l. and variation in
biting substrate
In order to report the distribution of the O. unilateralis s.l. at the global level, we collected
all records we could find. We searched in museums and herbarium collections, as well as
pictures available on the internet (under the terms “Ophiocordyceps”, “Cordyceps” and
“zombie-ants”). Additionally, we added records provided by people who directly contacted
RGL, JPMA or DPH with pictures of zombie-ants they have found worldwide.
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Furthermore, we used the laboratory collection DPH’s, which includes samples collected
by the authors of this study and other collaborators. This collection also includes specimens
donated by the renowned mycologist Dr. Harry Evans, who has worked on O. unilateralis
s.l. fungi for more than 40 years (Evans and Samson 1982, 1984, Evans et al. 2011, Araújo
et al. 2015). For each record, we collected the following information (when available):
country, most precise location available (e.g. national park, nearest city), geographic
coordinates, ant host, biting substrate, collector, year and source.

Post-mortem parasite development in a temperate forest
This study was conducted in a private temperate forest patch located in Abbeville County,
South Carolina, US (georeference: 34.375215, −82.346937) over one year (July 2010 to
August 2011). We recorded the phenology of the fungus of 29 newly killed ants attached
to twigs. We intentionally started collecting data during the summer to capture leaf biting,
if it occurred. We spent approximately three hours each day searching twigs and leaves for
the presence of manipulated ants. The 29 ants were photographed at daily basis for the first
60 days, and then every 2 weeks to a month, until August 2011. An additional 100 infected
ants with the fungus stalk already developed were also photographed every 2 weeks
throughout the year (January 2010 - December 2010), and then nearly once per month for
an additional 8 months.
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Phylogenetic analyses

DNA extractions were done following the protocol described by Kepler et al. (2011).
Briefly, the genomic DNA was isolated using chloroform and purified with GeneClean III
Kit (MP Biomedicals). Many of the specimens in DPH’s laboratory collection, collected
in 1970-80’s, were dry and degraded, resulting in low quality DNA templates. These
samples were excluded from the phylogenetic analyses.
From the genomic templates, four genes were amplified by PCR. We used two ribosomal
genes, nu-LSU (954 bp) and nu-SSU (1,144 bp), and two protein coding genes, RPB1 (813
bp) and TEF (1,012 bp). The cleaned PCR products were sequenced by Sanger DNA
sequencing (Applied Biosystems 3730XL) at Genomics Core Facility service at The
Pennsylvania State University. The raw sequence reads were manually edited using
Geneious version 8.1.8 (Kearse et al. 2012). Individual gene alignments were generated by
MUSCLE (Edgar 2004). For this study, we generated 123 new sequences (31 for SSU, 31
for LSU, 32 for RPB1 and 29 for TEF). The alignment of each gene was improved
manually and concatenated into a single dataset using Geneious version 8.1.1 (Kearse et
al., 2012). Ambiguously aligned regions were excluded from phylogenetic analysis and
gaps were treated as missing data. The aligned length of the concatenated four gene dataset
was 3,923 bp. Maximum likelihood (ML) analysis was performed with RAxML version
8.2.4 (Stamatakis 2006) through the online platform Cipres (phylo.org) (Miller et al. 2010).
The dataset was partitioned by gene, and the GTRGAMMA model of molecular evolution
was applied independently to each partition. Branch support was estimated from 1,000
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bootstrap replicates. In addition, we performed an ancestral state reconstruction (ASR).
This analysis was implemented in Mesquite v3.10 (Maddison & Maddison 2015).
Ancestral character states were estimated across our single most likely topology with each
taxon coded according to biting location preference (twig, leaf, or unknown). We
implemented the Mk1 likelihood reconstruction method (with default settings), which
maximizes the probability the observed states would evolve under a stochastic model of
evolution (Schluter et al. 1997; Pagel 1999).

Results
The global distribution of the ant manipulating O. unilateralis s.l. fungus and
variation in biting substrate of infected ants
To understand if environmental conditions play a role in shaping host behavioral
manipulation by parasites, we first aimed to assess the biting substrate and its relationship
to the distribution of species in the O. unilateralis complex. To this end, we collected all
the records available in museums, herbaria, insect collections and on photo sharing
websites (e.g. Flickr, Facebook). All samples could be easily ascribed to the O. unilateralis
species complex which has a very distinctive macromorphology, where the ascospore
producing structure (ascoma) distinctly occupies one side of the stalk (hence the epithet
unilateralis). In all cases, the specimens had at least the country of origin as a location, so
we used 'country' to establish distribution records. Based on more than one thousand
samples, together with literature and web searches, we determined that species in the O.
unilateralis complex have been recorded in 26 countries (Figure 1). We found reports of
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zombie ant fungi in North, Central and South America, Africa, Asia and Oceania (Figure
1). The latitudinal gradient of O. unilateralis s.l is 74°, ranging from 47° north (Ontario,
Canada) to 27° south (Santa Catarina, Brazil). Our database was constructed based on
different sources and methods of collection (see methods) and for this reason we are not
able to infer the relative abundance in different locations of the globe. However, in some
cases, records came from more detailed studies (e.g. (Mongkolsamrit et al. 2012, Loreto et
al. 2014)), so we were able to estimate the abundance for those specific areas. In this way,
we confirmed previous observations that most of the occurrence records for O. unilateralis
s.l. are from tropical forests (Figure 1 and Table S1). In the tropics, the majority of the
records were of ants manipulated to bite onto leaves. Exact numbers of O. unilateralis s.l.
killed ants encountered was not recorded but it is in excess of 10,000 samples based on 12
years of field work in the Atlantic rainforests of Brazil (Loreto et al. 2014), Amazonian
forest of Brazil (Araújo et al. 2015) and Colombia (Sanjuan et al. 2015) and lowland forests
of Peninsular Thailand (Mongkolsamrit et al. 2012, Pontopiddan et al, Andersen et al.
2009) Although leaf biting is predominant in the tropics we know of two exceptions; one
in Costa Rica and another in Thailand (an online record and Kobmo et al. , respectively).
In both cases the ants are found biting chlorenchymous stems (green stems/twigs that are
photosynthetically active and lack cambium).
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Figure 1: Global distribution and behavioral manipulation by Ophiocordyceps unilateralis
sensu lato infecting ants. The light green markers represent records of ants manipulated to
bite leaves. The light brown represents the records of ants manipulated to bite twigs. The
dark brown represents records of ants manipulated to bite bark. The dark green markers
represent the record of the one species of ant manipulated to bite green twigs. (A)
Camponotus atriceps manipulated to bite onto a leaf (Brazilian Amazon). (B) Camponotus
castaneus manipulated too bite onto twig (South Carolina, USA). (C) Polyrhachis sp
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manipulated to bite onto bark (Atewa, Ghana). (D) Camponotus sp. Manipulated to bite
green twigs (Thailand), image modified from Kobmoo et al. 2014.

In temperate regions, O. unilateralis s.l. has been, so far, reported for three countries with
predominantly temperate forests: United States, Japan and Canada. In both the United
States and Japan, some species of fungi manipulate the ants to bite twigs, while others
manipulate their host ants to bite leaves (Table S1). In the United States, an undescribed
member of this species complex that manipulates the ants to bite onto leaves was reported
from an evergreen wetland forest, near the eastern coast of Florida (28° North, Table S1).
In Japan, we encountered another undescribed species within the O. unilateralis complex
in temperate forests (30° North), manipulating the ant Polyrhachis moesta to bite onto
leaves. Interestingly, all the specimens collected for this species were found on evergreen
plants (in which there is no leaf fall) in a forest in Kyoto. In these two countries, we also
encountered ants being manipulated by O. unilateralis s.l. to bite onto the bark of trees,
although it was not frequent. This bark biting behavior was previously observed for two
ant species collected from Ghana, in cocoa plantations (Samson et al 1982) and on pine
trees in Honduras (Harry Evans, pers. comm.).

Post-mortem parasite development in a temperate forest
We hypothesized that the plant substrate the ants are manipulated to bite (leaf versus twig)
was related to leaf shed. The rationale for this hypothesis is that leaf shed in temperate
biomes would limit the available time for the fungus to reach maturity if the ants were
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manipulated to bite leaves in this environment. To provide support for this hypothesis it
was necessary to study time required for O. unilateralis s.l. to develop to reproductive
maturity post mortem of the ant in a temperate wood setting. We studied fungal
development in South Carolina, United States, between December 31, 2009 and August
23, 2011. This woodland is dominated by deciduous trees which shed their leaves in the
fall. During this time, searching for cadavers occurred each day for 3 hours/day which was
possible because one of us (KF) lives on the property. We only found cadavers attached to
the underside of twigs (n=287) and across 20 months we did not find any ants biting leaves.
We also found that only two species of ants, Camponotus castaneus and Camponotus
americanus were infected. We conducted extensive searching over the entire year and only
discovered newly killed ants between June 20th and October 24th (n=29). These 29 newly
killed ants were labeled with a number and the date they were first found to ensure future
identification. For some ants (7/29) we could determine that the cadaver was discovered
within the first 24 hours after manipulation and death of the ant, because of the stereotypical
appearance of the gaster (terminal portion of the ant’s abdomen) which was noticeably
swollen due to abundant fungal tissue inside its body. The remaining 22 ants were within
2-3 days of death as they were all discovered before the fungus grew from inside to the
outside of the ant’s body. As such, all 29 ants were newly killed when first discovered
which provided us the opportunity to record the natural long-term development of the
fungus in a temperate forest.
We discovered that the development of the fungus post-mortem of the host was
significantly delayed until the year following the behavioral manipulation and subsequent
death of the ant (Figure 2). Of the 29 cadavers identified in 2010 (20th June-24th October)
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as recently manipulated and killed, 13 fell from the tree soon after biting. The average
duration was 25.2 days, ranging 1-138 days, with the majority (9/13) lasting less than 20
days. Falling likely reflected a poor grip on the twigs. Firmly affixing the manipulated host
to the twig by its mandibles is likely difficult because twigs are hard plant tissue that is
rounded and larger that the gape of the mandibles. In many samples we encountered, the
mandibles did not have a good purchase on the wood. We discovered for ants manipulated
by O. unilateralis in South Carolina the behavioral manipulation also involves wrapping
the legs of the ant around the twig. The first pair of legs typically crossed the 2nd and in
some cases the 3rd pair of legs, which may provide increased purchase. Both the legs
touching other legs and the legs touching the wood developed dense mats of hyphae at their
contact points which stitched the ant to the substrate. This leg wrapping behavior is a novel
type of behavioral manipulation that has never seen in ants manipulated by O. unilateralis
s.l. in tropical forests.
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Figure 2: The development of the fungus Ophiocordyceps unilateralis sensu lato post
manipulation and post mortem of the ant host, Camponotus castaneus, in South Carolina,
United States. These photographs were taken of the same ant, in natural conditions, across
a year (A) Freshly killed individual (between 0-24h after the ant was killed) on July 25th
2010. (B) August 10th 2010 (C) August 26th 2010 (D) November 14th 2010 (E) March
13th 2011 (F) June 4th 2011 (F) July 16th 2011 (H) Close up of the mature fungal sexual
structure. All the images were taken by KF.

For the remaining cadavers (16/29), we monitored 15 for the fungal growth from the first
observation in 2010 and then through the first winter (2010) and then the second winter
(2011) until March 2012. The average duration of these cadavers was 572 days, ranging
from 510 to 615 days. We could determine if the fungus was sexually mature and thus
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capable of releasing ascospores because the mature ascoma are recognizable by the
erumpent ostioles, which are holes through which ascospores are released. Only one
specimen (1/15) had what could be classified as a mature ascoma capable for releasing
ascospores (SOM Video 15n). Therefore, only 1 of the 15 fungi growing from ant cadavers
was reasonably suspected to have matured to ascospore producing stage by the 1st winter.
Based on the morphology of ascoma, the remaining 14 specimens did not reach maturity
until the following year which can be determined either based on the presence/absence of
the ascoma or the erumpent nature of the ostioles on the ascoma. During winter the fungus
experiences severe weather with snow and ice rain. All the remaining cadavers only
reached the mature sexually reproductive state in the following summer of 2011. Based on
our observations, the zombie ant fungi O. unilateralis s.l. in North American deciduous
forests does not complete its lifecycle before leaf shed in the fall. We suggest this is likely
the reason all 287 ants we identified during the summer months (when leaves were present)
were manipulated to bite/grasp twigs before being killed by the fungus.

Phylogeography

Both the global database we constructed and the phenology study we conducted indicate
that biting/grasping twigs is an adaptive trait in temperate biomes due to the fact that twigs
are a stable platform for this slow growing fungus, unlike leaves which are commonly used
by infected ants in tropical biomes. To understand the evolution of substrate, use and if this
preference is a monophyletic or a convergent trait, we selected fungal specimens from as
many different geographic locations as we could, to estimate the phylogenetic relationships
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between taxa. Based on our phylogenetic reconstruction, we find that O. unilateralis s.l
forms a monophyletic group (maximum likelihood analysis boot strap value=100, Figure
3). Within the O. unilateralis s.l. clade we recovered two major sub-clades: one formed by
Asia-Oceania species and another with mostly American species, with a single exception,
Ophiocordyceps pulvinata (from Japan). Within the two sub-clades (continental scale), the
fungal species did not cluster according to geographic origin of the samples (country scale).
Within the Asia-Oceania cluster, where the fungus is found infecting both carpenter and
spiny ants, the genera Camponotus and Polyrhachis respectively, there was also no
clustering of fungi species by the ant host although there is host-specificity at the species
level. Thus, below the continent level, there is no clear phylogenetic pattern either related
to the geographic location or the host.
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Figure 3: The evolutionary relationships among closely related species of fungi from the
Ophiocordyceps unilateralis complex that manipulates ants to bite different plant
substrates. Phylogenetic relationship between fungi manipulating ants to bite leaves, twigs
and bark as inferred with molecular data. (A) Camponotus castaneus infected with O.
unilateralis s.l., manipulated to bite onto twigs. Samples originated from South Carolina,
United States, image taken by KF. (B) Camponotus obiscurips infected with O.
(=unilateralis) pulvinata, manipulated to bite twigs. Sample originated from Japan - image
from Ryan Kepler. (C) Camponotus chromaiodes infected with O. unilateralis s.l.,
manipulated to bite onto bark. Sample originated from Missouri, United States - image
taken by JPMA. (D) Polyrhachis lamellidens infected by O. unilateralis s.l. (var. clavata),
manipulated to bite twigs. Sample originated from Japan - image taken by JPMA. (E)
Camponotus sp. infected with O. rami, manipulated to bite non-woody twigs. Sample
originated from Thailand - image from Kobmoo et al. 2014.

To establish the ancestral condition of biting (leaf or twig), we performed an ancestral state
reconstruction analysis on our maximum likelihood topology. We find leaf biting is the
ancestral character state within the group with twig biting evolving independently at least
twice across the phylogeny.

Discussion
Local adaptation of parasites to host populations (Kaltz and Shykoff 1998) and local
adaptation of animal behavior to environmental conditions (Geiser 2013, Voelker et al.
2013) are two central topics in evolutionary ecology. We examined the interplay of these
two ecological principles by testing the hypothesis that parasite extended phenotypes (i.e.
manipulation of host behavior by parasites) responds to the environmental conditions
experienced by both partners. The overlap between biting substrate (leaf/twig) and forests

196

system (tropical/temperate), together with the time required for the fungus to complete its
cycle in each system, as well as the homoplasic nature of the biting substrate trait, suggests
that environmental conditions have played an important role in shaping the mode of
behavioral manipulation by this group of fungal parasites. Based on the ancestral state
reconstruction analysis we suggest that leaf biting, and not twig biting, is the ancestral
condition and that twig biting evolved independently in multiple temperate forest biomes
due to local environmental conditions and resource availability (i.e. ephemeral leaves as
platforms versus stable twigs). Additionally, given the apparent difficulty in biting twigs
we suggest that in temperate systems this behaviorally manipulating fungus evolved a
novel mode of manipulation (i.e. twig grasping) in addition to the biting behavior which is
ancestral.
What are the evolutionary pathways that lead to the current distribution of twig
biting/grasping in the temperate forests and leaf biting across the tropical forest belt? In
this study, we focused on the species complex in the genus Ophiocordyceps which is one
of the most speciose taxa of fungal parasites infecting insects (Quandt et al. 2014, Araujo
and Hughes, 2016). We know that fungi in the order Hypocreales, which Ophiocordyceps
belongs to, were ancestrally associated with plants and transitioned from plant based
nutrition to animal parasitism about 150 million years ago (Sung et al 2008). Tropical Asia
is likely to be the center of origin of this entomopathogenic fungi group (Hywel-Jones
2002) and so they likely originated in moist, lowland tropical forests. The precise age of
the O. unilateralis clade is unknown, but based on the cladogram of Sung et al (2008) it is
likely the early Eocene, 47-56 million years ago. Our phylogenic analysis and ancestral
state reconstruction analysis demonstrate that twig biting/grasping is not restricted to a
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single clade. Rather, twig biting/grasping arose independently multiple times in the
evolutionary history of this fungal group. Given the early Eocene origin of the O.
unilateralis clade, this means that the group evolved in an ice-free world with high
precipitation, average temperatures of 30°C and minimal pole-pole temperature variations
(Huber and Caballero 2011). It is likely then that this fungal group arose on evergreen
biomes. Meanwhile, the deciduous forest spread in response to seasonal drought at the late
Eocene cooling in the sub-tropics, and later became adapted to the seasonal cold in
temperate regions (Willis and McElwair 2014). We know from fossil evidence that the
highly characteristic pattern of leaf biting induced in ants by species in the O. unilateralis
s.l. clade was present 47 million years ago in what is modern day Germany, which was
then an evergreen biome and 10 degrees further south than its current location (Hughes et
al 2011). Thus, based on past climate and forest type distribution, fossil evidence of leaf
biting and our ancestral state character reconstruction, there are grounds to suggest that the
species in the O. unilateralis s.l. clade originally manipulated ants to bite leaves and
subsequently switched to twig biting in response to global climate change and the
emergence of the deciduous forests. The emergence of the additional grip to the substrate,
the twig grasping, presumably came later as it may increase the likelihood that the host
cadaver, which the fungus requires for reproduction, stays in position over extended
periods of time.
Why should most species of zombie fungi manipulate ants to bite almost exclusively leaves
in tropical forests since tropical forests also have twigs? It is possible that the underside of
leaves provides a favorable microclimate (Pincebourde and Woods 2012, Andersen 2009),
where the developing fungus is protected from UV damage and rain, and experiences more
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stable temperature and humidity. Compared to the dead tissue of stem bark, the living,
vascularized tissue of leaves may also provide a nutritional supplement for the developing
fungus. Leaf biting may create an opening where fungi gain ready access to plant nutrients.
Fungal tissue has been identified inside the damage caused by biting in the leaf tissue in
both modern and extinct leaves (Hughes et al. 2011). Several other entomopathogenic fungi
are able to grow as endophytes including Beauveria bassiana (Bing and Lewis 1991, Vega
et al. 2009) in leaves, and Metarhizium anisopliae (Hu and St. Leger 2001) and
Ophiocordyceps sinensis (Zhong et al. 2014) in plant roots. Perhaps then the choice of
leaves over twigs by manipulating fungi was adaptive and the switch to twig biting only
emerged under the strong selective regime that deciduous plants present.
Why would deciduous forests be such a strong selective force and why is twig biting
adaptive? To complete its sexual reproduction, fungi within O. unilateralis complex grow
and mature the ascoma, from where the ascospores will be produced and released to infect
new hosts. It is a key point in the life cycle of this parasite, which is dependent on the
precise location where the ants are manipulated to die (Andersen et al. 2009). However,
the pace of fungal development is generally regulated by the temperature (Baxter and
Illston 1980). In the tropics, the manipulation happens throughout the year (Loreto 2014,
Andersen et al. 2009) and parasite development is completed in a few months after it kills
the host (Araújo et al. 2015; Andersen and Hughes 2012). In the temperate system,
although the manipulation occurs during the summer, when the temperature is elevated,
our phenology study revealed that winter interrupts development and it takes at least one
year to complete the cycle. If the infected ants bit leaves, they would fall onto the forest
floor before the fungus can reproduce. Previous empirical work showed placement of the
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ant cadaver on the forest floor resulted in zero fitness for the parasite (Andersen 2009).
Thus, besides providing evidence that the environment has shaped the behavioral
manipulation of the ants by the parasitic fungi, it is possible to suggest a possible
mechanism by which this happens. We suggest that the slow growth rate, likely due the
lower average annual temperature, combined with the leaf fall that occurs between the
manipulation and reproduction, selectively favored the fungi to manipulate their host to
bite onto twigs. In contrast to the leaves of deciduous trees, twigs last for many seasons,
providing a steady platform for the fungus to develop and release spores over extended
periods of time. Additionally, the difference between twigs and leaves and the difficulty in
biting the former selected for a novel mode of manipulation (grasping, Fig XX) not
previously observed in this group of fungi.
All the data presented here provide evidence that a parasitic fungus inside ant hosts
can respond to environmental change and alter the way it manipulates its host behavior
over evolutionary time. We hypothesize that as the evergreen moist forests of the Eocene,
which receded first to drier and then cooler deciduous woods, favored the selection of a
switch in the manipulative behavior from biting leaves to biting twigs. Twig and leaf biting
appears in both America and Asia-Oceania clades, as well as in Camponotus and
Polyrhachis ant hosts, in addition to the bark biting observed for the American, Japanese
and a Ghanaian species. In Ghana, some ant hosts were found biting both leaf and bark (the
same ant species was found biting both substrates) (Samson et al 1982). This indicates
lability/plasticity across evolutionary time that may facilitate switching from biting one
substrate to another. It is interesting that in tropical forests, where the abundancy
(Pontoppidan 2009, Loreto 2014) and diversity of species from the complex O. unilateralis
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are high (Evans et al. 2011, Kepler et al. 2011, Araújo et al. 2015, Kobmoo et al. 2015),
the default manipulation is leaf biting. However, twigs are also in abundance on tropical
forests. That is, when ants are being manipulated, the environment (a tropical forest) has
both twigs and leaves available onto which manipulated ants could bite. Likewise, in
temperate systems, the biting occurs during the summer, when the ants also have both
leaves and twigs as possible biting substrates. We actively searched for infected
Camponotus ants attached to leaves in our temperate system and did not encounter any.
Therefore, the preference for twigs is not an artifact of leaf fall where only ants biting twigs
remain to be sampled. Thus, our data suggest that the infected manipulated ants have a
behavior, the extended phenotype, that is encoded by the fungus, which results in the
optimal selection of the plant tissue (leaf vs twig vs trunk) to bite before being killed by
the parasite. It remains to be discovered how a microbe inside the body of its host can affect
such precision choices in its manipulated host.
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Chapter 7
Distinct evolutionary pathways shaped the current diversity of
myrmecophilous Ophiocordyceps
Araújo JPM and Hughes DP

The sp. nov. presented in this chapter are still being described. But, to illustrate these
species that are showed in the phylogenetic tree, the taxonomic plates were include herein.
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Introduction
Most fungal parasites of ants belong to the genus Ophiocordyceps which is by far, the most
speciose genera inside the family Ophiocordycipitaceae (Quandt et al. 2014). The family
Ophiocordycipitaceae is within the order Hypocreales, an order composed of species with
a broad range of ecologies, from endophytes to pathogesn of plants, animals and fungi
(Chaverri et al. 2008, Sung et al. 2008, Araújo et al. 2015). The family was recently reorganized by a consortia of experts (Quandt et al. 2014). The most dominant genus,
Ophiocordyceps, infects many different insect families across 11 different orders (Chapter
1). All Ophiocordyceps kill their insect host as a developmental necessity since fungal
transmission only occurs from the cadaver of the insects (Samson et al. 1988) following
the initial development in the living insect. So, where and how an insect dies is important
for fungal transmission (Araujo & Hughes 2016, Hughes et al. 2016). The many species of
Ophiocordyceps that infect ants have diverse effects on ant behavior ranging from slight
changes to very complex adaptive manipulation of ant movement, which is where they get
their common name "zombie ant fungi".
The myrmecophilous (ant-associated) species of Ophiocordyceps represent a broad
sample of Ophiocordyceps diversity and are relatively well understood taxonomically
following foundational work by Harry Evans (Evans 1982, Evans and Samson 1982, 1984,
Evans et al. 2011). The chapters 4 and 5 extended this understanding to a global level,
which allowed us to ask questions regarding the evolutionary history of these pathogens,
especially regarding its host associations.
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The goal of this chapter is to build the foundations for a deeper understanding of
the evolutionary processes that resulted in the current species composition of
Myrmecophilous Ophiocordyceps. We also present taxonomic places for new species
belonging to the problematic and poorly known sub-genus Neocordyceps, which is
necessary to better understand the patterns of diversification within Ophiocordyceps
(Figures 1-8).
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Taxonomic Plates

Figure 1. Ophiocordyceps diabolica sp. nov. A-B) Neoponera villosa infected by O.
diabolica. C) Cross section of the ascoma show the oblique perithecia with partspores at
the bottom.
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Figure 2. A-B) Paltothyreus tarsatus infected by O. paltothyreum. C) Sting showing
massive amount of hyphal bodies, detailed on D-E.
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Figure 3. A-B) Paltothyreus tarsatus with Torrubiella sp. on it. C) Perithecia growing
form the gaster sutures. D) Microscopy of single perithecium showing the abundant
ascospores.

207

Figure 4. A-D) Sporothrix sp. growing on Paltothyreus tarsatus infected previously
infected by O. paltothyreum, a common hyperparasitic genus of Ophiocordyceps. F-G)
Microscopy of Sporothix, showing the characteristic phialides.
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Figure 5. A-D) Pseudogibellula sp. growing on Paltothyreus tarsatus previously infected
by O. paltothyreum. E-F) Detail of Pseudogibellula microscopy.
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Figure 6. A) Odontomachus hastatus infected by Ophiocordyceps odontomachium sp.
nov. B) Close up of the ascoma. C) Odontomachus head with stroma arising from dorsal
pronotum. D) Ascoma cross section. E) Detail of the anrmoph. F-H) Hymenostilbe-like
phialides I) Ascus containing ascospores. J) conidium.
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Figure 7. A-B) Cephalotes atratus infected by O. corriemoreauae. C) Ascoma cross
section, detail of external surface. D) ascus with ascospores inside. E-G) partspores.
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Figure 8. A) Pseudomyrmex termitarius infected by O. corriemoreauae. B) ascoma cross
section. C) ascoma exterior. D) partspore. E) detail partspore. F) ascus with ascospores.
G) Typical pshecocephala-like ascomatal morphology.
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Material and Methods

DNA extraction, PCR and sequencing of Ophiocordyceps

All the species proposed in this study were collected in their natural habitat in tropical
forests in Brazil or Ghana. The DNA templates were obtained directly from the specimens
with the following protocol: Samples were placed in 1.5 ml Eppendorf tubes with 100-200
µl of CTAB readily after its collection. In the lab, the samples were ground mechanically,
added 400 µl of CTAB and incubated at 60ºC for 20 min and centrifuged for 10 min at
14,000 rpm. The supernatant (approx. 400 µl) was transferred to a new 1.5 ml Eppendorf
tube, mixed with 500 µl of 24:1 Chloroform: Isoamyl-alcohol (Sigma) and mixed by
inverting. The mix was then centrifuged for 20 min at 14,000 rpm and the supernatant
transferred to a new 1.5 ml Eppendorf tube and further cleaned using the GeneCleanIII kit
(MP Biomedicals), following the recommended protocol. The only step modified was the
addition 30 µl of GlassMilk per sample, instead of the recommended 10 µl to increase
yield.
Five loci were used in the analyses, i.e. small subunit nuclear ribosomal DNA
(SSU), large subunit nuclear ribosomal DNA (LSU), translation elongation factor 1-α (tef)
and the largest and second largest subunits of RNA polymerase II (RPB1 and RPB2
respectively) with a total read length of approximately 4,500 bp. However, for our field
collected samples, RPB2 could not be successfully amplified. The primers used were, SSU:
NS1 (GTAGTCATATGCTTGTCTC) and NS4 (CTTCCGTCAATTCCTTTAAG) (White
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et al. 1990); LSU: LR0R (5’-ACCCGCTGAACTTAAGC-3’) and LR5 (5’TCCTGAGGGAAACTTCG-3’)

(Vilgalys

and

GCYCCYGGHCAYCGTGAYTTYAT-3’)

Sun,

1994);

and

ATGACACCRACRGCRACRGTYTG-3’);

tef:

983F

2218R

(5’(5’-

RPB1:

(5’-

CCWGGYTTYATCAAGAARGT-3’) (Castlebury et al. 2004) and RPB1Cr_oph was
designed

specifically

to

address

the

species

proposed

herein

(5’-

CTGVCCMGCRATGTCGTTGTCCAT-3’). All the RPB2 sequences were downloaded
from GenBank.
Each 25µl-PCR reaction contained 4.5 µl of Buffer E (Premix E – Epicentre) 0.5µl
of each forward and reverse primers (10 mM), 1 µl of DNA template, 0.1 Platinum Taq
Polymerase (Invitrogen) and 18.4 µl of Ultra Pure Distilled Water (Gibco). The PCR
reactions were placed in a Biometra T300 thermocycler under the following conditions: for
SSU and LSU (1) 2 min at 94 ºC, (2) 4 cycles of denaturation at 94 ºC for 30 s, annealing
at 55 ºC for 30s, and extension at 72 ºC for 2 min, followed by (3) 35 cycles of of
denaturation at 94 ºC for 30 s, annealing at 50.5 ºC for 1 min, and extension at 72 ºC for 2
min and (4) 3 min at 72 ºC. For tef and RPB1(1) 2 min at 94 ºC, (2) 10 cycles of
denaturation at 94 ºC for 30 s, annealing at 64 ºC for 1 min, and extension at 72 ºC for 1
min, followed by (3) 35 cycles of of denaturation at 94 ºC for 30 s, annealing at 54 ºC for
1 min, and extension at 72 ºC for 1 min and (4) 3 min at 72 ºC. Each 25 µl PCR reaction
was cleaned by adding 3.75 µl of Illustra ExoProStar enzymatic PCR clean up (1:1 mix of
Exonuclease I and Alkaline Phosphatase) (GE Healthcare Life Sciences), incubated at 37
ºC for 1 hour and 80 ºC for 15 min in the thermocycler. The clean PCR products were
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sequenced by Sanger DNA sequencing (Applied Biosystems 3730XL) at Genomics Core
Facility service at Penn State University.
Ant phylogeny

The ant phylogeny used in this study was taken from www.moreaulab.org, where it is freely
available. The tree used in this study was published in Moreau and Bell (2013).

Results

Our results show that Myrmecophilous species within Ophiocordyceps had two major
origins (Figure 9 nodes 3,4). According to our data the first origin occurred from an
ancestor infecting Coleoptera larva that jumped to a Camponotini ant host (Figure 9). The
ancestral host of the second origin of myrmecophyly in Ophiocordyceps is still unknown
and further studies including more taxa (that are yet to be discovered) might resolve this
question.

First origin of myrmecophyly in Ophiocordyceps, Hirsutelloid species

This clade comprising the Hirsutelloid species was named by Araújo et al. 2017 (chapters
3 and 5) as Hirsutelloid Myrmecophilous Ophiocordyceps or O. unilateralis clade. The
clade is composed by O. unilateralis core clade + O. kniphofioides clade + O. oecophyllae
(Araújo et al 2017). The species within this clade share many traits. The most obvious is
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Formicinae as a host, with a single exception, O. tiputini from Colombia, characterized as
a host-shift from ants (Formicidae) to dobsonflies (Megaloptera) (Sanjuán et al. 2015).
The host association in this clade is always 1:1 as proposed by Evans et al. (2011),
meaning that one species of Ophiocordyceps always infect a single species of ant. For
example, species within O. unilateralis core clade will always infect a distinct species of
Camponotini ant, O. oecophyllae is strict to Oecophylla smaragdina and species within O.
kniphfioides sub-clade also have their unique ant species to infect (Figure 9).
Morphological aspects such as filiform stromata, clavate asci and filiform to
fusiform ascospores that do not disarticulate into partspores are also morphological
characters shared by this clade. Another important character shared by the group is the
Hirsutella-like anamorphs, characterized by Evans et al. (2011) as Hirsutella A, B and C
types. These anamorphs display remarkable phialidic morphology as swollen cells that
taper towards the end, producing muscilaginous conidia at the tip of its necks. These
structures are believed to function as infectious units transmitted upon contact with the host
cuticle.
Another peculiar aspect of the group is the predominance of behavioral
manipulation caused by the fungus on their hosts. Every species in this clade is known to
strongly alter host behavior (Hughes et al. 2016). Species belonging to the O. unilateralis
core clade and O. oecophyllae invariably lead their hosts to leave the nest and climb to
plant parts, where the host locks its mandibles into the plant tissue and die attached to it,
increasing fungal fitness by removing the ant from the nest and placing it on a platform
from where spores can be released by the fungus from the cadaver of the ant host (Loreto
et al. 2014). In the case of O. kniphofioides sub-clade, the host behavior is altered in the
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way that the host die attached on a specific plant substrate, normally at the base of big trees,
e.g. O. briophyticola dies always underneath Octoblepharum albidum and mimics its
sporophytes in the Brazilian Amazon (chapter 5).

Second origin of myrmecophyly in Ophiocordyceps, Hymenostilboid species

The species within this clade were initially recognized as a taxonomic unit by Kobayasi
(1941) as Neocordyceps, a sug-genus of Cordyceps s.l.. The group was characterized by
perthecia immersed at oblique angles in the clavate portion of the stroma and ascospores
that disarticulate into partspores upon maturity (Sung et al. 2007). Most species belonging
to this clade are myrmecophilous but this may simply represent insufficient sampling of
non-ant associated taxa.
The members of this clade share interesting synapomorphies like the production of
8 ascospores that disarticulate into 64 partspores (Hywel-Jones 2002). Nearly all known
species within this clade exhibit Hymenostilbe-like anamorphs, but in few cases Stilbellalike anamorphs occur, but apparently restricted to a single species (O. buquetii). The
stromatal morphology is relatively uniform across the clade, composed by an unbranched
stalk emerging dorsal- or laterally from the host bearing a clavate portion that varies from
a hemispherical (strawberry-like, e.g. O. australis). But, variation can occur in few cases,
e.g. O. lloydii and O. pseudolloydi where the fertile part is flattened or discoid (Evans and
Samson, 1984).
The ability to alter the host behavior is also present in this clade, although not
predominant across all the species as in the Hirsutelloid species. The species where
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behavioral manipulation is known are O. loydii, O. binata, O. pseudolloydi, O. buquetii,
O. odontomachium, O. diabolica and O. paltothyreum. It varies from dying on the
underside of leaves and vomiting fungal hyphae to glue itself on the leaf (i.e. O. lloydii, O.
binata and O. pseudolloydii) to more sophisticated “O. unilateralis-like” biting behavior
(i.e. O. buquetii, O. diabolica and O. paltothyreum).

Discussion

Host Association

Ophiocordyceps unilateralis core clade, the Camponotini specialists

Evans et al. (2011) started to pave the way for studies into the biodiversity of the
charismatic Ophiocordyceps unilateralis complex by describing four new species that
could be seperated just using morphological characters. Prior to that study, all we had was
a sugegstion that that Ophiocordyceps unilateralis was actually a complex of species
distributed worldwide. Ophiocordyceps unilateralis sensu stricto was described by Tulasne
and Tulasne (1865) as Torrubia unilateralis, but with the host misidentified and the
description based on an immature specimen. In the same study, Evans et al. (2011)
proposed that each species within Ophiocordyceps unilateralis complex would have its
own species of Camponotus as a host. In the chapters 4 and 5, we described 17 new species
that together with previous studies give us a total of 28 species described so far for the
complex: O. camponoti-sexguttati, O. camponoti-renggeri, O. camponoti-chartifexi, O.
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camponoti-niduli, O. camponoti-femorati, O. camponoti-hippocrepi, O. kimflemingiae, O.
naomipierceae, O. ootakii, O. camponoti-floridani, O. blakebarnesii, O. clavatus, O.
albacongiuae,

O.

camponoti-rufipedis,

O.

camponoti-balzani,

O.

camponoti-

novogranadensis, O. camponoti-melanotici, O. polyrhachis-furcata, O. camponotileonardi, O. camponoti-saundersi, O. halabalaensis, O. septa, O. rami, O. camponotiatricipis, O. camponoti-bispinosi, O. camponoti-indiani, O. pulvinata and O. unilateralis
sensu stricto (Tulasne and Tulasne 1865, Evans et al. 2011, Luangsa-ard et al. 2011, Kepler
et al. 2011, Araújo et al. 2015, Kobmoo et al. 2015, chapter 5).
All those species were collected in several countries like Brazil, Colombia, USA,
Japan, Thailand and Australia, but we are still describing new species for the complex from
other countries like Ghana, Taiwan, Costa Rica, Ecuador, Peru etc. Even after the
collection across a broad geographical range and several species described, the hypothesis
raised by Evans et al. (2011) for one species of Ophiocordyceps for one species of
Camponotini is upheld. The most common genera infected by this group of pathogens are
Camponotus and Polyrhachis, but other species within this clade were reported infecting
Colobopsis (O. camponoti-saundersi), Dinomyrmex (O. halabalaensis) and Echinopla
(undescribed species). As shown on figure 9, all the species in the O. unilateralis clade
converge to a very narrow point on the ant phylogeny.
Our hypothesis is that O. unilateralis core clade originated from an ancestor that
infected Coleoptera beetle larva and then jumped to a Camponotini ant, followed by
successive host shifts among close related species. Our data shows a clear pattern of
predominance of infection by species within O. unilateralis on Camponotini ants, mostly
Camponotus and Polyrhachis, which are sister genera. To provide support for this
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hypothesis and perhaps clarify a pattern of coespeciation/coevolution between these two
groups of organisms, we need to compare the phylogenies of both Ophiocordyceps and
ants, preferably collected in the same location. We already started to collect data in order
to answer those questions. Thus, our preliminary hypothesis is that O. unilateralis core
clade originated through evolutionary events suggested by “The host relatedness
hypothesis” of host shifts (Nikoh and Fukatsu 2000) which posits that species of fungi can
jump between phylogenetically diverse taxa of hosts if those host occupy a common
ecological niche.

Ophiocordyceps kniphofioides sub-clade

The O. kniphofioides sub-clade is composed by O. ponerinarum, O. kniphofioides s.s., O.
tiputini, O. (Hirsutella) stillbeliformis var. myrmicarum, O. dacetini and O. briophyticola,
although the latter is still as insertae sedis in this clade. This sub-clade infects modern
genera of ants in Myrmicinae like Cephalotes, Daceton and Myrmica, but also less derived
lineages such as Paraponera clavata within the ancient Ponerines (Figure 9 and 10).
Although each fungal species within this clade infects one species of ants, the host jump
between two sister species – O. kniphofioides s.s. and O. ponerinarum – that infects totally
unrelated host genera suggests that the clade was not originated through coevolutionary
pathways, but through recent host jumps.
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Neocordyceps clade

Distinct from Hirsutelloid species, the host association between Neocordyceps species and
their hosts is heterogeneous across the clade. The clade is known to infect a broad range of
insects, but specificity is also a trend. After node 4 (Figure 9), where myrmecophyly would
have started, there were three events of host jumpings from Hymenoptera (Formicidae) to
another insect order. From Formicidae to Hemiptera (Pentatomidae and Fulgoridae), from
Formicidae to Coleoptera (Curculionidae), from Formicidae to Vespidae/Hemiptera. In the
last case, after the transition to Vespidae, one lineage jumped back to Formicidae (i.e. O.
corriemoreauae infecting Cephalotes atratus and Pseudomyrmex termitarius).
This pattern of host association within a clade indicates that this group originated
through recent host jumps, rather than coevolutionary pathways. Apparently, the
evolutionary history of this clade would fit well in “The host habitat hypothesis” (Nikoh
and Fukatsu 2000). This hypothesis suggests that host jumps tend to follow the host’s
microhabitat or feeding habitat, where the probability of encounter could be a dominant
factor in this association and speciation processes (Nikoh and Fukatsu 2000). However, as
in the case of Hirsutelloid species we still collecting data, especially from the hosts, to test
our hypothesis.
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An “Evolutionary Dead End”? Ophiocordyceps oecophyllae on Oecophylla
smaragdina

The Camponotini ants likely provided the ecological opportunity for O. unilateralis core
clade to diversify into the novel niche space of the several closely related host species
available, corroborating “The Host Relatedness Hypothesis” (Nikoh and Fukatsu 2000).
Nevertheless, in the case of Ophiocordyceps oecophyllae – an early diverged
lineage sister to O. unilateralis clade – the lineage apparently felt in a “Evolutionary DeadEnd”. Our hypothesis is that infecting Oecohpylla, the fungus would not have the
opportunity for host-tracking or close host switching, which may explain the lack of
diversity in this clade. This lack of diversity in the Ophiocordyceps smaragdina branch
may reflect the biology of the host or the pathogen. Here we present a hypothesis, based
on field and laboratory observations.
Ophiocordyceps oecophyllae is only known in its asexual (anamorphic) phase.
Previous studies (Evans and Samson 1982, 1984) have shown that this group of fungi
exhibit cells with different morphologies, including the hyphal bodies (Plate ? Fig 2 E-G).
Inside these cells, there are vacuoles may function as fat reserves to boost further
germination, which always occurs a few hours after the host’s death. In O. unilateralis
species, the fungus then burst through the sutures and joints, forming the sexual stage. But,
the fungus could just produce such structures if the hyphal bodies are there to provide
energy. But that’s not the case.
Most infected Oecophylla smaragdina were collected without the gaster, exactly
the region where the hyphal bodies grow abundantly (see chapter 5, Figure 2). Thus, our
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hypothesis is that the aggressive behavior of the ants lead the workers to remove their
siblings gaster, in an effort to “clean up” the leaf. Thus, this fungal species was “castrated”
along its evolutionary history, just producing mitotic spores (conidia) on primitive
sporodochia with no recombination. This lack of genetic plasticity would make difficult
for this lineage of Ophiocordyceps to adapt its enzymatic apparatus for a new host, creating
then an “Evolutionary Dead-End”.
In addition, in the case of Ophiocordyceps oecophyllae and Oecophylla
smaragdina we can discard the “Host Relatedness Hypothesis”. Oecophylla is a genus on
the sub-family Formicinae composed by just two species, Oe. Smaragina (Asia and
Oceania) and Oe. Longinoda (Africa). Thus, the host jump from one Oecophylla species
to another seems very unlikely.

Conclusion

In this study we provided, for the first time, the relationships between Ophiocordyceps and
Formicidae from a phylogenetic perspective. Our data shows that there were two major
lineages of myrmecophyly on Ophiocordyceps, one composed by Hirsutelloid species (O.
unilateralis core clade, O. kniphofioides sub-clade and O. oecophyllae) and the other
Hymenostilboid species (sub-genus Neocordyceps). We suggest different evolutionary
pathways across the clades, varying from coevolutionary (O. unilateralis core-clade) to
recent host jumpings between ant genera (O. kniphofioides sub-clade and Neocordyceps).
We found that O. oecophyllae is an early divergent lineage from O. unilateralis core clade,
exhibiting common traits like anamorph and behavior manipulation, that apparently
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correspond to an “Evolutionary Dead-End” among the Myrmecophilous Ophiocordyceps.
This chapter objective is to pave the way for further studies in order to better understand
the evolutionary history between Ophiocordyceps and ants.
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O. unilateralis core clade

O. kniphofioides sub-clade

Neocordyceps clade
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Figure 9. Ophiocordyceps vs. Formicidae phylogeny. Ophiocordyceps phylogeny
generated with RAxML with 4 loci (SSU, LSU, tef and RPB1). The tree is color coded
according to the host association (legend on left). Node 1 represents the origin of the genus
Ophiocordyceps as a beetle larva pathogen, node 2 shows an isolated Myrmecophilous
species (Paraisaria myrmicarum) infecting Myrmica rubra in UK. Node 3 is assigned to
the first origin of myrmecophyly in Ophiocordyceps, named as Hirsutelloid
Myrmecophilous species. Node 4 represents the second origin or myrmecophyly in
Ophiocordyceps within the sub-genus Neocordyceps (Hymenostilboid clade). Node 5
shows a transition from Vespidae pathogen, back to Formicidae. The arrows represent host
association of each species of Myrmecophilous Ophiocordyceps. Ant tree from Moreau
and Bell (2013).
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Figure 10. Circular Phylogeny of Ophiocordyceps showing the host genera associated with
each clade. Blue is Neocordyceps, O. kniphofioides sub-clade in orange, O. oecophyllae in
green and O. unilateralis core clade in red.
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Chapter 8
Future Directions and Conclusions

In Chapter 1, I introduced how broad is the association between Fungi and Insects, with emphasis
on Ophiocordyceps, especially the species infecting ants. On Chapter 2, I detailed the diversity of
morphologies and ecologies on entomopathogenic fungi, providing comprehensive Chapter and
introducing the reader to the myriad of life styles among entomopathogens and its host
associations. Chapter 3 was focused on the morphological diversity within myrmecohpilous
Ophiocordyceps with special attention on spore and anamorph diversity. Chapter 4 was the starting
point to understand the diversity of Myrmecophilous Ophiocordyceps, specifically the species
occurring in the Brazilian Amazon. Chapter 5 went deeper on the Ophiocordyceps diversity in the
Amazon, but was also the most comprehensive study on biodiversity of Myrmecophilous
Ophiocordyceps in a global scale where I described species from four different continents. Chapter
6 explored the plasticity shaped along the evolutionary time regarding the behavior manipulation
by Ophiocordyceps, framed in a phylogenetic perspective. In Chapter 7, I started to build the
foundations for co-phylogenetic studies between Ophiocordyceps and its ant hosts and for a better
understanding of the evolutionary history of these two group of organisms.
Following the “zombie-ant fungi” story, along my collections across different
countries, I realized that that are indeed another species complexes within Ophiocordyceps and
Cordyceps. I have always collected interesting material infecting other types of hosts during the
fieldwork for Ophiocordyceps-infected ants. There examples of complexes of species infecting
Diptera (i.e. O. dipterigena complex), Coleoptera (O. curculionum complex), Vespidae (O.
sphecocephala and O. humberti complexes), Lepidoptera (Cordyceps tuberculata), among others.
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In the Figure 8.1, I present the preliminary data for Cordyceps tuberculata infecting
moths in Brazilian Amazon and Ghana. According to the phylogeny we can see that the samples
tend to form clades, different from each other regarding host and morphology. Our future studies
will further investigate the relationship between these infected moth species and their
Ophiocordyceps pathogens, always combining both morphological and phylogenetic data as done
in the case of Myrmecophilous species.
The Figure 8.2 shows the preliminary data for wasp pathogens. Ophiocordyceps
humberti is apparently composed by several species infecting Agelaia centralis, A. constructor, A.
fulvofasciata, A. ornate, A. pallipes, A. testacea, A. vicina, Mischocyttarus araujoi, M.
parallelogrammus, Polybia depressa, P. dimidiate, P. rejecta and Pseudopolybia vespiceps. Our
goal here will be the same as for O. unilateralis complex, understand and document their diversity,
ecological adaptations, natural history and evolutionary relationships with their hosts. Further
morphological examinations coupled with phylogenetic approaches will help to untangle another
complex within Ophiocordyceps, but now infecting other hosts, not just ants.
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Figure 8.1. Cordyceps tuberculata group, a still unknown complex of species.
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Figure 8.2. Ophiocordyceps humberti clade. A close related clade to O. unilateralis that also alter the host behavior and present several
similarities to their Myrmecophilous relatives. Such as anamorph and ascospore morphology.
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Abstract
Based

on

circumstantial

evidence,

the

type

of

Ophiocordyceps

unilateralis

(Ophiocordycipitaceae: Hypocreales) is considered to have been described from an effete
specimen collected on the golden carpenter ant Camponotus sericeiventris (Camponotini:
Formicinae) in Brazil. Because the holotype is no longer extant and the original description lacks
critical taxonomic information, a new type from Minas Gerais State of south-east Brazil is
designated herein. A re-description of the fungus is provided and a new phylogenetic tree of the
O. unilateralis clade is presented. It is predicted that many more species of zombie-ant fungi
remain to be described within the O. unilateralis complex worldwide, on ants of the tribe
Camponotini.
Introduction
Ophiocordyceps unilateralis (Ophiocordycipitaceae: Hypocreales) is a fungal pathogen of ants
belonging to the tribe Camponotini (Formicinae: Formicidae) with a pantropical distribution
(Evans, 2001). The fungus alters the behaviour of the ant host, causing it to move and die away
from the nest, often in an exposed position and, typically, clinging onto and biting into vegetation
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in a ‘death-grip’ (Hughes et al., 2011). This host manipulation by O. unilateralis is a particularly
spectacular and bizarre example of the extended-phenotype paradigm (Dawkins 1982, Andersen
et al., 2009; Hughes, 2013), which duly garnered the epithet, the zombie-ant fungus (Evans et al.,
2011a), and spawned considerable media coverage by the popular press and scientific magazines
alike (Kaplan, 2011; Costandi, 2012; Boddy, 2014; Pennisi, 2014). In addition, it stimulated ongoing research on the nature of the ant-fungal association, as well as on fungal phylogeny, that has
generated a wealth of information. Significant advancement has been made in understanding the
mechanisms involved at the molecular level: thus, manipulation of the ant brain by the fungus has
been ascribed to two candidate metabolites – guanobutyric acid and sphingosine – previously
implicated in neurological diseases and cancer (de Bekker et al., 2014). Using comparative
genomics and a mixed transcriptomics approach, it has also been shown that genes unique to the
fungus are up-regulated that encode for proteins known to cause neurological and behavioural
changes (de Bekker et al., 2015).
Contemporary studies have tended to use the overarching term O. unilateralis sensu lato for
the zombie-ant fungus since it has long been suspected, but only recently established, that this is a
species complex. In fact, morphological variations had been noted in collections from around the
world from a very early stage (Petch, 1924, 1931, 1933, 1935, 1937; Kobayasi, 1941; Mains, 1958;
Evans & Samson, 1984), but it was concluded that “whilst it is tempting to separate geographic
isolates (ecotypes), there is not enough evidence at the moment to conveniently divide the species
into varietal units: more information is needed concerning host specificity and the range of
variation in temperate, subtropical and tropical specimens” (Evans & Samson, 1984). Some three
decades later, Evans et al. (2011a) set out to uncover the taxonomic diversity of the newly-termed
zombie or brain-manipulating fungus, based on an examination of fresh material collected on
infected carpenter ants within a fragment of Atlantic rainforest in Brazil. Four Camponotus species
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were identified and, following a critical morphological comparison of the freshly-released
(mature) ascospores – as well as of the germination process – and of the associated asexual morphs,
four Ophiocordyceps species were delimited; leading to the supposition that “each species of the
tribe Camponotini may be attacked by a distinct species of Ophiocordyceps” (Evans et al., 2011a),
and “that there may be hundreds of species within the complex parasitizing formicine ants
worldwide (Evans et al., 2011b).1 This hypothesis would appear to be holding true based on
subsequent publications involving both morphological and molecular evidence, with six new
species being described from Thailand (Luangsa-ard et al., 2011; Kobmoo et al. 2012; Kobmoo et
al., 2015), one from Japan (Kepler et al., 2011), three from the Brazilian Amazon (Araújo et al.,
2015) and another 15 in the pipeline (Araújo et al., in press).
Significantly, however, only Kobayasi (1941) appears to have examined the type specimen –
named as Torrubia unilateralis on the Brazilian ant Atta cephalotes (Tulasne & Tulasne, 1865) –
and he noted that it “is now preserved in [the] Paris Entomological Museum [and] is immature”.
Unfortunately, attempts to obtain the type for examination of the fungus and identification of the
ant host were unsuccessful and it was concluded that the specimen was lost, leading to speculation
that this may have gone missing during the Second World War (Evans et al., 2011a). From the
latter study, and the confirmation that O. unilateralis represents a species complex, it became
necessary to designate a new type, especially since Ophiocordyceps is the type genus of the
recently-recognised family Ophiocordycipitaceae which is based on the placement of O.
unilateralis within a Bayesian consensus tree (Sung et al., 2007). Ophiocordyceps is a highly
diverse genus, with considerable pharmaceutical potential (Berenbaum & Eisner, 2008; Paterson,
2008; Molnár et al., 2010), and thus O. unilateralis is central to our understanding of this
medically-important group, as well as being considered as a keystone species for unravelling
ecosystem functioning and biodiversity of fungi in tropical forests (Evans et al., 2011b).
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In his diagnosis, Tulasne described the unilateral position of the fleshy, hemispherical, fertile
stroma on the stipe, but failed to provide details of the asci or ascospores, nor did these structures
appear in the accompanying illustration by his brother, Charles (Tulasne & Tulasne, 1865). This
supports the statement of Kobayasi (1941) that the type was effete. Theoretically, the illustration
could still stand as the type but, because no original material is extant (Ariyawansa et al., 2014) –
and, particularly since morphological data are lacking – Evans et al. (2011a) elected to select a
neotype based on the supposition that the ant host representing the type is the golden carpenter ant
Camponotus sericeiventris, with its distinctive pronotal plate, and not the leafcutter Atta
cephalotes, which is a myrmicine ant having no historical association with O. unilateralis (Evans,
2001). Cooke (1892) used the same illustration to re-describe the so-called ‘one-sided ant club’,
with additional information that the fungus had been “collected by Trail in Brazil”. This specimen
is in the RBG Kew herbarium and was found by the English naturalist J.W.H. Trail in 1874 in the
Brazilian Amazon, which was examined by Massee (1895) who reported it to be on the same ant
species as the type. However, we consider that the type specimen of O. unilateralis was more
likely to have been collected in south-east Brazil – where several European naturalists were based
in the 1860s – and from where the type of Camponotus sericeiventris originated (GuérinMéneville, 1838).
Neotypification has been delayed until now because all the targeted collections of infected C.
sericeiventris from Atlantic rainforest in south-east Brazil proved to be immature (Evans et al.,
2011a). In fact, some newly-infected specimens were marked in situ - whilst others were harvested
and incubated in the laboratory – to monitor progress, but none developed to maturity. The present
paper is the result of the discovery of a specimen with fertile stromata, from the same region of
Brazil (Zona da Mata Mineira), enabling a full description of the species, as well as a phylogenetic
analysis.
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Materials and methods
Field collection
Collecting was concentrated in a vestige of secondary Atlantic rainforest near Viçosa, Minas
Gerais, south-east Brazil where ad hoc surveys for zombie-ant fungi had been carried out
previously (see Evans et al., 2011a). Although Camponotus sericeiventris is relatively common in
this habitat, it is confined mainly to open, heavily-disturbed areas and the incidence of infected
ants was low. All the initial collections proved to be immature and it was decided to follow
progress in situ by flagging specimens and monitoring development of the ascostromata through
weekly observation. However, none of the five tagged specimens survived, due to predation and
loss through heavy rain. Several more specimens were bagged but were spoiled by run-off water
following storms. Finally, several more immature specimens were harvested together with the
vegetation, transferred to a humid chamber in a greenhouse at UFV – with an 8-hour misting/16hour dry regime – and monitored. Asexual morphs developed successfully but, because
ascostromatal development was slow, the specimens were overgrown by opportunistic fungi
before maturation was complete. The taxonomy of the asexual morphs is based on these paratype
specimens and the neotype is from another area of Atlantic rainforest.
DNA extraction, PCR and Phylogenetic analyses
The molecular studies in this study were conducted according to Araújo et al. (2016), described
below: The DNA templates were obtained directly from two specimens of O. unilateralis infecting
Camponotus sericeiventris (I14-1369A/I14-1369B) that were collected in the field and dried in
silica to avoid the growth of opportunistic fungi. For DNA extraction, the ants were dissected and
the fungal content within their abdomens were placed in 1.5 ml Eppendorf tubes with 100–200 µl
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of CTAB and ground mechanically. Then, added 400 µl of CTAB and incubated at 60ºC for 20
min and centrifuged for 10 min at 14,000 rpm. The supernatant (approx. 400µl) was transferred to
a new 1.5 ml Eppendorf tube, mixed with 500 µl of 24:1 Chloroform:Isoamyl-alcohol (Sigma) and
mixed by inverting. The mix was then centrifuged for 20 min at 14,000 rpm and the supernatant
transferred to a new 1.5 ml Eppendorf tube and further cleaned using the GeneCleanIII kit (MP
Biomedicals), following Araújo et al. (2016) modifications.
Four loci were used in the analyses, i.e. small subunit nuclear ribosomal DNA (SSU), large subunit
nuclear ribosomal DNA (LSU), translation elongation factor 1-α (tef) and the largest subunit of
RNA polymerase II (RPB1) with a total read length of 3795 bp. The primers used were, SSU: NS1
(GTAGTCATATGCTTGTCTC) and NS4 (CTTCCGTCAATTCCTTTAAG) (White et al. 1990);
LSU: LR0R (5’-ACCCGCTGAACTTAAGC-3’) and LR5 (5’-TCCTGAGGGAAACTTCG-3’)
(Vilgalys and Sun, 1994); tef: 983F (5’-GCYCCYGGHCAYCGTGAYTTYAT-3’) and 2218R
(5’- ATGACACCRACRGCRACRGTYTG-3’); RPB1: (5’-CCWGGYTTYATCAAGAARGT3’) (Castlebury et al. 2004) and RPB1Cr_oph: (5’-CTGVCCMGCRATGTCGTTGTCCAT-3’)
(Araújo et al. 2016).
To amplify the target loci, each 25µl-PCR reaction contained 4.5 µl of Buffer E (Premix E –
Epicentre) 0.5µl of each forward and reverse primers (10 mM), 1 µl of DNA template, 0.1 Platinum
Taq Polymerase (Invitrogen) and 18.4 µl of Ultra Pure Distilled Water (Gibco). The PCR reactions
were placed in a Biometra T300 thermocycler under the following conditions: for SSU and LSU
(1) 2 min at 94 ºC, (2) 4 cycles of denaturation at 94 ºC for 30 s, annealing at 55 ºC for 30s, and
extension at 72 ºC for 2 min, followed by (3) 35 cycles of of denaturation at 94 ºC for 30 s,
annealing at 50.5 ºC for 1 min, and extension at 72 ºC for 2 min and (4) 3 min at 72 ºC. For tef and
RPB1(1) 2 min at 94 ºC, (2) 10 cycles of denaturation at 94 ºC for 30 s, annealing at 64 ºC for 1
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min, and extension at 72 ºC for 1 min, followed by (3) 35 cycles of of denaturation at 94 ºC for 30
s, annealing at 54 ºC for 1 min, and extension at 72 ºC for 1 min and (4) 3 min at 72 ºC. Each 25
µl PCR reaction was cleaned by adding 3.75 µl of Illustra ExoProStar enzymatic PCR clean up
(1:1 mix of Exonuclease I and Alkaline Phosphatase) (GE Healthcare Life Sciences), incubated at
37 ºC for 1 hour and 80 ºC for 15 min in the thermocycler. The clean PCR products were sequenced
by Sanger DNA sequencing (Applied Biosystems 3730XL) at Genomics Core Facility service at
Penn State University.
Phylogenetic analyses
The raw sequence reads were edited manually using Geneious version 8.1.8 (Kearse et al.,
2012). Individual gene alignments were generated by MUSCLE (Edgar, 2004). The alignment of
every gene was improved manually, annotated and concatenated into a single combined dataset
using Geneious version 8.1.8 (Kearse et al., 2012). Ambiguously aligned regions were excluded
from phylogenetic analysis and gaps were treated as missing data. The final alignment length was
3795 bp – 1071 for SSU, 961 for LSU, 1011 for tef and 752 for RPB1. Maximum likelihood (ML)
analysis was performed with RAxML version 8.2.4 (Stamatakis, 2006) on a concatenated dataset
containing all five genes. The dataset consisted of 8 data partitions, these included one each for
SSU and LSU, and three for each of the three codon positions of the protein coding genes, tef and
RPB1. The GTRGAMMA model of nucleotide substitution was employed during the generation
of 1,000 bootstrap replicates. The sequences generated for this study were deposited in Genbank
(Table 1).
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Results
Taxonomy
Ophiocordyceps unilateralis (Tul.) Petch, Trans. Br. Mycol. Soc. 16: 74 (1931) emend. H.C.
Evans, D.P. Hughes & Araújo (Figs. 1-2)
= Torrubia unilateralis Tul., Sel. Fung. Carp. III: 18 (1865)
= Cordyceps unilateralis (Tul.) Sacc. Syll. Fung. 2: 570 (1883)
Other synonyms – Torrubia formicivora Schroet., Cordyceps formicivora (Schroet.) Sacc., C.
ridleyi Massee and C. subunilateralis Henn. – have been noted by various authors (Petch, 1933;
Mains, 1958; Evans & Samson, 1984; Sung et al., 2007): however, because the ant hosts are not
identified and the collecting localities of some are outside the geographic range of Camponotus
sericeiventris, these can no longer be considered to be synonymous with O. unilateralis sensu
stricto. Examination of the types, and identification of the Camponotus species involved, will be
necessary to clarify their taxonomic status.
External mycelium sparse, pale brown; emerging from sutures on body and legs. Clava stromatal,
solitary, arising from the dorsal pronotum; cylindrical,brown and hirsute at the base. Ascostroma
produced unilaterally, almost encircling the clava; hemisphaerical, 1.5-1.7 x 0.8 µm, dark brown,
with roughened surface due to prominent perithecial necks. Ascomata partially erumpent, flaskshaped, 200-250 x 140-160 µm. Asci 8-spored, hyaline, cylindrical, (90-) 95-125 x 6-8 (-9) µm,
swollen centrally tapering to a distinct foot and apical cap region (5-6 x 4-5 µm). Ascospores
multiserriate, hyaline, thin-walled, filiform, (70-) 75-85 x 2-2.5 µm, 4-5 septate; curved, tapering
at both ends.
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Neotype: on Camponotus sericeiventris (Guérin-Méneville) (Formicinae: Formicidae), on shrub
leaf, Paraibuna river, Juiz de Fora, Minas Gerais, Brazil, 700-800 m, August 2014, V.R. Halfeld,
I14-1369 (type VIC).
Additional specimens examined: all on Camponotus sericeiventris, on shrub leaf, Mata do
Paraíso, 700 m, Viçosa, Minas Gerais, Brazil; 26 April 2010, H.C. Evans, MAP-61 (paratype
VIC); 12 August 2012, H.C. Evans, MP-426 (paratype VIC); 7 February 2013, H.C. Evans, MP502 (paratype VIC).
Asexual morph: the asexual morph of the neotype proved to be in poor condition and this
diagnosis is based on the paratype collections.
Apical region of the stromatal clava, smooth, pinkish-brown, tapering to an acute tip; covered by
a loose to compact hymenium of scattered to dense phialides. Phialides of two types: with a
prominent swollen base (10-12 x 3-3.5 µm), tapering abruptly to a thin neck region (12-15 x 0.51.0 µm), producing hyaline, guttulate, limoniform conidia (6.5-8 x 2-2.5 µm), apically (Hirsutella
A-type, Evans & Samson, 1984); with a cylindrical base (14-16 x 2.5-3 µm), tapering gradually
to a long neck (45-50 µm), 1 µm at the tip, producing solitary, hyaline, cylindric-fusiform conidia
(8-11 x 2.5-3 µm), with a rounded apex and truncate base (Hirsutella B-type). Hirsutella B-type
also produced separately in loose, brown sporodochia arising from the leg joints.
Cylindrical, pinkish-brown synnemata may also arise separately from the body and legs
forming both A- and B-type phialides within the same hymenium (Fig. 2). The latter characteristic
distinguishes O. unilateralis from all the other zombie-ant species described, thus far, in which,
typically, the A-type phialides are produced in a compact hymenium at the tip of stromatal clava
or on separate synnemata. This was named much later as Hirsutella formicarum on specimens
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from Guyana (Petch, 1935): however, the description matches that of the Hirsutella B-type
(conidia 9-11 x 2 µm), rather than the significantly smaller, limoniform conidia described by
Kobayasi (1941), as well as by Petch (1924) from Asian collections. This led Mains (1951) to
question the validity of H. formicarum: “it hardly seems possible that these are all conidial stages
of Cordyceps unilateralis”. We can now begin to understand why there was this disparity in the
asexual morphs collected on different and geographically-separated ant hosts, as highlighted by
subsequent publications (Evans & Samson, 1984; Rombach & Roberts, 1989). Evans & Samson
(1984) also illustrated the asexual morph collected on C. sericeiventris in Honduras and showed
that both A- and B-phialides occurred together on the same synnema; although the taxonomic
significance of this character was overlooked. The majority of this Honduran collection (~70
specimens) comprised infected ants exhibiting both the A- and B-asexual morphs described herein.
These were found around the base of tropical forest trees whilst others were located in the classic
death-grip on nearby shrubs. The latter specimens were reported to have only the A-asexual morph,
with morphologically distinct phialides and conidia (Evans & Samson, 1984). The explanation for
this variability of the fungus within a single ant species may lie in the recently-confirmed
classification of C. sericeiventris into five subspecies, three of which have a purely Mesoamerican
distribution (Bolton et al., 2007). Evidently, therefore, pathogen-host specificity may be even more
complex than previously envisaged, but this will only be clarified by more comprehensive
collections of infected C. sericeiventris from the Neotropics, specifically from Central America.
We are confident however that the neotype named here is on C. sericeiventris sericeiventris, whilst
it is possible that novel species of Ophiocordyceps remain to be discovered on the five subspecies.
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Phylogenetic relationships
Our results corroborate previous studies regarding the monophyly of Ophiocordyceps unilateralis
core clade (bs=100) (Araújo et al. 2015; Sanjuán et al. 2015; Araújo et al. 2016). The clade shares
numerous apomorphic traits, including Camponotini as a host, hability to manipulate the host
behaviour, asexual morphs and production of capilliconidiospores. Besides the morphological
evidences that distinguish the Neotype proposed herein – Ophiocordyceps unilateralis s.s. –, we
also demonstrate that this species is also unique at the molecular level. Our analyses presented O.
unilateralis s.s. among the New World clade (fig.3), sister to another species from Atlantic
Rainforest, O. camponoti-rufipes (bs=75). However, within the New World sub-clade – composed
by species from Atlantic and Amazon Rainforests – there is no clustering of species according to
the region. Further studies including more species from different continents will help to resolve
the relationships within this clade.

Conclusions
With the selection and re-description of the neotype of Ophiocordyceps unilateralis, it is now
possible to construct a more meaningful phylogenetic tree for the O. unilateralis clade. Previously,
trees were constructed using a sequence of the fungus from an unidentified ant in the herbarium of
the Oregon State University (OSC 128574) (Sung et al, 2007; Evans et al., 2010; Araújo et al.,
2015; Kobmoo et al., 2015). This will be critical as more new species are identified within the O.
unilateralis complex and we begin to understand more about the intricacies of the pathogen-host
relationship. No more so than within the type of O. unilateralis on Camponotus sericeiventris, in
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which the evidence from Honduran collections suggests that different subspecies of the ant occur
within the same forest habitat and that this is reflected in different death positions of the infected
ants, as well as in morphological variation within the fungal pathogen. In order to coexist, the ant
subspecies must occupy different niches within this ecosystem and, therefore, the fungus may also
have evolved at the subspecies level with different morphological (spore forms) and physiological
(neurotoxins) traits to maximise infection.

269

Figure 1. Ophiocordyceps unilateralis, neotype (I14-1369, VIC) on Camponotus sericeiventris.
A. Showing the golden carpenter ant biting into a leaf midrib, and the clava arising from the dorsal
neck region with the unilateral ascostroma, arrow shows the sporodochium of the asexual morph
(Bar = 3 mm); inset showing details of the ascostroma (Bar = 0.8 mm). B. Section through the
ascostroma, showing the crowded, partially erumpent ascomata (Bar = 200 µm). C. Asci en masse
(Bar = 40 µm). D-E. Ascus with the prominent apical cap and foot region (Bar = 10 µm). F.
Ascospore (Bar = 8 µm).
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Figure 2. Asexual morphs of Ophiocordyceps unilateralis, based on paratype (MP-502). A.
Camponotus sericeiventris biting into midrib of shrub leaf, showing the clava emerging from the
dorsal pronotum (large arrow) and the immature ascostromata forming laterally (small arrow) (Bar
= 2.5 mm). B-C. Apical region of clava showing the A-phialides (Bar = 10 µm); D. limoniform
conidia (Bar = 7 µm). E-F. B-phialides from apical region of clava (Bar = 12 µm). G. Group of
B-phialides from sporodochium emerging from leg joint (Bar = 20 µm).
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Figure 3. Phylogeny, host association and geographic distribution of species within O.
unilateralis complex (orange clade). Ant images from www.AntWeb.org and the photographers:
April Nobile (Camponotus obscuripes, Ca. balzani, Ca. atriceps, Ca. rufipes, Dinomyrmex gigas),
Will Ericson (Ca. serivceiventris, Polyrhachis lamellidens), Estella Ortega (Ca. bispinosus),
Michael Branstetter (Colobopsis saundersi), Zach Lieberman (Co. leonardi, Po. furcata)
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