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Abstract: The myrmecophilous hirsutelloid fungi of the Ophiocordyceps unilateralis complex are common in
tropical forests around the world. They are known as zombie-ant fungi because they manipulate the behaviour of
ants, since infected ants are forced to move to specific sites in the forest, with optimal environmental conditions
Camponotini for the development of the fungus sporocarp or sporome and the release of the spores. Once there, the ants
extended phenotype grab to the substrate with their mandibles, die, and their body becomes a source of nutrients for the fungus.
funga Most of the species of the O. unilateralis complex have been described from the Neotropics and the East and
Myrmicinae Southeast Asia. However, it is likely that there are still many unknown species due to the diversity of their hosts
new taxa and different specific associations. In this study, we describe six new species of the O. unilateralis complex
from western Mexico: O. camponoti-striati, O. cephalotiphila, O. deltoroi, O. haraveriensis, O. jaliscana, and O.
pseudocamponoti-atricipis, based on morphological characters, phylogenetic analyses of DNA sequences (18S,
TEF1, RPB1, and RPB2), and ecological data. We found the following host associations: one fungus — one ant,
two fungi — one ant, and one fungus — two ants. Furthermore, we confirmed the host species of the ant genera
Camponotus and Colobopsis (Formicinae) based on morphological characters and CO/ sequences, but we also
found two species of Cephalotes (Myrmicinae) susceptible to fungal attack, challenging the paradigm that the O.
unilateralis complex is a specific parasite of Camponotini (Formicinae) ants. This study provides insights into the
evolution and host range of the Ophiocordyceps unilateralis complex in Mexico.
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INTRODUCTION (Andersen et al. 2009, Pontoppidan et al. 2009, Sanjuan et
al. 2001, Evans et al. 2011, Aradjo et al. 2020).
The whole ant body becomes a structure for spore

dispersal, as well as for protection, a source of nutrients,

Most fungal species of Ophiocordyceps (Hypocreales:
Ascomycota) exhibiting manipulative behaviour have been

found to be associated with ants. Evolution has allowed some
of their fungal genes to express an extended phenotype,
in other words, they have effects on the ants’ behaviour
(Dawkins 1982). When the spores infect and penetrate the
ant cuticle, these fungi change into a yeast-like form and
excreted metabolites in the middle of the muscle fibres of the
ants. These metabolites have the power to induce a specific
sequence of behavioural manipulation (Andersen et al.
2009, de Bekker et al. 2014, 2015, 2017, Araujo et al. 2018,
Beckerson et al. 2023). Ants are forced to die attached with
its mandibles to the leaves or other parts of the forest, where
there are good environmental conditions for the development
of the fungal stromata, which develop directly from the
host; for this reason, they were named “zombie-ant fungi”

and to ensure reproductive success (Andersen et al. 2009).
Many of these manipulative species belong to the clade of
hirsutelloid myrmecophilous pathogens, which comprises the
O. unilateralis complex and the O. kniphofioides complex,
as well as O. desmidiospora and O. oecophyllae (Araujo et
al. 2018, Saltamachia & Araujo 2020). Among them, the O.
unilateralis complex is the most diverse, associated with ants
of the tribe Camponotini (Formicinae), including the genera
Camponotus, Colobopsis, Dinomyrmex, and Polyrhachis
(Tang et al. 20233, b, c).

The localized places in the environment with high density
of dead ants, which were killed by the zombie-ant fungi,
were described by de Andrade (1980), Evans & Samson
(1982), and Sanjuan et al. (2001), and called “graveyards” by

© 2025 Westerdijk Fungal Biodiversity Institute

You are free to share - to copy, distribute and transmit the work, under the following conditions:
Attribution:
Non-commercial:
No derivative works:

‘You may not use this work for commercial purposes.
You may not alter, transform, or build upon this work.

You must attribute the work in the manner specified by the author or licensor (but not in any way that suggests that they endorse you or your use of the work).

For any reuse or distribution, you must make clear to others the license terms of this work, which can be found at https://creativecommons.org/licenses/by-nc-nd/4.0/. Any of the above conditions can be
waived if you get permission from the copyright holder. Nothing in this license impairs or restricts the author’s moral rights.



204

Persoonia — Volume 55, 2025 ‘

Pontoppidan et al. (2009). Zombie-ant fungi are distributed
in patches in different sites of the forest, their density being
correlated with humidity, temperature, light, and vegetation
(Pontoppidan et al. 2009, Andriolli et al. 2019, Cardoso et al.
2019, Lavery et al. 2021, Will et al. 2022). One of the means
of dispersal of these fungi is through ascospores, which are
actively discharged from mature specimens in the graveyards
(Andersen et al. 2009). The ascospores can germinate on
the forest floor as a secondary spore, the capilliconidiospore,
giving the fungus another chance to infect (Evans et al.
2011b, Araujo & Hughes 2016). In addition, the body of the
dead ants may be covered with different hirsutelloid asexual
morphs that infect, through direct contact, those ants that
venture into graveyards (Evans et al. 2011a, Aratjo & Hughes
2017). Therefore, when the victims of the fungi congregate in
graveyards, a kind of “killing fields” are created (Andersen et
al. 2009).

The site and substrate where the ant bites before dying
are variable according to the specific extended phenotype
and the environment (Araljo et al. 2018). Loreto et al.
(2018) analysed the correlation between the biting substrate
(leaves vs twigs) in two different environments (tropical
and temperate) according to the world records of the O.
unilateralis complex. They suggested that leaf biting is the
ancestral condition and twig biting is a derived character,
which evolved independently in multiple temperate forests
due the availability of stable twigs vs leaves. The twigs last for
many seasons; therefore, they are a stable substrate for the
fungus to develop. In contrast, the leaves in deciduous trees
are lost periodically. The duration of the zombie-ant fungi in
the substrate is longer in the temperate forest, specifically on
twigs, where the complete development of the fungi occurs in
at least one year. However, the most prevalent manipulation
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observed in the O. unilateralis complex is leaf biting (Loreto
et al. 2018).

In total, 41 species have been described in the O.
unilateralis complex in temperate and tropical forests of
America, Australia, and East and Southeast Asia (Araujo et al.
2018, Tang et al. 2023a, b, c). Itis hypothesized that the origin
of this group of entomopathogenic fungi is Southeast Asia
(Hywel-Jones 2002, Evans et al. 2018, Loreto et al. 2018).
Nevertheless, it has also been suggested that hundreds of
species could exist worldwide due to the diversity of their
hosts (Evans et al. 2011b, Mackay 2019). The O. unilateralis
complex is distinguished from other fungi by the presence
of a globose to subglobose unilateral perithecial cushion on
the stroma, hirsutelloid asexual morphs with generally bottle-
shaped conidiogenous cells (phialides), and by its specific
association with the ant tribe Camponotini (Patouillard 1892,
Minter & Brady 1980, Sung et al. 2007, Araujo et al. 2018).
Systematic publications on this complex include those of
Tulasne & Tulasne (1865), Schroeter (1894), Saccardo
(1895), Petch (1924, 1931, 1934), Kobayasi (1941), Mains
(1951, 1958), Evans & Samson (1982, 1984), Sung et al.
2007, Evans et al. (2011a, b, 2018), Kepler et al. (2011),
Luangsa-ard et al. (2011), Kobmoo et al. (2012, 2015, 2019),
Araujo et al. (2015, 2018), Sanjuan et al. (2015), Crous et al.
(2016), Lin et al. (2020), Saltamachia & Araujo (2020), Wei
et al. (2020), Tang et al. (2023a, b, c), and Lu et al. (2024).

According to the review by Loépez-Rodriguez et al.
(2023), there are no records of the O. unilateralis complex
from Mexico. The purpose of this work was to describe six
new species of hirsutelloid myrmecophilous fungi of the
O. unilateralis complex found in tropical forests in western
Jalisco, Mexico, based on molecular phylogeny and
morphological, ecological, and distribution data. Furthermore,
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Fig. 1. Distribution of zombie-ant graveyards in the study location, in tropical forests surrounding and into the Haravéri Botanical Garden, close
to the village La Estancia de Landeros, municipality of San Sebastian del Oeste, Jalisco state, western Mexico. Each colour means a different
species of Ophiocordyceps. The holotypes are marked with a red cross and the specimen number of C.E. Ballesteros-Aguirre in red.
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the evolutionary relationships of the Mexican members of O.
unilateralis complex and its host are discussed here.

MATERIAL AND METHODS
Sampling

The sampling was carried out in tropical forests surrounding
and into the Haravéri Botanical Garden, inside of the buffer
area in the biosphere reserve Sierra de Vallejo-Rio Ameca
(CONANP 2023), municipality of San Sebastian del Oeste,
Jalisco state, western Mexico. We sampled during the dry
and rainy seasons in intervals of 45 d approximately, from
December 2020 to October 2021. A survey of zombie-ant
graveyards (epizootics) was carried out in three types of
forests: tropical montane cloud forest (TMCF), gallery forest
(GF), and subdeciduous tropical forest (SDTF), according to
the classification of Rzedowski (2006) (Fig. 1). We sampled
in detail the different substrates where the ants die: leaves,
stems, twigs, branches, trunks, base of plants, and base of
rocks, from the ground up to 3 m high. The distance between
the closest and the furthest zombie-ant fungus to the forest
floor was recorded in each graveyard.

For each of the six morphotypes of the O. unilateralis
complex, 2 to 10 zombie-ant graveyards were selected; in
total, 37 graveyards were sampled. The collection of several
individuals of zombie-ant fungi, of a certain species in each
graveyard, and collected on the same date was considered a
specimen, according to article 8.2 of Shenzhen code (Turland
et al. 2018). Specimens were photographed in situ with an
electronic tablet, a digital EOS R7 Canon camera, macro
lens, and led lamps. Multiple individuals of each specimen
were selected for DNA extraction, microscopy study, and
ascospore germination. To obtain mature ascospores
and germinate them, the most vigorous specimens with
perithecial cushions in each morphotype were separated and
kept in previously sterilized humid chambers, held in place
with Vaseline on top of a slide, inside Falcon® tubes [instead
of plastic Petri dishes with distilled water agar or potato
dextrose agar (PDA)], modified from Araujo et al. (2018).
The humid chambers were secured inside a plastic shipping
container and checked one week later. The specimens were
deposited in the collection of fungi of the IBUG Fungarium
of the Instituto de Botanica, Universidad de Guadalajara,
Zapopan, Jalisco, Mexico (Table S1 https://doi.org/10.6084/
m9.figshare.29094056). Additionally, apparently healthy ants
were collected in each graveyard and preserved in 96 %
undenatured ethyl alcohol (Table S2 https://doi.org/10.6084/
m9.figshare.29094056).

Morphological studies

Macromorphological characters of both fungi and hosts were
examined under a dissecting microscope (Carl Zeiss Stemi
SV6, Germany) and micromorphological characters of fungi
in an optical microscope (Carl Zeiss Axio Scope, Germany).
ZEN v. 2.3 software was employed for taking measurements
and photographs. The photographs were processed with
CombineZP software for an extended depth of field (Hadley
2010, Brecko et al. 2014), and edited in Adobe lllustrator®.
Fungi were cut freehand with razor blades and tweezers,

hydrated with water or 70 % ethyl alcohol, and mounted on
slides in 3 % KOH (Guzman et al. 2001), or stained with Congo
red (Steensma 2001). The slides were observed in the optical
microscope to make the descriptions of the characteristics
of the mycelia, stromata, perithecial cushions, perithecia
(= ascomata), asci, ascospores, capilliconidiophores,
capilliconidia, phialides, and conidia (Evans & Samson 1982,
1984, Araujo et al. 2018). For the descriptions of the asexual
morphs, we followed the Hirsutella types described by Evans
et al. (2011a), specifically A and C (Fig. 2F, G).

A careful inspection of the slides of the humid
chambers was carried out 1 wk after the specimens were
obtained in the field; the presence of mature ascospores,
capilliconidiophores, capilliconidia, or mycelium was reported.
The positive samples were fixed with lactophenol (Maneval
1936) and deposited in the collection of fungi at IBUG. For
the morphological comparison with other species of the O.
unilateralis complex, 30-50 measurements were made in
each mentioned taxonomic character (Table S1).

Non-parasitized ants were mounted on entomological pins
and deposited in the entomological collection CZUG of the
Centro de Estudios en Zoologia, Universidad de Guadalajara
(Fig. 2, Table S2). The following were consulted for their
determination: Pergande (1896), Wheeler (1931), Mackay &
Mackay (1989, 2018), de Andrade & Baroni Urbani (1999),
Palacio & Fernandez (2003), Vasquez-Bolafios (2011, 2015),
Mackay (2019), AntCat (Bolton 2024), AntMaps (Janicki et
al. 2016, Guénard et al. 2017), AntWeb (2023), and AntWiki
(2023).

DNA extraction, PCR, and sequencing

All samples were collected in their natural environment.
For DNA extraction, samples of stroma and the fungal
pseudosclerotium from inside the gaster of the parasitized
ants were obtained in the laboratory by dissecting the ant’s
abdomen; the fungi were cut with a new razor blade and the
help of tweezers under stereoscopic microscope to avoid
the presence of contaminants (e.g., other fungi, lichens or
mosses). The samples were frozen in an ultra-freezer at
approximately -70 °C and pulverized with metallic spheres
in a TissueLyser Il (Qiagen, Germany). Total genomic DNA
was extracted using a modified salt-extraction method with 1
% PVP (Aljanabi & Martinez 1997). Four loci were amplified
through PCR reactions: small subunit of the nuclear ribosomal
DNA (18S), translation elongation factor 1-a (TEF1), and the
largest and second largest subunits of RNA polymerase Il
(RPB1 & RPB2). The primer pairs used were for 18S: NS1/
NS4 (White et al. 1990), TEF1: 983F/2218R, RPB1: CRPB1/
RPB1Cr_oph (Castlebury et al. 2004, Araujo et al. 2018),
and for RPB2: fRPB2-5f/fRPB2-7cR (Liu et al. 1999). Each
54.15 pL amplification reaction contained 35 pL of PCR-grade
water, 6 yL of 10x Taq reaction buffer without MgClI2, 3 pL of
50 mM MgClI2, 3 yL of 5 mM dNTP, and 3 pL of 2 pg/uL Bovine
Serum Albumine, then 1 yL of each 10 mM primer, 2 uL of
DNA template, and 0.15 pL Platinum™ Tag DNA Polymerase
High Fidelity (5 U/uL) were added. End concentrations of the
PCR reagents were 1.1x Taq reaction buffer without MgCl2,
2.7 mM MgCI2, 0.3 mM dNTP’s, 0.1 pg/uL BSA, 0.18 uM of
each primer, and 0.01 U/uL Tag DNA Polymerase. A Swift
MaxPro thermocycler (Esco) was used under the following
PCR conditions for each region: 94 °C for 3 min, 35 cycles at
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Fig. 2. Structures considered here in the microscopic study of Ophiocordyceps unilateralis complex. A. Perithecia (= ascomata). B. Ascus. C.
Ascospore. D. Germinated ascospore in capilliconidiophore (left arrow) and capilliconidium (right arrow). E. Germinated ascospore in somatic
hyphae. F. Hirsutella type A present in the stromal apex and in the synnemata (blue dotted line), phialides (left arrow) and conidia (right arrow). G.
Hirsutella type C present on stromal base, different parts of the ant, the surface of perithecial cushions, and the external mycelium that adheres

the ant to the substrate (red dotted line), phialides (left arrow) and conidia (right arrow).
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Fig. 3. Phylogenetic relationships of the Ophiocordyceps unilateralis complex and other species of Ophiocordyceps based on 18S, TEF1, RPB1,
and RBP2. The topology from ML analyses is shown. The bar indicates the rate of nucleotide substitution. The support values correspond to
Bl and ML analyses. Only PP = 0.95 and maximum likelihood BS = 70 % are shown. Sequences generated in this work are in bold. Holotypes
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94 °C for 30 s, 55 °C (18S and RPB2), 52 °C (TEF1), or 47
°C (RPB1) for 1 min, 72 °C for 2 min, and a final extension
at 72 °C for 10 min. The PCR products were separated by
electrophoresis in 1.5 % agarose gels with GelRed Nucleid
Acid Stain 10000% (Biotium, USA) in water and visualized in
an Amersham Imager 600 (General Electric Company, USA).
The PCR products were purified with GFX columns (Qiagen,
Germany) or with ExoSAP-IT (Applied Biosystem, Lithuania),
following the protocol recommended by the fabricant. We
performed Sanger sequencing at the University of Arizona
Genetics Core. The DNA sequences were visualized and
manually edited, when necessary, in ChromasPro v. 2.1.10
(Technelysium 1996). To ensure that the sequences of fungi
and ants belong to the corresponding genus, BLAST® was
employed (Altschul et al. 1990). The new sequences were
deposited in NCBIs GenBank nucleotide database (Sayers
et al. 2022), and accession numbers are indicated in Table 1.

Phylogenetic analyses

We constructed four matrices with DNA sequences, one for
each locus (18S, TEF1, RPB1, and RPB2), from the species
of the O. unilateralis complex and related hirsutelloid fungi
(Hirsutella clade based on Tang et al. 2023a). Sequences
not generated in this study were obtained from GenBank
(Table 1). Ophiocordyceps dipterigena was selected as
outgroup (Tang et al. 2023a). Each matrix was analysed
separately with Maximum Likelihood (ML) to test for strongly
supported gene conflict and then, if there was no conflict, all
of them were concatenated into a single super matrix. The
matrices were constructed in PhyDE® v. 0.9971 (Mdller et
al. 2005) and aligned with MUSCLE v. 3.8.31 (Edgar 2004).
The final alignment included 139 taxa and 3816 positions
after removing ambiguous positions, due to insertions or
deletions, and the beginning and end of the alignment. The
reading frame was adjusted manually. Concatenated dataset
consisted of 10 data partitions: one for 18S (1026 bp) and
three for each of the codon positions (1%, 2", and 3") of the
three protein-coding genes: TEF1 (1028 bp), RPB1 (668
bp, without the intron that was removed), and RPB2 (1091
bp). The phylogenetic inference analyses were performed
with computational resources from CIPRES (Miller et al.
2010). The ML analyses were performed in RAXML v. 8.2.12
(Stamatakis 2014) on XSEDE (Towns et al. 2014), with the
GTRGAMMA+| model of nucleotide substitutions and 1000
bootstrap replicates (BS). Bayesian inference (BI) analyses
were performed with MrBayes v. 3.2.2 (Ronquist et al. 2012)
on XSEDE with GTRGAMMA+I model. Two independent
runs of 10 M generations were made, which were sampled
every 1000, and 25 % of the trees generated were discarded.
The remaining trees were used to create a consensus tree.
Convergence of Markov Chains Monte Carlo (MCMC) was
evaluated by analysing the effective sample size in Tracer
v. 1.7.2 (Rambaut et al. 2018). Only branches with = 70 %
of BS support and posterior probabilities (PP) = 0.95 were
considered significant, according to Leaché & Reeder (2002).
The trees were visualized in FigTree v. 1.4.4 (Rambaut 2018)
and edited with Adobe lllustrator®. Alignments were submitted
to Figshare (https://doi.org/10.6084/m9.figshare.29094056).
In the phylogenetic tree (Fig. 3), the extended phenotype
of the fungi (i.e., the place where the ants die) is also
indicated for each species. This information was taken from

the literature or from direct observations on the species
described here. We use the following classification: “leaves”
when ants die biting the leaves of any kind of plant, “green
twigs” on non-woody plants, “twigs” on the bark on twigs,
“bark” when they die biting the base or trunk of trees, inside
logs, or even on bark cover with lichens or mosses, and
“rocks” if the ants die directly at the base of rocks.

RESULTS
Phylogenetic relationships

The topologies of the phylogenetic trees were similar in
Bl and ML analyses; Fig. 3 shows ML topology. The ant
pathogenic clade was well-supported (PP = 1, BS = 86
%); the Ophiocordyceps kniphofioides complex formed a
distinct but unsupported lineage, and O. desmidiospora
and O. oecophyllae are early-diverging lineages relative to
the O. unilateralis complex. The O. unilateralis complex was
recovered with good support (PP = 1, BS = 97 %), and two
major subclades were recovered within it: subclade 1 (PP =
1, BS = 86 %) formed with mostly American species, and
subclade 2 (PP = 1, BS = 84 %), with mostly Asian species.
Phylogenetic analyses showed six distinct clades clustered
in subclade 1, corresponding to six new taxa, separated from
other American species; three of them with high statistical
support (PP = 1, BS = 100 %), two only supported with BS
(97 or 98 %), and one without support, which is the case of
the O. pseudocamponoti-atricipis clade. The latter species
was found to be a sister species of O. camponoti-atricipis,
but this relationship was also not supported.

Regarding the extended phenotype, in subclade 1, most
ants died on leaves or bark. In the case of the Mexican
species, almost all were found on bark, although O.
camponoti-striati, O. haraveriensis, and O. jaliscana also
died on twigs. Interestingly, O. deltoroi and O. haraveriensis
also manipulate ants to die on the base of rocks. On the
other hand, O. pseudocamponoati-atricipis was only found
on leaves. Death position on twigs is the ancestral character
state of subclade 1, since O. pulvinata has a basal position.
The subclade 2 showed bark as the ancestral character state
according to the position of O. unilateralis s. |. from Ghana
(Gh41), but in most Asian species, ants prefer to die biting
leaves. The extended phenotype when ants die biting the
bark is the ancestral state of the hirsutelloid ant pathogen
clade.

Taxonomy

Ophiocordyceps camponoti-striati C.E. Ballesteros-
Aguirre, T. Sanjuan & L. Guzman-Davalos, sp. nov. MB
859556. Fig. 4.

Etymology: The specific epithet refers to the scientific name
of the host ant species Camponotus striatus.

Typus: Mexico, west of Jalisco state, nearby Haravéri
Botanical Garden, 20°45’38.6"N, 104°57°58"W, 766 m.a.s.l.,
gallery forest, host Camponotus striatus s. |. (Formicinae:
Camponotini), minor and major workers (ants’ castes),
ants die biting twigs or branches of bushes or trees, on the
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Fig. 4. Ophiocordyceps camponoti-striati (A—-G, |-M, O-T: C.E. Ballesteros-Aguirre 993 (SC232), holotype; H: C.E. Ballesteros-Aguirre 1132;
N: C.E. Ballesteros-Aguirre 145). A. Host Camponotus sp. 1 (Camp. striatus s. |.) biting the bark of a twig with a stroma emerging between
the pronotum and head, with a perithecial cushion. B, C. Unilaterally attached perithecial cushion produced from the stroma, with ascospores
released (red arrow). D. Cross-section of the perithecial cushion showing the perithecial arrangement. E. Ascus. F. Apical region of the ascus.
G-I. Ascospores with 12-21 septa. J-N. Asexual morph Hirsutella type A. J. Stroma’s apex. K, L. Phialides. M, N. Conidia. O-S. Asexual morph
Hirsutella type C. O. Sporodochia upon the ant’s antenna. P. Phialides from the external mycelium. Q. Phialide with a conidium. R, S. Conidia. T.
Base of the stroma. Scale bars: A=1mm; B-D, O,P=100 ym; J, T=50 um; E, G, H, [, K, Q=10 pm; F,L=25um; R, S=1 uym; M, N=0.5 ym.
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bark or non-woody stems, 27 Sep. 2019, C.E. Ballesteros-
Aguirre 993 (SC232) (holotype IBUG-15426; GenBank
18S: PV745528, TEF1: PV759174, RPB1: PV759211) (see
Tables S1 & S2 for additional information). Paratypes, idem.,
C.E. Ballesteros-Aguirre 145, 146, 215 (SC123), 1132, 1282
(SC231), 1752 (SC235) (IBUG) (see Table S1 for specimen
information).

External mycelium scant to abundant, white to pale brown
with age; emerges from the ant’s intersegmental membranes,
adhering ventrally to the substrate. Stroma solitary, cylindrical
to thread-like, usually unbranched, tomentose to velutinous at
the base, velutinous after the perithecial cushion towards the
apex, black to pale brown towards the base, 7.5—-20 mm long,
150-230 ym wide at base, 100—-118 ym wide at apex, grows
dorsally between the head and dorsal pronotum. Perithecial
cushions 1-2, hemispherical, rough at maturity due to the
perithecial ostioles, black, 0.64-0.74 x 0.50-0.69 mm,
formed unilaterally on the stroma. Perithecia sub-immersed,
lageniform, neck short, 300-352 x 85—-184 ym, perpendicular
to the surface of the stroma. Asci cylindrical to clavate, base
thinned, hyaline, 125-188 x 8-12 ym, apical region 4.5-6.5
x 5-6 um, with 8 ascospores. Ascospores filiform, straight to
slightly curved, with one end slightly rounded and the other
tapering towards the end, with 12-21 septa, thin-walled,
hyaline, (94—)102—148 x 2.8-3.5(—4) pm.

Ascospore germination: It was attempted, but germination
was not achieved.

Asexual morphs: Hirsutella type A on the apical part of the
stroma. Phialides lageniform, hyaline, base 4-7(-10) x
2.4-4.5 pm, with flexuous neck, 3.5-7(—16.8) x 0.5-0.8 ym,
emerge directly from the stromal hyphae. Conidia narrow to
broad spindle-shaped, some apiculated, hyaline, 4—6.8 x 1.5—
2.5 ym, emerge from the neck of phialides. Hirsutella type C
forming brown sporodochia, emerging from intersegmental
membranes of antennae, legs, and other body parts of ants,
or directly on the external mycelium attached to the substrate.
Phialides narrowly lageniform, some sub-cylindrical, gradually
tapering into a long neck, cylindrical, flexuous, hyaline, base
(4.5-)6-21 % 2.5-6 ym, neck 15.5-28.5 x 1.2—2 ym. Conidia
cylindrical to narrowly spindle-shaped, without apicule, ends
rounded to acute, hyaline, without mucus, 13—-17 x 2.5-3 ym,
formed at the tip of the phialides.

Distribution: Only known from west of Jalisco state, Mexico.

Habitat and ecology: Tropical forests, small epizootics
in GF and TMCF. Host is an undescribed species of the
Camponotus striatus complex, here named Camponotus sp.
1. Ants die biting the bark of twigs or on non-woody stems,
scattered on shrubs and vines. Zombie-ant fungi closest to
the forest floor at a height of 45-100 cm and the farthest at a
height of 1.6—1.76 m (n = 2 ant graveyards).

Ophiocordyceps cephalotiphila C.E. Ballesteros-Aguirre,
T. Sanjuan & L. Guzman-Davalos, sp. nov. MB 859566. Fig.
5.

Etymology: The specific epithet refers to the fact that this
species of Ophiocordyceps has affinity by Cephalotes.

Typus: Mexico, west of Jalisco state, road to Haravéri
Botanical Garden, 20°45'48.3’N, 104°57'14.6"W, 857
m.a.s.l., subdeciduous tropical forest, host Cephalotes
hirsutus (Myrmicinae: Attini), minor and major workers, ants
die biting the bark on the base of trees or shrubs, sometimes
stems or branches, 24 Oct. 2020, C.E. Ballesteros-Aguirre
1216 (SC156) (holotype IBUG-15427; GenBank 18S:
PV745532, TEF1: PV759176, RPB1: PV759215, RPB2:
PV759197) (see Tables S1 & S2 for additional information).
Paratypes, idem., C.E. Ballesteros-Aguirre 1025, 1155,
1213 (SC155 & SC334), 1218 (SC157), 1219, 1223, 1257
(SC182), 1258 (SC183), 1260, 1261 (SC191), 1303 (SC333),
1305, 1322, 1323, 1324, 1325, 1326, 1327 (IBUG) (see Table
S1 for specimen information).

External mycelium scant, pale brown to reddish brown;
emerges between intersegmental membranes of legs and
mesosoma of the host, but more abundant on mandibles
and ventral area of gaster, adhering to the substrate.
Stroma solitary, cylindrical, with broadened base, gradually
acute towards the apex, frequently branched, tomentose to
velutinous at the base, velutinous towards the apex, pale
brown to black at the base, grey to purple towards the apex,
6—14 mm long, 190-550 pym wide at base, 50-75(-140) ym
wide at apex, grows dorsally between the pronotum and head.
Perithecial cushions 1-4 (or more), hemispherical, rough at
maturity due to prominent perithecial ostioles, brown to black,
0.5-1 x 0.5-1.2 mm, unilateral on the stroma. Perithecia
sub-immersed, lageniform, 183—408 x (82-)160-200 pm,
neck long, perpendicular to the surface of the stroma. Asci
cylindrical to clavate, base thinned, hyaline, (120-)144-194
X (6-)7.3—10.5 ym, apical region 3—7.5 x 4.5-5.5 pym, with 8
ascospores. Ascospores filiform, curved to sigmoidal, rarely
straight, ends sharp, with 5(-7) septa, thin-walled, hyaline,
79.5-109(—113.5) x (2—)2.5-3(-3.5) ym.

Ascospore germination: 1-3 capilliconidiophores, thread-like,
straight, (22.5-)37-79 x 1-1.5 ym; each capilliconidiophore
bearing a single capilliconidium, ovoid to allantoid, narrowing
apically, smooth-walled, hyaline, covered with mucus, 6-10
x 2—4 uym.

Asexual morphs: Hirsutella types A and C on the same
hymenium, in main stroma and in synnemata. Synnemata
cylindrical, simple or branched, emerge from the external
mycelium of the gaster and on the body of the ants. Hirsutella
type A on the apical part of the stroma, after the perithecial
cushion or towards the apex on synnemata. Phialides
lageniform, hyaline, base (3.5-)4.5-11 x 2.5-4.5 ym, neck
flexuous, 6-12.5 x 0.5-1 pm. Conidia fusiform, with or
without apiculus, hyaline, 4.5-8.5(-10) x 1.5-3.2 ym, emerge
from the neck of the phialides. Hirsutella type C at the base
of the stroma, gradually disappearing as the presence of
Hirsutella type A phialides increases towards the apex; also
forming brown sporodochia that emerge from intersegmental
membranes of antennae, legs, and sometimes on other body
parts of the ants or on the surface of the perithecial cushions.
Conidiophores of variable complexity. Phialides narrowly
lageniform, some sub-cylindrical, gradually tapering into a
long neck, cylindrical, flexuous, hyaline, base 7.5-17(-19.5)
x 2-4(-5.5) ym, neck 12-32(-38) x 0.5-1(-2) ym. Conidia
cylindrical to narrowly spindle-shaped, without apicule, ends
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Fig. 5. Ophiocordyceps cephalotiphila (A, E, F, H, J, O-Q, S-U, W-Y: C.E. Ballesteros-Aguirre 1216 (SC156), holotype; B-D, R, V: C.E.
Ballesteros-Aguirre 1213 (SC155 & SC334); G, I: C.E. Ballesteros-Aguirre 1155; K: C.E. Ballesteros-Aguirre 1327; L-M: C.E. Ballesteros-Aguirre
1326; N: C.E. Ballesteros-Aguirre 1325). A, B. Hosts Cephalotes hirsutus and Ceph. goniodontus (both major workers), biting the bark at the
base of a tree with a stroma emerging between the pronotum and head, with a perithecial cushion. C, D. Unilaterally attached perithecial cushion
produced from the stroma. E. Cross-section of perithecial cushion showing the perithecial arrangement. F, G. Asci. H, I. Apical region of the asci.
J, K. Ascospores with five septa one week after being released on a slide in a humid chamber. L. Ascospore germinating in a capilliconidiophore,
one week after being released on a slide in a humid chamber. M, N. Close-up of the capilliconidium, M. with mucus around it, N without mucus
after being stained. O-R. Asexual morph Hirsutella type A. O. Phialides and conidia from the stromal apex. P. Phialide with conidium. Q, R.
Conidia. S-Y. Asexual morph Hirsutella type C. S. Phialides from the stromal base. T. Phialide from the stromal base, with conidium. U, V, Y.
Conidia. W. Unilateral perithecial cushion and ant’s body with phialides and conidia (red arrows). X. Phialides from the perithecial cushion. Scale
bars: A, B=1mm; C, D, W =250 ym; E =100 pm; O, S=50 ym; F, G, J-L=10 pm; H, I, M\, N, T, X =2.5 ym; P-R, U, V, Y = 1 pm.
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rounded, hyaline, with mucus before staining, 3-9.5 x 1.2—
3(—4.3) um, emerge from the neck of the phialides.

Distribution: Only known from west of Jalisco state, Mexico.

Habitat and ecology: Tropical forests, epizootics mainly in
SDTF, but also present in GF. The fungus was found infecting
two species of Cephalotes, Ceph. goniodontus and Ceph.
hirsutus. Ants die biting the bark mainly at the bases, or
sometimes higher up, of trees and shrubs, or biting exposed
roots. It is common to find individuals very close together in
the ant graveyards. Zombie-ant fungi closest to the forest
floor at a height of (0.5-)2—10(-15) cm and the farthest at a
height of 0.3(-3.1) m (n = 10 ant graveyards).

Ophiocordyceps deltoroi C.E. Ballesteros-Aguirre, T.
Sanjuan & L. Guzman-Davalos, sp. nov. MB 859581. Fig. 6.

Etymology: The specific epithet is in honour of Guillermo Del
Toro, a Mexican filmmaker born in the Jalisco state, famous
for his fantastic movie characters.

Typus: Mexico, west of Jalisco state, nearby Haravéri
Botanical Garden, 20°45’33.9°N, 104°57°46”W, 810 m.a.s.l.,
tropical montane cloud forest, host Camponotus sericeiventris
s. I. (Camponotus sp. 2) (Formicinae: Camponotini), minor
and major workers, ants die biting the base of trees or
shrubs, exposed roots, on the bark or the inferior surface
of the rocks, 24 Oct. 2020, C.E. Ballesteros-Aguirre 1227
(SC162) (holotype IBUG-15428; GenBank 18S: PV745537,
TEF1: PV759182, RPB1: PV759220) (see Tables S1 & S2 for
additional information). Paratypes, idem., C.E. Ballesteros-
Aguirre 602, 1147, 1211 (SC236), 1224 (SC159), 1225
(SC160), 1226 (SC161), 1251 (SC177), 1263 (SC192)
(IBUG) (see Table S1 for specimen information).

External mycelium scant to abundant, sometimes covering
the host, initially white, gradually turning pale brown or
reddish; emerges from the ant’s intersegmental membranes,
concentrated on the ventral host area and mandibles, adhering
to the substrate. Stromata 1-3, thread-like, with broadened
base, gradually acute towards the apex, simple or branched,
tomentose to hirsute at the base and towards the perithecial
cushion, velutinous towards the apex, black to reddish brown
at the base, purple towards the apex, 5-26.7 mm in length,
300-648 (-800) um width at base, 68—110 ym width at apex,
grows dorsally between head and pronotum, or laterally on
the sides of the mesonotum. Perithecial cushions 1-3(-5),
hemispherical to ovoid, rough at maturity due to prominent
perithecial ostioles, black, sometimes dark brown, 0.94-2 x
0.9-1.5 mm, larger in major workers and soldiers, unilaterally
attached on variable places on the stromata; sometimes two
perithecial cushions emerge at the same level, giving the
appearance of completely surrounding the stroma. Perithecia
sub-immersed, lageniform, neck short, (347-)376-456 x
113—-224 um, perpendicular to the surface of the stroma. Asci
cylindrical to clavate, base thinned, hyaline, 150-190 x 7-10
pm, apical region 3.5-6.4(-8) x 4-7.5 ym, with 8 ascospores.
Ascospores filiform, curved to sigmoidal, rarely straight, ends
sharp, with 5 septa, thin-walled, hyaline, (68—-)82—-131 x 2—-3
pm.

Ascospore germination: It was attempted, but germination
was not achieved.

Asexual morphs: Hirsutella types A and C on the same
hymenium, in main stromata and synnemata. Synnemata
cylindrical, simple to branched, 3.5-15 mm in length,
40-195 um width at base, 40-70 ym width at apex, grow
on the tarsi and intersegmental membranes of legs and
antennae. In Camponotus sp. 3 only with a main synnema
that emerge dorsally between head and pronotum, without
perithecial cushion (Fig. 6C). Hirsutella type A on the apical
part of the stroma, after the perithecial cushion or towards
the apex on synnemata. Phialides lageniform or cylindrical,
straight, brown, base (3.2-)7-13.6 x 2.5-4.8 ym, neck 4.8—
11.2(-13.6) x 0.4—1 um, or neckless. Conidiogenous hyphae
cylindrical, septate, hyaline, in the hymenium. Conidia
fusiform, some apiculate, hyaline or brown, 5-7.5 x 2-3
um, emerge from the neck of phialides or in clusters from
the apical part of neckless phialides and from conidiogenous
hyphae. Hirsutella type C at the base of the stroma, gradually
disappearing as the presence of Hirsutella type A phialides
increases towards the apex; also forming brown sporodochia
(Fig. 60) that emerge from intersegmental membranes of
antennae, legs, and other body parts of ants. Conidiophores
of variable complexity. Phialides narrowly lageniform, some
cylindrical to thread-like (Figs 2G, 60-R), hyaline, base
(8-)14-26.5(-30) x 3.2-5(-7.5) uym, gradually tapering into
a long, cylindrical, neck flexuous, (17.3-)30-78 x 1.2-2
um. Conidia cylindrical to narrowly spindle-shaped, without
apicule, ends rounded, hyaline, with mucus that is lost when
rehydrated, 7.5-13.5(—15.2) x (2-)2.5-3.2 ym, emerge from
the neck of the phialides.

Distribution: Only known from west of Jalisco state, Mexico.

Habitat and ecology: Tropical forests, large epizootics in
the TMCF. Hosts undescribed species of the Camponotus
sericeiventris and Camp. tepicanus complexes, here named
Camponotus sp. 2 and Camponotus sp. 3, respectively. Ants
die biting the bark at the base of trees or shrubs, exposed
roots, and the base of the rocks. Most of the specimens
of zombie-ant fungi on Camponotus sp. 2 with immature
perithecial cushions, with a large number of synnemata
and numerous sporodochia in various parts of the ant’s
body, with few mature specimens compared to the number
of samples collected. Zombie-ant fungi in Camponotus sp.
3 only with asexual stromata. Sometimes fungi and hosts
covered in sediment, with only the stroma visible. Zombie-
ant fungi closest to the forest floor at a height of 2-11 cm
and the farthest at a height of 0.86—0.96(—2.56) m (n = 7 ant
graveyards, 5 of Camponotus sp. 2 and 2 of Camponotus
sp. 3).

Ophiocordyceps haraveriensis C.E. Ballesteros-Aguirre, L.
Guzman-Davalos & T. Sanjuan, sp. nov. MB 859582. Fig. 7.

Etymology: The specific epithet refers to the type locality, the
Haravéri Botanical Garden.

Typus: Mexico, west of Jalisco state, nearby Haravéri
Botanical Garden, Hacienda Las Tres Carmelitas,
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Fig. 6. Ophiocordyceps deltoroi (A, B, D-F, H, J, M, S, U: C.E. Ballesteros-Aguirre 1227 (SC162), holotype; C: C.E. Ballesteros-Aguirre 1263
(SC192); G, |, O: C.E. Ballesteros-Aguirre 602; K, L, N, P-R, T: C.E. Ballesteros-Aguirre 1147). A. Host Camponotus sp. 2 (Camp. sericeiventris
s. |.) biting the bark at the base of a tree with a stroma emerging between the pronotum and head, with perithecial cushion. B. Two unilateral
perithecial cushions produced at the same level from the stroma. C. Host Camponotus sp. 3 (Camp. tepicanus s. |.) biting the bark at the base
of a tree with an asexual stroma emerging between the pronotum and head; with a pupa of an undetermined insect (purple arrow) commonly
associated. D. Cross-section of the perithecial cushion showing the perithecial arrangement. E. Ascus. F, G. Apical region of the asci. H, .
Ascospores, in H. with five septa visible. J-N. Asexual morph Hirsutella type A. J. Apex of the stroma. K. Phialides from the stromal apex with a
conidial mass. L. Phialide with conidium. M, N. Conidia. O-T. Asexual morph Hirsutella type C. O. Sporodochia on an ants’ antenna. P. Phialides
from the stromal base. Q. Phialides with mucus before stain. R. Phialide with a conidium. S, T. Conidia. U. Stromal base with age. Scale bars: A
=5mm; B=0.5mm; C=1mm; D, O-P =100 ym; J = 50 ym; E, H-I, K, Q-R = 10 ym; L = 2.5 ym; M-N, S-T =1 ym.
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Fig. 7. Ophiocordyceps haraveriensis (A—G, |, M-V: C.E. Ballesteros-Aguirre 1247 (SC173), holotype; H: C.E. Ballesteros-Aguirre 127 (SC127);
J: C.E. Ballesteros-Aguirre 1317; K-L: C.E. Ballesteros-Aguirre 1316; W: C.E. Ballesteros-Aguirre 129). A. Host Camponotus sp. 4 (Camp.
atriceps s. |.) biting the bark of a trunk with a stroma emerging between the pronotum and head, with three perithecial cushions. B-D. Unilateral
perithecial cushion produced from the stroma, in B. with two unilateral perithecial cushions produced at the same level. E. Cross-section of the
perithecial cushion showing the perithecial arrangement. F. Asci. G, H. Apical region of the asci, I, J. Ascospores with seven septa, J. released
on a slide in a humid chamber. K. Ascospore germinating one week after being released in a capilliconidiophore and exhibiting a swollen region.
L. Close-up of capilliconidium. M-Q. Asexual morph Hirsutella type A. M. Apex of a developing stroma. N. Apex of a fixed stroma. O. Phialide.
P, Q. Conidia. R-V. Asexual morph Hirsutella type C. R. Base of a developing stroma. S, T. Phialides. U, V. Conidia. W. Stromal base with age.
Scale bars: A=1mm; B, D =250 um; E, M, R, W =100 ym; N=25um; F, I-K, S, T=10um; L=5um; G,H,0=25um; P, Q, U, V=1 um.
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20°45’33.2°N, 104°58’5.6"W, 762 m.a.s.l., gallery forest, host
Camponotus atriceps s. |. (Formicinae: Camponotini), minor
and major workers, ants die biting the bark of branches,
twigs, stems, exposed roots or the surface on the base of
rocks, 15 Dec. 2020, C.E. Ballesteros-Aguirre 1247 (SC173)
(holotype IBUG-15429; GenBank 18S: PV745542, TEFT:
PV759188) (see Tables S1 & S2 for additional information).
Paratypes, idem., C.E. Ballesteros-Aguirre 127 (SC127),
129, 132, 1210, 1231, 1242 (SC169), 1272, 1315, 1316,
1317, 1318 (IBUG) (see Table S1 for specimen information).

External mycelium scant to abundant, sometimes covering
the host, initially white, gradually turning pale brown or
reddish; emerges from the ant’s intersegmental membranes,
concentrated on the ventral area of the host and the
mandibles, adhering to the substrate. Stroma solitary,
cylindrical to thread-like, base broadened, gradually tapering
towards apex, unbranched, may fork near base or form
new branches when apex is damaged, hirsute at base and
towards perithecial cushion, slightly velvety towards apex,
pale brown to dark brown, purple towards apex, (6.57—)9.8—
17 mm long, 250-520 ym wide at base, 80-130 ym wide
at apex, emerges dorsally between the head and dorsal
pronotum of the ant. Perithecial cushions 1-4 (or more),
hemispherical to ovoid, rough at maturity due to prominent
perithecial ostioles, black, some lighter, 0.75-1.56 x 0.67—
1.73 mm, emerge unilaterally in various places on the
stroma; sometimes two perithecial cushions emerge side by
side, giving the appearance of completely surrounding the
stroma. Perithecia sub-immersed, broadly lageniform, 216—
440 x 120-260 pum, neck short, perpendicular to the surface
of the stroma. Asci cylindrical to clavate, base thinned,
hyaline, (96—)106—-218 x 4—10 pym, apical region 2—8.5(-18)
x 3—6 um, with 8 ascospores. Ascospores filiform, curved to
sigmoidal, rarely straight, ends sharp, with (5-)7(-8) septa,
thin-walled, hyaline, (68—)81.6—146 x 2—2.5 ym.

Ascospore germination: 1-4 capilliconidiophores, thread-like,
straight, 21.5-36.5(—49) x 1 ym; with a single capilliconidium,
allantoid, narrowing apically, smooth-walled, hyaline, mucus
not observed, 7.5-9.5 x 2 ym.

Asexual morphs: Hirsutella types A and C on the same
hymenium, in main stroma. Hirsutella type A at the apex
of the stroma. Phialides lageniform or cylindrical, hyaline,
base 3.2-10.5 x 1.6-5(—6) pm, with or without neck, (2.4—
)4.8-11.5 x 0.8-1.6 um. Conidia fusiform, some apiculate,
hyaline, 5.5-8.5 x 2.4-3.2 ym, emerge from the neck and
sometimes from the base of phialides. Hirsutella type C
observed exclusively at early stages of development, on the
base of the stroma, also forming brown sporodochia that
emerge from intersegmental membranes of antennae, legs,
and other body parts of ants. Phialides narrowly lageniform,
some sub-cylindrical, gradually tapering into a long neck,
cylindrical, flexuous, hyaline, base 16.5-19.5(—26) x 4-5.5
pm, neck (14.5-)17.5-23 x 1.5-2 pm. Conidia cylindrical
to narrowly spindle-shaped, without apicule, apex rounded,
base truncate, hyaline, with mucus before staining, (9.5-)10—
14 x 2—2.5 ym, emerge from the neck of the phialides.

Distribution: Only known from west of Jalisco state, Mexico.

Habitat and ecology: Tropical forests, large epizootics in
GF and TMCF; scattered individuals found throughout the
graveyards of other species of zombie-ant fungi in SDTF.
Host an undescribed species of the Camponotus atriceps
complex, here named Camponotus sp. 4. Ants die biting
the bark on thick branches and twigs, wrapping their legs
around the twig, as well as on stems, bases, and exposed
roots of trees and shrubs, sometimes at the base of rocks.
Common to find specimens close to the forest floor, covered
in sediments and with only the stroma visible. Stromata
with positive geotropism only in branches. Zombie-ant fungi
closest to the forest floor at a height of 2-5(-10) cm and the
farthest at a height of 1.9-2.4(-3.5) m (n = 5 ant graveyards).

Ophiocordyceps jaliscana C.E. Ballesteros-Aguirre, L.
Guzman-Davalos & T. Sanjuan, sp. nov. MB 859583. Fig. 8.

Etymology: Named after the Mexican state in which it was
collected.

Typus: Mexico, west of Jalisco state, road to Haravéri
Botanical Garden, 20°45'48.3’N, 104°57°14.6"W, 857
m.a.s.l., subdeciduous tropical forest, host Colobopsis sp.
(Formicinae: Camponotini), minor workers, ants die biting
the bark on stems, branches or base of bushes or trees, 24
Oct. 2020, C.E. Ballesteros-Aguirre 1220 (SC234) (holotype
IBUG-15430; GenBank 18S: PV745544, TEF1: PV759190,
RPB1: PV759227, RPB2: PV759206) (see Tables S1 & S2 for
additional information). Paratypes, idem., C.E. Ballesteros-
Aguirre 1154 (SC332), 1214, 1255, 1268 (SC237), 1269
(SC233), 1271, 1288, 1301 (SC330), 1302 (SC331), 1319,
1320, 1321 (IBUG) (see Table S1 for specimen information).

External mycelium scant to abundant, sometimes covering
the host, initially white, gradually turning pale brown or
reddish; emerges from the ant’s intersegmental membranes,
concentrated on the ventral area and the mandibles of
the host, adhering to the substrate. Stroma solitary, sub-
cylindrical, cylindrical or filiform, base broadened, gradually
tapering towards apex, unbranched, sometimes bifurcating
near base or with new branches when apex is damaged,
hirsute at the base and towards the perithecial cushion,
slightly velutinous towards the apex, dark brown to purple
towards the apex, pale brown with age, 4.5-10.5 mm long,
152-271 ym wide at base, 121-200 ym wide at apex, grows
dorsally between head and dorsal pronotum. Perithecial
cushions 1-2(-3), hemispherical to ovoid, rough at maturity
due to prominent perithecial ostioles, brown to black, 0.66—
0.78 x 0.55-0.75 mm, sometimes two perithecial cushions
emerge side by side, giving the appearance of completely
surrounding the stroma. Perithecia  sub-immersed,
lageniform, 204-277 x 91-122 ym, neck short, perpendicular
to the surface of the stroma. Asci cylindrical, base thinned,
hyaline, 92—-135.4 x 5.5-8.8 ym, apical region 4—-6 x 5.5-7.5
um, with 8 ascospores. Ascospores fusoid-elongated, curved
to sigmoidal, rarely straight, ends sharp, with 5 septa, thin-
walled, hyaline, 63-112 x 2—-2.5(-3.5) ym.
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Fig. 8. Ophiocordyceps jaliscana (A, C—H, L-V: C.E. Ballesteros-Aguirre 1220 (SC234), holotype; B: C.E. Ballesteros-Aguirre 1154 (SC332);
I-K: C.E. Ballesteros-Aguirre 1321). A. Hosts Colobopsis sp. and B. Camponotus sp. 3 (Camp. tepicanus s. |.), both biting the bark of a trunk
with a stroma emerging between the pronotum and head, with a perithecial cushion. C, D. Unilateral perithecial cushion produced from the
stroma. E. Cross-section of the perithecial cushion showing the perithecial arrangement. F. Ascus. G. Apical region of the ascus. H. Ascospore
with five septa. I. Ascospore germinating in a somatic hypha, one week after being released exhibiting swollen areas. J. Ascospore germinating
one week after being released in a capilliconidiophore. K. Close-up of a capilliconidium. L-Q. Asexual morph Hirsutella type A. L, M. Apex of a
developing stroma. N. Phialides. O. Phialide with conidium. P, Q. Conidia. R-U. Asexual morph Hirsutella type C. R. Phialides. S. Phialide with
conidum. T, U. Conidia. V. Stromal base with age. Scale bars: A-B =1 mm; C-E,L, R, V=100 ym; M=25um; F, I, J,N,S=10 uym; G,H, O =
S5um; K=25um; P, Q, T, U=1pum.
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Fig. 9. Ophiocordyceps pseudocamponoti-atricipis (A—F, H, J, N-Q, S, T: C.E. Ballesteros-Aguirre 1246 (SC172), holotype; G: C.E. Ballesteros-
Aguirre 131; I: C.E. Ballesteros-Aguirre 125; K: C.E. Ballesteros-Aguirre 1311; L, M: C.E. Ballesteros-Aguirre 1313; R, U: C.E. Ballesteros-
Aguirre 397). A. Host Camponotus sp. 4 (Camp. atriceps s. |.) biting a leaf with a stroma emerging between the pronotum and head, with four
perithecial cushions. B-D. Unilateral perithecial cushions produced on the stroma, in B. with three cushions. E. Cross-section of perithecial
cushion showing the perithecial arrangement. F, G. Asci. H, I. Apical region of the asci, I. stained with Congo red. J, K. Ascospores with five
septa, K. released on a slide inside a humid chamber. L. Ascospore germinating in a capilliconidiophore one week after being released. M.
Close-up of the capilliconidium. N. Stromal base. O-U. Asexual morph Hirsutella type A. O, P. Stromal apex before and after being stained. Q.
Phialides Hirsutella type A with conidia. R, S. Phialides stained with phloxine B. T, U. Conidia. Scale bars: A= 1 mm; B = 500 ym; C-E, N = 100
um; O, P =50 uym; F, G, J-L =10 ym; H-I, M, Q-S =25 um; T, U =1 ym.
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Ascospore  germination: Somatic hyphae or one
capilliconidiophore, thread-like, straight, 52-67.5 x 1 um;
with a single capilliconidium, allantoid, narrowing apically,
smooth-walled, hyaline, 7-11.5 x 1.5-3 pym.

Asexual morphs: Hirsutella type A on the apex of the stroma.
Conidiophores variable, branched at different lengths, emerge
directly from the stromal hyphae. Phialides lageniform,
hyaline, base 7-14.5 x 2.5-3(-3.5) uym, flexuous neck,
3.5-14 x (0.5-)0.7-1 pm. Conidia widely fusiform, some
apiculate, hyaline, 5.5-8.5 x (2.5-)3-3.2(-3.5) ym, emerge
from the neck of phialides. Hirsutella type C forming brown
sporodochia, emerging from intersegmental membranes
of antennae, legs, other body parts of ants. Phialides
lageniform, some sub-cylindrical, gradually tapering into a
long neck, cylindrical, flexuous, hyaline, base 5.5-15(-25) x
2.5-6 pm, neck 21.3-62.5 x (1.3-)1.5 ym. Conidia cylindrical
to narrowly spindle-shaped, without apicule, apex rounded,
base truncate, hyaline, without mucus, 7-13.5 x 2.5-3 ym,
emerge from the neck of the phialides.

Distribution: Only known from west of Jalisco state, Mexico.

Habitat and ecology: Tropical forests, small epizootics mainly
in SDTF and TMCF, but also one graveyard was found in
GF. Hosts two undescribed species: Camponotus tepicanus
s. ., here named Camponotus sp. 3, and Colobopsis sp. Ants
die biting the bark, on branches, twigs, stems, bases, and on
exposed roots of trees and shrubs, even non-woody stems. It
is common to find individuals covered in a very fine sediment,
including the stroma. Zombie-ant fungi closest to the forest
floor at a height of 2-20(—43) cm and the farthest at a height
of 1.8-2.15(—2.4) m (n = 8 ant graveyards, 3 of Camponotus
sp. 3 and 5 of Colobopsis).

Ophiocordyceps pseudocamponoti-atricipis C.E.
Ballesteros-Aguirre, T. Sanjuan & L. Guzman-Davalos, sp.
nov. MB 859584. Fig. 9.

Etymology: The specific epithet indicates its similarity to
the species O. camponoti-atricipis and that it is found on
Camponotus atriceps s. |.

Typus: Mexico, west of Jalisco state, Haravéri Botanical
Garden, 20°45'28.2°N, 104°58'8.8’"W, 754 m.a.s.l., tropical
montane cloud forest, host Camponotus atriceps s. .
(Formicinae: Camponotini), minor and major workers, ants
die on the underside of leaves, biting the ribs or margin of
the leaves, 15 Dec. 2020, C.E. Ballesteros-Aguirre 1246
(SC172) (holotype IBUG-15431; GenBank 18S: PV745553,
TEF1: PV759195, RPB2: 759209) (see Tables S1 & S2 for
additional information). Paratypes, idem., C.E. Ballesteros-
Aguirre 125, 126, 128, 130 (SC128), 131, 133, 134, 135,
136, 137, 138, 139, 140 (SC125), 141, 142, 397, 1048, 1052,
1059, 1212 (SC154), 1245 (SC171), 1278, 1293, 1311, 1312,
1313, 1314 (IBUG) (see Table S1 for specimen information).

External mycelium scant, sometimes covering the host,
initially white, gradually turning pale brown; emerges from the
ant’s intersegmental membranes, abundant on the mandible,
adhering to the substrate. Stroma solitary, filiform, with broad
base, gradually thinning towards the apex, unbranched,

sometimes forked near base or with new branches or a
second stroma when the apex is damaged, velutinous to
tomentose at the base and towards the perithecial cushion,
slightly velutinous towards the apex, pale brown to pale pink
towards the apex, (6.31-)11.5-27.5 mm long, 120-300(-500)
um wide at base, 100-110 um wide at apex, emerges dorsally
between the head and dorsal pronotum of the ant. Perithecial
cushions 1-2(-7), hemispherical or ovoid, rough at maturity
due to perithecial ostioles, brown with darker perithecial
ostioles, 0.95-1.54(-2) x 0.63—1.2 mm, unilaterally attached
on the stroma; sometimes perithecial cushions emerge side
by side, giving the appearance of completely encircling
the stroma. Perithecia sub-immersed, broadly lageniform,
neck short, (213-)240-372 x (78-)120-160(—218) um,
perpendicular to the surface of the stroma. Asci cylindrical to
clavate, base thinned, hyaline, 98-170 x (4-)6-8(-10) pm,
apical region (3-)4—4.8 x (3—-)4-5 um, with 8 ascospores.
Ascospores filiform, curved to sigmoidal, ends sharp, with 5
septa, thin-walled, hyaline, (72.5-)80-108(—120) x (1.6-)2—
2.5(-3.2) ym.

Ascospore  germination:  Single  capilliconidiophore,
thread-like, straight, (30-)58-71 x 1-1.5 uym; with a single
capilliconidium, cylindrical, apex rounded, smooth-walled,
hyaline, 10-11.5 x 2 ym.

Asexual morph: Hirsutella type A only at the apex of stromata
and synnemata. Synnemata solitary or gregarious, filiform,
2-6 x 0.1 mm, sometimes present in the tarsi or coxae or in
other parts of the body ant, especially when the host cuticle
is damaged. Phialides lageniform to cylindrical, hyaline, base
(3.5-)4-6.5(-8) x 2.5-4(-5) uym, neck long, (4-)8—15(-17) x
0.5-1(-1.5) pym. Conidia widely fusiform, some apiculated,
hyaline, (2.5-)3.5-5.5(-6.5) x 1.5-2.5(-3) ym, emerge at the
apex of the phialides.

Distribution: Only known from west of Jalisco state, Mexico.

Habitat and ecology: Tropical forests, epizootics focused
on TMCF and GF. Host an undescribed species of the
Camponotus atriceps complex, here named Camponotus sp.
4. Ants die biting the main veins and leaf margins of diverse
species of plants, dicots (trees and shrubs) and monocots
such as bamboo. Stromata with positive geotropism. Zombie-
ant fungi closest to the forest floor at a height of 20-60 cm
and the farthest at a height of 0.85-1.8(-2.4) m (n = 5 ant
graveyards).

DISCUSSION

The topology of the phylogenetic tree obtained in this study
was consistent with previous studies (Araujo et al. 2018,
Loreto et al. 2018, Wei et al. 2020, Tang et al. 2023a, b,
c) and supported the hypothesis that the Ophiocordyceps
unilateralis complex has a high specificity for ants of the
Camponotini tribe (Formicinae). However, we found species
in the O. unilateralis complex infecting turtle ants of the
genus Cephalotes (Myrmicinae). This new host association
changes the well-accepted paradigm that the O. unilateralis
complex was a specific parasite of Camponotini ants (Evans
et al. 2011a, Araujo et al. 2018). The association with



Ballesteros-Aguirre et al.: Ophiocordyceps unilateralis complex: six new species from Mexico 227

Cephalotes ants had never been mentioned before, since
Tulasne & Tulasne (1865) described the first species in the
O. unilateralis complex. On the other hand, in addition to the
common ratio of one fungus to one ant (1:1) (Evans et al.
2011a, Araujo et al. 2018), we corroborated host associations
of two fungi with one ant (2:1), or one fungus with two ants
(1:2) (Kobmoo et al. 2019, Lin et al. 2020).

We recovered the O. unilateralis complex with the two
major subclades already recovered by previous authors (e.g.,
Araujo et al. 2018, Tang et al. 2023a, b, c), subclade 1 with
mostly American species, except for O. pulvinata from Japan
and O. tianshanensis from China, and subclade 2 mainly with
Asian species, and with O. naomipierceae from Australia
and one unidentified species of the O. unilateralis complex
from Ghana, Africa (Fig. 3). Our specimens were grouped
in subclade 1, clustered in six clades, corresponding to six
new taxa. The Mexican species were related to species from
Brazil, Colombia, and the USA (Fig. 3).

Six new species of zombie-ant fungi in Mexico supported
by molecular phylogeny, morphology and ecological
characters

Of all the characters used to study the Ophiocordyceps
unilateralis complex, DNA sequences employed in
phylogenetic analyses and the different traits of the
ascospores were the most significant for segregating the
new species. However, additional characters were useful
to distinguish them, such as the morphology of the asexual
morphs, the species of the ants they parasitize, the positions
in which the ants die (death grips), and the geographical
distribution, as recommended by previous authors (e.g.,
Evans ef al. 2011a, Araujo et al. 2018).

The myrmecophilous Mexican species have ascospores
with a similar or smaller number of septa compared to the
Amazonian species. Ophiocordyceps camponoti-striati is
the sister species of O. haraveriensis; both have the highest
number of septa compared to the other species described in
this work. Ophiocordyceps camponoti-striati has ascospores
with 12—21 septa, which makes it different from most species
in the O. unilateralis complex, and O. haraveriensis with
seven septa, while O. cephalotiphila, O. deltoroi, O. jaliscana,
and O. pseudocamponoti-atricipis have ascospores mainly
with five septa. This trait, ascospores with less than seven
septa, could be considered as a synapomorphy of the clade
formed by O. cephalotiphila, O. deltoroi, and O. jaliscana.
Evans et al. (2011a) reported a high number of septa in the
ascospores of O. camponoti-balzani (14-22 septa), similar
to that presented in O. camponoti-striati, and even more in
O. camponoti-melanotici (27-35 septa); however, in these
Brazilian species the ascospores are broadly cylindrical and
larger (Evans et al. 2011a) (Table 2). Only O. camponoti-
balzani was included in the phylogeny and it turned out not to
be closely related to O. camponoti-striati.

Ophiocordyceps jaliscana is the sister species of the
clade formed by O. cephalotiphila and O. deltoroi. The three
species produce similar ascospores and Hirsutella types
A and C asexual morphs. However, O. deltoroi has bigger
stromata and perithecial cushions. Ophiocordyceps deltoroi
and O. cephalotiphila are different from O. jaliscana due to
the presence of multiple asexual stromata emerging from
various parts of the ant. Regarding the host, O. jaliscana is

associated with two different ants, Camponotus tepicanus
s. I. and an undescribed species of Colobopsis, sharing a
single host with O. deltoroi: Camp. tepicanus s. |.; however,
the morphology of the sexual and asexual morph forms
differs between the two species. When O. deltoroi parasitizes
Camp. tepicanus s. |. it produces only asexual stromata,
in contrast, O. jaliscana produces holomorphic stromata in
this ant species. The extended phenotype also differs, O.
cephalotiphila and O. jaliscana force ants to die by biting
only vegetation while O. deltoroi forces ants to die on both
vegetation and rocks. Another distinctive feature of O. deltoroi
is that it produces large epizootics in TMCF.

Ophiocordyceps deltoroi and its sister species
0. cephalotiphila produce similar ascospores,
capilliconidiophores, and Hirsutella types A and C asexual
morphs. However, O. deltoroi is distinguished by the presence
of stromata on the sides of the host mesonotum, as well as
larger stromata and perithecial cushions. Ophiocordyceps
cephalotiphila, on the other hand, has no stromata on the
sides of the mesonotum and smaller stromata and perithecial
cushions. The hosts, behavior manipulation mode, and the
habitat are also different because O. delforoi parasitizes
Camponotus sericeiventris s. |. and Camp. tepicanus s. |. on
the base of trees and rocks and produce epizootics in TMCF,
while O. cephalotiphila parasitizes Cephalotes ants in the
base of the trees and produce epizootics in SDTF.

Ophiocordyceps deltoroi is the most similar to O.
unilateralis s. str., as both exhibit similar stromata, Hirsutella
types A and C asexual morphs in the same hymenium of the
stromata, produce independent synnemata, and sporodochia
with type C phialides on the legs or other parts of the ant
‘s body. However, O. unilateralis s. str. differs in the smaller
asci, (90-)95-125 x 6-8 (-9) um, shorter ascospores,
(70-)75-85 ym (Table 2), and non-apiculate conidia type
A, only emerging from the neck of the phialides. Besides,
in the extended phenotype in O. unilateralis s. str. the host
Camponotus sericeiventris s. |. die biting the leaves on
bushes (Evans et al. 2011a), meanwhile O. deltoroi hosts die
biting trees and rocks. Finally, the habitat and distribution of
O. unilateralis s. str. is the Atlantic rainforest in Brazil (Evans
et al. 2018).

In contrast, the asexual morphs of O. deltoroi correlate
with an undescribed species of the O. unilateralis complex
from Honduras, mentioned by Evans & Samson (1984) as
Hirsutella formicarum Petch. They match in the shape of
the stromata with ramifications, shape and colour of the
perithecial cushions, presence of independent synnemata in
the host appendages, Hirsutella types A and C on the stroma
[type C as Hirsutella type B in H. formicarum sensu Evans &
Samson (1984), or as Hirsutella type C in H. sporodochialis
sensu Evans et al. (2011a)] (see Fig. 2) asexual morphs,
shape and colour of the phialides, apiculate conidia type A,
and in the size, shape, colour, and presence of mucus in the
type C conidia. In the Honduran species, the host is a species
of the Camp. sericeiventris complex and the ants die biting
on the base of the trees in tropical forest. It slightly differs in
the size of the conidia type A, 3-6 ym long. The presence
of sporodochia in antennae and legs was not mentioned
for H. formicarum, nor were asci or ascospores described.
Future analyses are required to establish the identity and
phylogenetic relationship of the Honduran species.

Ophiocordyceps haraveriensis shares macromorphology
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with O. kimflemingiae, as both species have similar
stromata, perithecial cushions, and extended phenotype,
but are phylogenetically distant and ecologically different.
Ophiocordyceps kimflemingiae always manipulates the ants
to die biting on twigs and develops stromata with positive
geotropism. On the other hand, O. haraveriensis kills ants
biting not only the bark but also rocks, and although it also
develops stromata with positive geotropism, this feature is
restricted to those biting on the twigs, in other substrates
as the stems, base of plants, and rocks the positions are
variable. Furthermore, O. kimflemingiae has wider asci, 10—
11 um in diameter, wider ascospores, 5 ym diam., with 5-6
septa, and longer capilliconidiophores, 80-100 um (Table
2). In addition, differences in habitat (temperate deciduous
forest) reflect variants in the extended phenotype, as O.
kimflemingiae causes Camponotus castaneus to die by biting
twigs and wrapping its legs around them, giving additional
support to the fungus (Araujo et al. 2018, Loreto et al. 2018).
The Mexican species O. pseudocamponoti-atricipis is
the sister species of the Amazonian O. camponoti-atricipis,
but this relationship was poorly supported (Fig. 3). Both
are morphologically similar, but the latter has shorter asci,
110-140 ym and shorter ascospores, (75-)80-85(-100) um
(Araujo et al. 2015) (Table 2). These fungi are associated with
two different ants within the Camponotus atriceps complex,
and, in turn, with different distribution ranges (Mackay 2019,
Bolton 2024). Also, the death grips are slightly different; in
O. camponoti-atricipis the ants are commonly found biting
the apical part of palm-fronds, dicot leaves, and rarely on
palm-spines; instead, ants infected by O. pseudocamponoti-
atricipis die on the underside of various types of dicotyledons
and monocots, similar to some Thai species, e.g., O.
camponoti-leonardi. Kobmoo et al. (2012, 2019) revealed the
existence of the cryptic species, O. camponoti-leonardi, O.
camponoti-saundersi, and O. polyrhachis-furcata, genetically
differentiated and with different distribution, very similar at
a macromorphological level to the species described here.
Based on all the aforementioned, its different morphology,
distribution, and host become relevant to sustain O.
pseudocamponoti-atricipis as a new taxon. In addition, O.
pseudocamponoti-atricipis shares the host within the same
habitat, even the same plants with O. haraveriensis, but the
morphology of the fungi, the position in which the ant dies, and
their phylogenetic position clearly distinguish both species.
We did not find notable differences among the
capilliconidia of the new species in which we managed
the ascospore germination. However, O. haraveriensis
produced capilliconidiophores relatively shorter, approx.
20-35 um long, which are a quarter part of the total length
of the ascospores, approx. 80—140 pm long. Descriptions
of similar capilliconidiophores were made for O. camponoti-
novogranadensis and O. camponoti-sexguttati (Evans
et al. 2011a, Araudjo et al. 2018). The ascospores of O.
cephalotiphila, O. jaliscana, and O. pseudocamponoti-
atricipis showed similar shape, size, and germination, with
the ascospores approx. 63—110 ym long and the capilliconidia
approx. 37-79 um long. Nevertheless, these similarities are
homoplasies because the species belong to different clades.
Araujo et al. (2018) hypothesized that the size and
shape of the capilliconidiophores could be the result of a
local adaptation between the pathogen and the morphology/
ecology of the ants, due to the correlation they found between

the long capilliconidiophores exhibited in O. camponoti-indiani
and the large size of the host, Camponotus indianus (Araujo
et al. 2015). In our case, we could not find this correlation
in the Mexican species, since, for example, the shorter
capilliconidiophores of O. haraveriensis did not correlate with
the size of its host, Camp. atriceps s. |., which is relatively
larger than other parasitized ants studied.

A particular feature was observed in O. jaliscana, where
most of the germinated ascospores produced somatic
hyphae with swollen areas. A similar behaviour has only
been reported in O. kimflemingiae and O. satoi from South
Carolina (USA) and Japan, respectively, both in temperate
forests. Araujo et al. (2018) hypothesized that this trait might
be related to adaptations to those habitats. However, we
found the same type of germination in different samples of O.
Jjaliscana in humid (TMCF) and sub-deciduous tropical forests
(SDTF). Future studies in Mexico could test whether there is
a correlation between germination into somatic hyphae and
the type of forest.

In our work, we found that five of the new species here
described have Hirsutella types A and C (see Table 2), except
for O. pseudocamponoti-atricipis with only type A. The species
of the O. unilateralis complex present four types of hirsutelloid
asexual morphs: A, B, C, and one similar to Paraisaria (O.
naomipierceae), which differ in shape and ecological function
(Evans et al. 2011a, b, Araujo et al. 2018). The hirsutelloid
asexual morphs in Mexican species are present from early
stages of the stromata until the last moments of the fungus,
when only a few remnants of the ant's body persist. The
presence of Hirsutella type C on the surface of perithecial
cushions of the fungus and external mycelium had not been
reported for any species of the complex, and here we report
it in O. cephalotiphila.

Hosts

Ants of the genera Camponotus, Colobopsis, Dinomyrmex,
and Polyrhachis (Camponotini) have been recorded as the
hosts of the O. unilateralis complex after more than 150 years
of studies with specimens from Africa (Ghana), America
(Brazil, Canada, Colombia, Costa Rica, Guyana, Ecuador,
Honduras, Nicaragua, north and east of the USA, Panama,
Peru, and Venezuela), Asia (China, Japan, Indomalaya
region, and Taiwan), and Australia (Tulasne and Tulasne
1865, Evans & Samson 1984, Sanjuan et al. 2001, Evans
et al. 2011a, Kepler et al. 2011, Araujo et al. 2015, 2018,
Loreto et al. 2018, Lin et al. 2020, Tang et al. 2023a, b, c).
Specifically, Loreto et al. (2018) mentioned that species of this
complex were present in 26 countries and made evident the
lack of records in Mexico. We hypothesized, from personal
observations and unpublished records, that there are many
undescribed species of the O. unilateralis complex in Mexico,
not only in Camponotini, but also in Myrmicinae ants, i.e.,
Cephalotes, as those illustrated in Fig. 10, from Chiapas,
Jalisco, and Quintana Roo, Mexico.

Furthermore, we discovered that two zombie-ant fungi
can sympatrically parasitize one species of host and the
existence of zombie-ant fungi specialized in two different
hosts (Fig. 3). Similar results had been reported by Kobmoo
et al. (2019), Lin et al. (2020), and Tang et al. (2023a, b,
c). In this work, we tested the different hosts associations
considering the morphology of the fungi on different samples,



Ballesteros-Aguirre et al.: Ophiocordyceps unilateralis complex: six new species from Mexico 229

Fig. 10. Ants parasitized by an undetermined species of the Ophiocordyceps unilateralis complex from other regions in Mexico. A. Camponotus
sp. manipulated to die biting bark from the study site. B. Camponotus atriceps s. |. biting the petiole of a leaf from Quintana Roo (photo credit:
Leon Esteban Ibarra Garibay, 2 May 2022). C—F. Specimen collected in Chiapas. C. Winged gyne of Cephalotes sp. mounted in a pin, found in
the field biting the bark of a trunk, with the main stroma behind the head and other stromata emerging on the mesosoma, gaster, and legs of the
ant. D. Dorsal view of the host and stromata. E. Frontal view of the host’'s head. F. Immature unilateral perithecial cushion produced from the
stroma, close-up of the red rectangle in D. The three specimens with holomorphic stroma between head and pronotum, the mycelium under the
ant gaster and legs adhere to the bark and keep the fungus fixed. Scale bars: A-B = 5 mm; C-E = 1 mm; F = 250 ym.
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especially those that share a host in the same graveyards.

In determining the host species, it must be considered that
some Camponotus belong to species complexes (Mackay
2019). That is, these ants belong to hyperdiverse groups
that, unfortunately, to date, do not have a solid taxonomic and
systematics foundation. We assumed that the Camponotus
species associated with the zombie-ant fungi described above
are different from those present in Brazil, which are hosts of
O. camponoti-atricipis and O. unilateralis s. str. (Evans et al.
2011a, 2018, Araujo et al. 2015). Kobmoo et al. (2019) noted
that the hosts of O. camponoti-leonardi and O. camponoti-
saundersi, the ants Colobopsis leonardi and Colo. saundersi,
were also species complexes. Therefore, associations of one
fungus with different hosts, or two species of fungi with two
hosts may exist in different places. The determination of ants
can be complemented by phylogenetic analysis employing
DNA sequences, which is useful to show more precisely the
identity of the hosts associated with the fungi (Tang et al.
2023a, b, c).

We corroborate the species of the different hosts with
morphology and phylogenetic analyses employing COI
sequences; the results showed (not presented here) that
there are different species of Camponotus, Cephalotes, and
Colobopsis. Tang et al. (2023a, b, c) employed the same
DNA locus to demonstrate the associations of three species
of the O. unilateralis complex with species of Camponotus,
Colobopsis, and Polyrhachis. Ballesteros-Aguirre et al.
(unpublished) inferred the phylogenetic relationships of the
ants and found the existence of a new species of Colobopsis,
which will be described, supported by the specific association
with O. jaliscana.

In our sampling, we noted that different ant castes were
susceptible to parasitism by the O. unilateralis complex.
The workers, major workers (soldiers), and even queens
were infected and exhibited the extended phenotype and
stromata of the fungi. Similar results were reported for O.
corriemoreauae, a myrmecophilous hymenostilboid fungus,
which can infect workers, gynes, and males (Araujo et al.
2020). It is likely that zombie-ant fungi can parasitize all
castes of ants. However, in our results, we did not find males
parasitized by the fungi, nor did we find any other report that
fungi of the O. unilateralis complex parasitized males. In the
case of O. jaliscana, we only collected infected minor workers
of Colobopsis, even though five graveyards were sampled.
Nevertheless, further sampling is recommended to confirm
whether these zombie-ant fungi specialize in this particular
caste of ants.

We confirm that the ant nests are very close to the
zombie-ant fungi graveyards, unlike what was previously
observed by Pontoppidan et al. (2009), with species of
the O. unilateralis complex from Thailand. The species of
Camponotus, Cephalotes, and Colobopsis used only rotten
wood for nesting. The small ant species, such as Camp.
striatus, Camp. tepicanus, and Colobopsis sp., tend to nest
in hollow twigs. The bigger ants, such as Camp. atriceps and
Camp. sericeiventris, tend to nest in hollow logs and in living
and dead trees. Cephalotes goniodontus and Ceph. hirsutus
prefer hollow logs in the canopy, or even near the forest floor,
orin living or dead trees. In most cases, the zombie-ant fungi
graveyards were located a few meters from the nest, even on
the same bush or tree. In the case of Camp. sericeiventris,
no nests were found near the graveyards, as these ants

may possibly nest in dry branches in the canopy. Most of
our results contrast with Pontoppidan et al. (2009), as they
suggested that foraging host ants actively avoid graveyards.
In their results, they found that host ants built nests high in
the canopy and only occasionally descended through the
graveyards in search of resources on the forest floor. We
observed that ants had a close relationship with graveyards,
as ants were found actively foraging day and night in and
around them, and it was at those moments that infection
occurred. As mentioned above, in this work the taxonomic
determination of the hosts is considered relevant to better
understand the ecological interactions of ant-zombie fungi.
Therefore, it is recommended to carry out studies that shed
more light on the ecological patterns in the graveyards of the
different species of zombie-ant fungi from Mexico.

Graveyards

In our study, the graveyards were composed of either one
or multiple species of O. unilateralis complex with different
host species. Ophiocordyceps camponoti-striati specimens
were inconspicuous due to the small size of the host (~3 mm
long); therefore, few individuals were found in two different
graveyards, ~25 m apart. Ophiocordyceps cephalotiphila
formed focalized epizootics mainly in SDTF, but we recorded
a graveyard in GF, with a density in the tens (i.e., 10-20)
to hundreds of individuals in some areas, with larger trees
having a higher density. It was common to find several ants
biting the bark in the same area or even ants using other
infected ants as substrate (Fig. 11E-F). Similar observations
were made with other zombie-ant fungi from other complexes,
such as O. kniphofioides that forces Cephalotes atratus to die
next to each other in the graveyards (Evans & Samson 1982,
Araujo et al. 2018, Imirzian et al. 2020).

Ophiocordyceps deltoroi formed extended epizootics in
TMCEF, with a high density that could include hundreds of
individuals in some areas. Ophiocordyceps haraveriensis
was irregularly distributed throughout the whole study area,
with few individuals in SDTF, but forming focalized epizootics
in GF and TMCF, with a density that could be in the tens
to hundreds of individuals in some areas. Ophiocordyceps
jaliscana formed small epizootics in the tens (i.e., 10-20
individuals) mainly in SDTF and TMCF. Ophiocordyceps
pseudocamponoti-atricipis formed focalized epizootics in GF
and TMCF, with a low density that could be in the tens (i.e.,
10-50 individuals). In contrast, Araujo et al. (2015) reported
higher density in some areas of Amazonian forests, even
multiple ants belonging to different species, biting the same
leaf.

Even though the graveyards can be occupied by different
species of O. unilateralis s. 1., there is little evidence of cross-
infection within overlapping or sympatric ant populations
(Evans et al. 2011a, de Bekker et al. 2014, Kobmoo et al.
2019). Although our sampling was based on the criterion of
collecting individuals according to the morphology of fungi
and ants, as well as the extended phenotype observed, it was
common for the new species presented here to share hosts
and cemeteries in different parts of the vegetation. Therefore,
experiments are needed to determine whether there is any
degree of hybridization due to cross-infection.

In the case of O. cephalotiphila, which infected Cephalotes
goniodontus and Ceph. hirsutus at the base of trees, we
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Fig. 11. Habit and extended phenotype of Ophiocordyceps cephalotiphila. A. Graveyard of Cephalotes hirsutus on the base of a shrub, the pins
indicate the position of the zombie-ant fungi, blue: fungi with mature perithecial cushions, green: attached ants without stroma, orange: fungi
with immature perithecial cushions, white: remains of the zombie-ant fungi, yellow: fungi with asexual stroma. B. Nest entrance blocked by two
phragmotic major workers (soldiers) of Ceph. hirsutus (pink triangles), near the graveyard. C. Phragmotic major worker infected, perithecial
cushion (blue arrow), asexual morph (yellow arrow), and the site where the mycelium adheres to the bark (red arrow), blue dot, see A. D. Major
worker of Ceph. goniodontus, perithecial cushion (blue arrow) and asexual morph (yellow arrow) (blue dot, see A). E. Graveyard of Ceph.
goniodontus and Ceph. hirsutus, dead together on the base of a tree, some using other infected ants as substrate (asexual morphs marked with
yellow arrows). F. Graveyard of Ceph. goniodontus, fungi in different stages of development (for an explanation of the coloured dots, see A), an
ant (blue dot) using another ant as a substrate. Scale bars: A=5 cm; B-D = 1 mm; E-F =5 mm.
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found that ants died in highly aggregated distributions,
suggesting that infected ants find zombie ant cadavers
attractive to die alongside (Fig. 11A, E-F). Ophiocordyceps
cephalotiphila persisted continuously in the environment with
its different Hirsutella asexual morphs; for example, type C
phialides are designed to infect by contact and persist in the
exoskeletal remains of zombified ants. In contrast, Evans &
Samson (1982) described that apparently uninfected Ceph.
atratus ants take off cadavers of infected ants from the bark,
suggesting a protective behavior against the fungal infection.
However, the fungus O. kniphofioides s. str. has a strategy
for persisting in the environment, expressing a characteristic
asexual morph described as Hirsutella stilbelliformis var.
stilbelliformis, which has a rhizoid-like outgrowth that persists
in the moss carpet and bark, even if the ant is removed. This
asexual structure produces synnemata with yellow conidial
masses at the apex, which remain infective upon contact
(Araujo et al. 2018). Hirsutella type stilbelliformis asexual
morphs are exclusive to the O. kniphofioides complex (Evans
& Samson 1982, Araujo et al. 2018).

During the rainy season, we observed ants of the
Cephalotes genus occasionally wandering through the
graveyards, and during the dry season, we witnessed ants
with arboreal habits that came down to the forest floor in
search of resources, and most likely, becoming infected in
the graveyards. Nests have occasionally been found very
close, 1-2 m from graveyards, and we think there may be
more nests in the canopy, as these ants are polydomous
and occupy many nests in abandoned cavities or at the ends
of broken branches in dead wood (Gordon 2012, Vergara-
Torres et al. 2016). Fungi are likely taking advantage of these
ant habits to spread in the forest.

Similar ecological observations were made by Imirzian
et al. (2020) with Ceph. atratus infected by O. kniphofioides,
where it seems that some trees were used for climbing or
descending more frequently, promoting the aggregation
of cadavers on the base of trees (infection hotspots).
Nevertheless, host behaviour differs because Ceph. atratus
workers remove infected ants from trees, suggesting some
defence against infection. Our field observations indicated
that Mexican Ophiocordyceps constantly interact with their
hosts and that there was no behaviour suggesting any type of
defence by the ants, as occurs in the interaction between O.
kniphofioides and its hosts. At the same time, being close to
the host leads to a high frequency of transmission that gives
rise to epizootics. Future studies may investigate the entire
infection system and expose the factors that promote host-
parasite coexistence.

There is an interesting behaviour in Ceph. hirsutus, where
the head of the major workers and queens is modified as a
“cork” and is used as a physical defence strategy blocking
the entrance to the nest, functioning as a kind of “living door”
(Creighton 1967, Powell et al. 2020). This adaptation is called
phragmosis (Wheeler 1927, Hélldobler & Wilson 1990). We
found the major workers and queens of Ceph. hirsutus, whose
job is to guard the entrance to the burrow (Fig. 11B-C), were
somehow infected and manipulated into going and dying
by biting the bark at the base of trees in the graveyards. It
was evident that there is an indirect infection mechanism.
We hypothesize that the minor workers are responsible for
dispersing these parasitic fungi at the entrance and inside the
nest. It is likely that they carry some spores attached to their

bodies and disperse them by contact with other ants, due to
their high sociability. Microscopic observations showed that
O. cephalotiphila produces many sticky conidia on type C
phialides, which are active through the year in the graveyards,
shedding light on how ants can become infected inside nests.

Extended phenotype

Our phylogenetic results suggest that in subclades 1 and
2, i.e., in the O. unilateralis complex, twigs and bark are
the ancestral death position of ants when infected (Fig.
3). These results differ from those shown in Loreto et al.
(2018), where the ancestral position was leaf biting, due
to the addition of the new Mexican species, as well as the
inclusion of O. tianshianensis from China (Wei et al. 2020)
and an undescribed Ghanaian specimen of the O. unilateralis
complex (Araujo et al. 2018). The results also show that
the bark is the ancestral death position in O. kniphofioides,
consequently for the hirsutelloid ant pathogen clade. In this
case, the result is in agreement with Loreto et al. (2018) and
Tang et al. (2023c). So far, only the Mexican species in the
O. unilateralis complex manipulate the ants to die at the base
of rocks, thus they present a unique extended phenotype.
If we consider that the base of the rocks presumably
maintains constant humidity, then we might think that this
location provides favourable environmental conditions for the
development of the fungal sporomes. The difference between
extended phenotypes in the O. unilateralis complex could be
due to adaptative plasticity in response to environmental
characteristics and changes. Until now, we know the death
position is a trait that has evolved convergently in different
regions of the world (Loreto et al. 2018).

The common trait in five of the newly proposed taxa was
biting the bark of branches or the base of trees or shrubs, but
we also found zombie-ant fungi on the base of rocks and only
O. pseudocamponoti-atricipis forced ants to die by biting the
main veins or margins of leaves (Figs 11, 12). Other substrates
where ants die have been reported, such as climbing stems,
epiphytes, green twigs, inside logs, fallen logs, lianas,
lichens, and palm thorns (Evans & Samson 1984, Kepler et
al. 2011, Araujo et al. 2015, 2018, Kobmoo et al. 2015, Wei
et al. 2020). It was proposed that in non-deciduous forests
ants bite leaves, while they bite twigs in deciduous forests;
however, extended phenotype, habitat, and even the host are
homoplastic characters in the O. unilateralis complex (Loreto
et al. 2018). The common extended phenotype in the tropical
forests in Mexico could be to bite the bark, according to our
sampling in Jalisco. So, the behaviour of biting branches or
bark is not characteristic only of deciduous forests, but also
exists in evergreen forests, even tropical ones.

The taxa proposed here expressed specific variation
among themselves with respect to the height from the forest
floor at which ants die, with a wide range from 2 cm to almost
3 m above the ground, compared to other species that kill
ants on the bark. For example, O. kimflemingiae forced the
ants Camp. castaneus to die biting twigs about 0.5-1.5 m
from the forest floor (Araujo et al. 2018, Loreto et al. 2018).
On the other hand, O. deltoroi manipulated its two hosts to die
by biting onto bark at a different height above the forest floor
(Table S1). When O. deltoroi parasitized Camp. sericeiventris
s. ., the ants died at the base of trees, 2 cm to 1.55 m from the
forest floor, but when Camp. tepicanus s. |. was parasitized, it
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Fig. 12. Habits and extended phenotypes of the new species. Perithecial cushions (blue arrows), asexual morph areas (yellow arrows), pupa
of an undetermined insect (purple arrows). A. Ophiocordyceps camponoti-striati manipulating Camponotus striatus s. |. to die biting bark. B-D.
Ophiocordyceps deltoroi. B. Camponotus sericeiventris s. |. manipulated to die biting bark on the base of a tree. C. Camponotus sericeiventris s. |.
manipulated to die biting a base of a rock, covered in sediment. D. Camponotus. tepicanus s. |. manipulated to die biting bark. E. Ophiocordyceps
haraveriensis manipulating Camp. atriceps s. |. to die biting bark. F, G. Ophiocordyceps jaliscana manipulating its hosts to die biting bark. F.
Colobopsis sp. G. Camponotus tepicanus s. |. H. Ophiocordyceps pseudocamponoti-atricipis manipulating Camp. atriceps s. |. to die biting a
leaf. Scale bars = 5 mm.
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was 4.5 cm to 2.56 m from the ground. A generalist species of
the O. unilateralis complex, which manipulates seven species
of Polyrhachis and one of Camponotus in an evergreen
broad-leaf forest in central Taiwan, also uses ants to disperse
in the habitat in different ways, as the height from the forest
floor varies in a host-dependent manner (Lin et al. 2020).
The different extended phenotypes of Mexican zombie-ant
fungi, when ants died by biting bark, possibly reflect the way
the fungi can take advantage of different niches in diverse
vegetation types.

In the case of the fungi that force ants to die by biting
the leaves, we found that O. pseudocamponoti-atricipis kills
Camp. atriceps s. |. over a wider range of heights (20 cm
to 2.4 m from the ground), compared to the sister species
O. camponoti-atricipis from the Brazilian Amazonia, which
manipulates the ants, Camp. atriceps, to die by biting the
apical part of palm-fronds, dicot leaves, and palm-thorns, over
a shorter and lower range, around 60 cm to 1.4 m above the
floor level (Sanjuan et al. 2001, Araujo et al. 2015, Andriolli et
al. 2019). Possibly the variations are caused by the influence
of different plant species, as well as the intrinsic differences
of each species, but additional studies are needed to more
accurately describe the ecological patterns.

Loreto et al. (2018) suggested that the extended
phenotype of the fungus is influenced by the habitat and
determines the optimal site where ants bite before dying. We
found two species that sympatrically parasitized the same ant
species, but that expressed a different extended phenotype.
Ophiocordyceps haraveriensis and O. pseudocamponoti-
atricipis are fungi of different lineages that parasitize Camp.
atriceps s. |. (Camponotus sp. 4) (Fig. 3); the first manipulated
the ants to bite bark, twigs, and rocks, and the second to bite
leaves. On the other hand, O. deltoroi and O. jaliscana, both
belonging to the same lineage (Fig. 3), manipulated Camp.
tepicanus s. |. (Camponotus sp. 3) to bite the bark, branches,
and base of trees, but only O. deltoroi to bite the base of rocks.
According to Loreto et al. (2018), ants manipulated to bite the
bark of trees are not frequent. Until this work, most species
of the O. unilateralis complex were observed to manipulate
ants to bite leaves and were found in non-deciduous forests
in the tropics. This extended phenotype was hypothesized to
be the ancestral trait that subsequently switched to twig biting
at least four times in different lineages (Loreto et al. 2018).
However, this may need to be re-considered in the light of
the evidence from Neotropical species. Twig-biting and other
behaviours, such as twig-grasping, could be explained by
phenotypic plasticity, which evolved convergently in different
areas of the globe due to the appearance of deciduous
forests (Loreto ef al. 2018).

Both leaves and twigs are available throughout the year in
the GF and TMCF, but in the SDTF the seasonality results in
several plants losing their leaves. Previous studies suggested
that leaves can provide a favourable microclimate, with stable
temperature and humidity, as well as protection from UV rays
and rain (Andersen et al. 2009, Pincebourde & Woods 2012).
However, we found that in the three sampled tropical forests
the bark could also provide a favourable microclimate, even
if the fungus is not protected from UV damage and rain,
although, in many cases, this protection could be provided
by the canopy. In tropical forests, development of zombie-
ant fungi individuals occurs within a few months, but in
temperate forests development occurs within at least a year

(Mongkolsamrit et al. 2012, Loreto et al. 2014, 2018, Araujo
et al. 2015). In the case of O. kimflemingiae, leaf fall, lower
average annual temperature, and slow development rate in
the temperate forest where this species thrives, probably
selectively favoured twig biting by the host (Loreto et al.
2018). The Mexican species belong to a different lineage
within the O. unilateralis complex, and the tropical forest
and environmental conditions are very different from those
to which O. kimflemingiae is exposed. Therefore, the reason
why Mexican species manipulate ants to bite the bark remains
unknown. The answer could be found by analysing the
biogeographic history of the O. unilateralis complex, and other
taxa that share a common evolutionary history (cenochrons),
in the Mexican Transition Zone, where the Neotropical and
Nearctic biotas overlap (Morrone 2020), since there is a
possibility that the extended phenotype of fungi is related
to changes in the physiognomy of vegetation, landscape,
and ant lineages. Further exploration and collections are
needed to better understand the biogeographic history of
the O. unilateralis complex throughout the Mexican territory,
both in the Neotropics and the Nearctic. The discovery and
description of the first species of the O. unilateralis complex in
Mexico provides evidence that allows a better understanding
of the ecological interactions of the zombie-ant fungi with
their hosts.
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Ophiocordyceps unilateralis complex in western Mexico.

Table S2. Dataset of the hosts of the Ophiocordyceps unilateralis
complex in western Mexico indicating COI/ sequences,
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