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RESUMEN

Antecedentes: Cordyceps s.I. es un grupo parafilético de hongos ascomicetes, principalmente parasitos de artrépodos.
En México, estos hongos han sido poco estudiados y se desconoce el panorama actual de su diversidad.

Objetivo: Describir la historia de los registros de Cordyceps s.I. en México, asi como realizar un listado de las especies,
sus hospederos y distribucién geografica.

Métodos: Se realizé una revision bibliografica sobre Cordyceps s.I. citados en México de 1864 a 2022. Se elaboraron ma-
pas de la distribucion geogréfica de las familias Clavicipitaceae, Cordycipitaceae y Ophiocordycipitaceae en el programa
QGIS 3.18.1.

Resultados y conclusiones: El primer registro de Cordyceps en México data de 1864. A la fecha se han registrado 35
especies de Cordyceps s.I., lo que equivale al 3.5% de |a diversidad registrada para el género a nivel mundial. La distri-
bucién geogréfica de estas especies estd determinada en primer lugar por sus hospederos y consecuentemente por la
vegetacion. Las especies con mayor distribucion geogréfica fueron Beauveria bassiana y Cordyceps militaris de Cordyci-
pitaceae; Metarhizium anisopliae de Clavicipitaceae; y Tolypocladium capitatum y T. ophioglossoides de Ophiocordyci-
pitaceae. Beauveria bassiana'y Metarhizium anisopliae son las especies con méas estudios, debido a su patogenicidad en
diferentes insectos plaga.
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ABSTRACT

Background: Cordyceps s.I. is a paraphyletic group of Ascomycete fungi that parasitize mainly arthropods. In Mexico,
these fungi have been little studied and the current state of their diversity is unknown.

Objective: To describe the history of the records of Cordyceps s.I. from Mexico, and to generate a checklist of the species,
detailing their hosts and geographical distribution.

Methods: A literature review was conducted addressing on Cordyceps s.!. cited from Mexico from 1864 to 2022. Geogra-
phical distribution maps of Clavicipitaceae, Cordycipitaceae, and Ophiocordycipitaceae were created in the QGIS 3.18.1
Software.

Results and conclusions: The first record of Cordyceps in Mexico dates back to 1864. To date, 35 species of Cordyceps
s.l. have been recorded, equivalent to 3.5% of the diversity of the genus recorded worldwide. The geographical distri-
bution of these species is determined by their hosts and consequently by the vegetation. The species with the greatest
geographical distribution were: Beauveria bassiana and Cordyceps militaris of Cordycipitaceae; Metarhizium anisopliae of
Clavicipitaceae; and Tolypocladium capitatum and T. ophioglossoides of Ophiocordycipitaceae. Beauveria bassiana and
Metarhizium anisopliae are the most studied species due to their pathogenicity to different crop pests.
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INTRODUCTION

Cordyceps sensu lato (s.l.) is a paraphyletic group of
Ascomycete fungi comprising approximately 1 000 spe-
cies (Wei et al. 2020). The members of the group pre-
sent multiple lifestyles, parasitizing arthropods, gras-
ses, or hypogeous fungi (Sung et al. 2007a, 2007b)
while some are saprotrophs or endophytes (Gazis et
al. 2014), that includes fungal species of agricultural
importance. Asexual stages are important as biologi-
cal control of several pest and vector insects. Metar-
hizium has been used to control many groups of the
insects in many countries, for example to control Ae-
neolamia varia ("salivazos”), which affects alfalfa and
sugar cane cultivars in Brazil (Alves et al. 2008), and
to control of Anopheles mosquitoes, which are vector
of malaria (Scholte et al. 2005). Akanthomyces saba-
nensis (=Lecanicillium sabanense) parasitizes Pulvina-
ria caballeroramosae females that, in turn, parasitize
Ficus suatensis in Colombia (Chirivi-Salomén et al.
2015). In Florida, USA, Beauveria bassiana has been
used to control the whitefly Bemisia tabaci (Sani et al.
2020). This host species is considered by the Interna-
tional Union for Conservation of Nature (IUCN) as an
invasive pest in North America that affects crops such
as alfalfa, broccoli, cabbage, cotton, tomato, squash,
peanut, and watermelon, among others (Quesa-
da-Moraga et al. 2006; SEDECO 2014).

Cordyceps s.I. also comprises species with edible and
medicinal properties. Cordyceps militaris, C. pruinosa,
C. tenuipes, Isaria cicadae, Ophiocordyceps sinensis,
and Tolypocladium ophioglossoides, among others
are appreciated as edible and medicinal in Asia and
are considered as functional foods since they produce
metabolites beneficial to health (Ng and Wang 2005,
Zhang et al. 2018). Different species of Cordyceps
s.l. have antioxidant, anti-cancer, antihyperlipidemic,
anti-diabetic, anti-fatigue, anti-aging, anti-depres-
sant, and aphrodisiac properties, since they produce
various biomolecules including nucleosides such as
cordycepin, sterols, flavonoids, cyclic peptides, phe-
nolic, bioxanthracenes, polyketides, and alkaloids
(Das et al. 2021). Cordycepin (3’-deoxyadenosine), a
nucleoside analogue of adenosine, is a well-studied
metabolite, since it presents some of the properties
described above. Its presence and quantity are consi-
dered indicators of the quality of the Cordyceps pro-
ducts (Lee et al. 2019).
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Isaria cicadae is a species of great cultural importance,
which has been used in China for about 1 600 years
(Hsu et al. 2015). Another species of cultural, medicinal,
and economic importance is Ophiocordyceps sinensis.
Known in Tibet as “winter worm"” or “summer grass”,
this species parasitizes larvae of the moths Thitaro-
des/Hepialus spp. (Wu et al. 2020). Its distribution is
restricted to the Tibetan plateau in the Himalayas at
over 5 000 m, and its overexploitation has led to a
decline in its populations (Winkler 2009, Kumar et al.
2010, Shrestha 2011). O. sinensis currently has a high
economic value worldwide, indeed it was marketed
at up to $60 000 USD per kg in 2015 (Lei et al. 2015).
Consequently, the IUCN has classed it as vulnerable
(VU) (Yang 2020).

Artificial cultivation of O. sinensis is challenging;
however, C. militaris can be used as a substitute for
O. sinensis and is cultivated at industrial scale (Shres-
tha et al. 2010). Cordyceps militaris has biological
activities, including as an antimalarial, hypoglycemic,
anti-cancer, immunomodulatory, antidiabetic, and an-
tiviral against severe acute respiratory syndrome co-
ronavirus 2 (SARS-CoV-2) (Khan et al. 2010, Jedrejko
et al. 2021).

In Mexico, there is a lack of knowledge regarding the
diversity of species of Cordyceps s.I. and research to-
pics have been mainly limited to list or records with
descriptions using traditional taxonomy, doing little
to facilitate their potential exploitation. Therefore, the
objectives of this review were to analyze the records
of these fungi cited in Mexico, and list the diversity,
hosts, and geographical distribution of the Cordyceps s..

MATERIAL AND METHODS

This paper analyzes the published information pertai-
ning to Cordyceps s.I. in Mexico. To achieve this, a list
of the species recorded in the different states of the
country was created through a review of the scientific
literature published from 1864 to 2022. Bibliographic
reviews as Chacén and Guzman (1983), or those inclu-
ded in Rubio-Bustos et al. (1999) and Guzman et al.
(2001) were checked. The review of the first reports of
entomopathogenic fungi was conducted in the Histo-
rical Collection of the Institute of Biology of the Natio-
nal Autonomous University of Mexico (UNAM).

We also looked for records of anamorphic states
of Cordyceps s.l. used as biological controls. The




keywords used in the query were: entomopathoge-
nic fungi, biological control, Beauveria, Cordyceps,
Isaria, Metarhizium, Paecilomyces, Paraisaria, and
Tolypocladium. Scientific names and their authors
were standardized according to the nomenclature
published in the Index Fungorum portal (http://www.
indexfungorum.org). Geographic distribution maps of
Clavicipitaceae, Cordycipitaceae, and Ophiocordyci-
pitaceae were generated with QGIS 3.18.1 Software
(QGIS 2021), using presence records from the studies
listed in Tables 1, 2, and 3. The dataset for land use
and vegetation cover, available from the Mexican Na-

tional Institute of Statistics and Geography (INEGI
1992), was used with at scale 1:250,000. The coordi-
nate system MEXICO ITRF 2008 LCC was used, along
with the Lambert Conformal Conic and Datum projec-

tion (https://www.inegi.org.mx/app/biblioteca/ficha.
htm|?upc=702825007020).
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RESULTS

History of records of Cordycesp s.I. in Mexico

The first report of Cordyceps in Mexico was made by
the physician and pharmacist Rio de la Loza (1864),
who analyzed an “animal-plant rare in nature” and
determined it to be an "animal (Cicada communis)
with animal excrescence” (Figure 1). In the same year,
Milne-Edwards (1864) reviewed the “animal-plant”
specimens from Mexico and mentioned that what
looked like a plant and emerged from cicada larvae
or nymphs was a fungus called Sphaeria sobolifera
(=Ophiocordyceps sobolifera). Seventeen years later,
Urbina (1881) supported the conclusions made by
Milne-Edwards, corroborating that these specimens
were insects parasitized by fungi. Then, seventy-se-
ven years after the Milne-Edwards determination, the
first species of entomopatogenous fungi was Isaria

cicadae (= Isaria sinclairii) in Jalisco, Mexico were re-
corded in 1941-1942 (Petch 1941-1942)

Figure 1. lllustration of a “rare animal-plant” made by Rio de la Loza in 1864. A. Larva-nymph, with ramifications that emerge from the head;
B. Ramifications ending in a cauliflower formations, emerging from the anterior part of the thorax; C. Dissected lateral view of a larva-nym-

ph; D. Serrated leg of the insect used to excavate the soil.




The taxonomic identification of herbarium material,
collected material, and new records have been ca-
rried out mainly by Petch (1941-1942), Mains (1957,
1958), Guzman (1958), Heim and Wasson (1958), Pé-
rez-Silva (1977, 1978), and Rubio-Bustos et al. (1999).
The regional taxonomic studies have been carried out
mainly by Castro et al. (2012) and Pérez-Villamares et
al. (2017). The most recent research described a new
species, Cordyceps mexicana, in which morphology,
host, and DNA data were analyzed (Lépez-Rodriguez
et al. 2022) (Figure 2).

Diversity of Cordyceps s.I. in Mexico

Currently, there are 35 Cordyceps s.l. species recor-
ded in Mexico, belonging to the families Clavicipita-
ceae, Cordycipitaceae, and Ophiocordycipitaceae.
These species represent 3.5 % of the entomopatho-
genic fungi worldwide. Most of the records have been
made from Colima, Estado de México, Hidalgo, Ja-
lisco, Morelos, and Oaxaca. Estado de México, with
13 species, represented the first place in terms of
diversity. There were states, such as Aguascalientes,
Baja California, Baja California Sur, Ciudad de Méxi-

First record of
Tolypocladium
capitatum and T.

Aztecs consumed First record as a
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co, Guerrero, Querétaro, Yucatdn, and Zacatecas, in
which no studies have been conducted (Figure 3).

Species and families recorded in Mexico

Clavicipitaceae

Clavicipitaceae in Mexico was the least recorded fami-
ly, represented by eight entomopathogenic species:
Metarhizium acridum, M. anisopliae, M. brunneum, M.
guizhaense, M. humberi, M. pemphigi, M. pinghaen-
se, and M. robertsii. These species have been found
mainly in agricultural areas of maize and bean crops,
in soil or parasitizing Coleoptera, Diptera, Hemipte-
ra, Lepidoptera, Orthoptera, Thysanoptera, and acari
(Arachnida) (Table 1). Metarhizium anisopliae had the
highest number of records and the widest distribution
(Figure 4), it has been isolated from soils and a wide
range of insects. Metarhizium acridum, M. brunneum,
and M. humberi have been found in a single order
of insects, meanwhile M. guizhaense, M. pinghaense,
and M. robertsii have been recorded parasitizing Co-
leoptera, Lepidoptera, and Orthoptera.

Use of Tolypocladium
capitatum and T.
ophioglossoides First review of

specimens

Habitat relationship
between Tolypocladium

First record of  “Animals with larvae of insects macroscopic ophioglossoides “little men”is !
an “animal outgrowth” parasitized by  cntomopathogenic (as Cordyceps) capilatum and mentioned in rituals prewlousl)l/
with an defined as fungi called  fungi occwrred in from Central T. ophioglossoides with of the Nahua of deposited in
outgrowth™ fungi “tlalomites” Jalisco: Isaria Mexico Psilocybe muliercula Central Mexico herbarium
cicqdae
| | | i | | | [
I | | | [ I | |
Rio de la Loza Milne-Edwards Sanchez Petch Mains Guzman Hcim and Wasson Pérez-Silva
(1864) (1864), Urbina (1886) (1933-1934, (1957, 1958) (1958) (1958) (1977)
(1881) 1941-1942)
New records: New records for Mexico: Cordyceps
Cordyceps New records for the state of takaomontana and Beauveria

New records of
Cordyceps s.1. are
made and their
relationship with
their hosts arc
discussed

polyarthra, Morelos:
Ophiocordyceps
melolonthae as C.
melolonthae and
0. sobolifera as C.
sobolifera

Record of 10
species with
distribution for
Mexico

C. militaris, O. sphecocephala
as C. sphecocephala , C.
melolonthae as C.
melolonthae and Paraisaria
gracilioides as C. gracilioides

New species with
distribution in
Quercus-Pinus

forests of Central

Mexico:
Cordyceps mexicana

scarabaeidicola as C. scarabaeicola.
New records of Cordyceps s.1. for the
Estado de México: Ophiocordyceps
entomorrhiza, Paraisaria gracilioides as O.
gracilioides, O. gracilis, and Q. siylophora.
17 species listed for the country

Pérez-Silva
(1978)

Rubio-Bustos el al.

(1999)

Castro et al.
(2012)

Guzman ef al.
(2001)

Figure 2. Cordyceps s.I. studies in Mexico time-line.
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Figure 3. Cordyceps s.|. species registered by state in Mexico.

Cordycipitaceae

The Cordycipitaceae family was represented in Mexi-
co by 13 species, eight of the genus Cordyceps, three
of Beauveria, one of Akanthomyces, and one of Isaria
(Table 2). Cordyceps militaris had the largest number
of records and a wide geographic distribution (Figure
5). It has been recorded in 12 states, in various vege-
tation types including temperate forests, rainforests,
grasslands, and agricultural areas. It grows on pupae
and larvae of Lepidoptera of the families Geometri-
dae, Noctuidae, and Sphingidae, and has only been
reported once parasitizing Coleoptera (Table 2). Isaria
cicadae was the first species cited in Mexico, however
its ubication was not clear, therefore it is not shown
on the figure 5.

Ophiocordycipitaceae

Ophiocordycipitaceae was the family with the grea-
test diversity recorded in Mexico, comprising 14 spe-
cies and four genera. Ophiocordyceps had nine spe-
cies distribuited in seven states. Of these, Estado de

México, Jalisco, and Veracruz had the highest number
of records. Tolypocladium was represented by two
species, with the highest number of records and the
largest geographic distribution, widely collected pa-
rasitizing Elaphomyces spp. in pine-oak forests. The
genus Hirsutella was also represented by two species,
while Paraisaria had presented only one species (Fi-
gure 6, Table 3).

Asexual states of Cordyceps s.l. recorded as agents of biologi-
cal control of insect pests and disease vectors

In Mexico, the asexual states of Beauveria bassia-
na, Cordyceps fumosorosea (Table 2), Hirsutella sp.
(Table 3), and Metarhizium anisopliae (Table 1) have
been studied as biological control agents of insect
pests that affect valuable crops such as beans, citrus,
coffee, fruits, maize, and sugar cane. In addition, ano-
ther application being investigated is its pathogenici-
ty on insects or acarus vectors of bacteria, viruses, or
parasites (Tables 1 and 2).
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Figure 5. Geographic distribution of Cordycipitaceae in Mexico.
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The traditional importance of Tolypocladium in Mexico
Tolypocladium capitatum (=Cordyceps capitata) and
T. ophioglossoides (=Cordyceps ophioglossoides)
were the only species recorded with an edible use
in rituals of the indigenous of central Mexico. These
were first recorded in the Estado de México (Table
3). The Nahuas attribute medicinal properties to both
species (Heim and Wason 1958). Their consumption
was first described in rituals of the nahua people of
San Pedro Tlanixco and Tenango del Valle, where
they were consumed together with Psilocybe mulier-
cula and Elaphomyces spp. (Heim and Wason 1958).
The common names of T. capitatum and T. ophio-
glossoides are "little men”, while individuals of Psi-
locybe muliercula are known as “little women” and
Elaphomyces spp. is called “great world”. The ritual
itself was described by Guzman (2008); however, the
use of Tolypocladium has not been recorded again.

Relationship with the hosts

In Mexico, we found that the members of Clavicipita-
ceae are mainly associated with nymphs or larvae of
Coleoptera, Lepidoptera, and Orthoptera, although
Metarhizium anisopliae has a very wide range of in-
sect hosts and even parasitizes Arachnida (Table 1).
Cordycipitaceae mainly presented an association with
Lepidoptera. Cordyceps militaris and C. takaomonta-
na were associated with Lepidoptera larvae and pu-
pae. Cordyceps farinosa and C. polyarthra were found
on Lepidoptera pupae, while only Akanthomyces tu-
berculatus was found on Lepidoptera adults. Howe-
ver, other species could be associated with Coleopte-
ra, Hemiptera, and Orthoptera adults and Beauveria
bassiana has also a very wide range of insect hosts
(Table 2). In Ophiocordycipitaceae, Tolypocladium
parasitizes Elaphomyces fungi, while Ophiocordyceps
was found on Lepidoptera and Coleoptera larvae, on
Diptera, Coleoptera, Hymenoptera, Homoptera, and
Hemiptera adults, and only Hirsutella thompsonii pa-
rasitizes acari (Table 3).
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Table 1. Clavicipitaceae species recorded in the literature from Mexico

Metarhizium acridum
(Driver & Milner) J.F. Bisch., S.A. Rehner & Humber

Host: Class, Order, family, species (larvae, pupae or adult).
Insecta, Orthoptera, Acrididae, Schistocerca piceifrons in laboratory assays; Pyrgomorphidae, Sphenarium purpurascens (adults) in field
experiments.

Vegetation
Agricultural areas with crops such as amaranth, beans, eggplant, maize, and squash, grass and soil.

State (references)
Without locality (Barrientos-Lozano et al. 2005), Puebla (Guerrero-Guerra et al. 2013), Colima (Serna-Dominguez et al. 2019).

M. anisopliae
(Metschn.) Sorokin

Host: Class, Order, family, species (larvae, pupae or adult).

Arachnida, Trombidiformes, Tetranychidae, Tetranichus urticae; Ixodidae, *Boophilus microplus in field experiments with bovine; Co-
leoptera, Curculionidae, Hypothenemus hampei (adults); Scarabaeidae, Anomala sp., Macrodactylus murinus, Paranomala sp. (larvae),
Phyllophaga vetula (larvae) in laboratory assays, Phyllophaga spp. (larvae) in laboratory assays; Tenebrinidae, Tenebrio molitor (larvae) in
laboratory assays; Hemiptera; Aleyrodidae, *Bemisia tabaci (nymph) in laboratory assays; Cercopidae, *Aeneolamia spp., A. postica; Livii-
dae, *Diaphorina citri (adults and nymphs) in field experiments; Reduviidae, *Meccus pallidipennis (adults), * Triatoma dimidiata (adults and
nymphs) in laboratory assays; Triozidae, *Bactericera cockerelli (nymph) in laboratory assays; Lepidoptera; Pyralidae, Galleria mellonella
(larvae) in laboratory assays; Crambidae, Diatraea saccharalis, D. magnifactella; Noctuidae, Spodoptera frugiperda in laboratory assays;
Orthoptera, Acrididae, Schistocerca piceifrons; Romaleidae, Brachystola magna (adults) in laboratory assays; Thysanoptera, Thripidae,
Frankliniella occidentalis (larvae) in laboratory assays; Diptera, Culicidae, Aedes aegypti (eggs) in laboratory assays.

Vegetation
Agricultural areas with crops such as bean, citrus, ebo, maize, oatmeal and, wheat. Coffee and sugar cane plantations. Agroecosystem of
Citrus aurantifolia, C. grandis, Saccharum officinalis, and Mangifera indica. Soil.

State (references)

Chiapas (De la Rosa et al. 2000; Bautista Galvez et al. 2017; Torres-Estrada et al. 2020), Tabasco (Bautista-Géalvez and Gonzalez-Cortes
2005; Hernédndez-Dominguez et al. 2016; Bautista-Gélvez et al. 2017; Brunner-Mendoza et al. 2017, 2018), Veracruz (Alonso-Diaz et al.
2007; Carrillo-Benitez et al. 2013; Herndndez-Dominguez et al. 2016; Brunner-Mendoza et al. 2017, 2018; Navarro-Barranco et al. 2019),
without locality (Lezama-Gutiérrez et al. 2012, Vazquez-Martinez et al. 2014), Colima (Carrillo-Benitez et al. 2013; Lezama-Gutiérrez et al.
2014; Serna-Dominguez et al. 2019; Ramirez-Milanes et al. 2022), Guanajuato (Carrillo-Benitez et al. 2013; Cabrera-Mora et al. 2019),
Quintana Roo (Carrillo-Benitez et al. 2013), Chihuahua (Rios Velasco et al. 2014; Bustillos-Rodriguez et al. 2016), Nayarit (Bustillos-Ro-
driguez et al. 2016), San Luis Potosi (Flores-Villegas et al. 2016; Hernandez-Dominguez et al. 2016; Brunner-Mendoza et al. 2017, 2018;
Navarro-Barranco et al. 2019), Oaxaca (Herndndez-Dominguez et al. 2016; Brunner-Mendoza et al. 2017, 2018; Navarro-Barranco et al.
2019), Morelos (Solis-Perez et al. 2016), Estado de México (Alcantara-Vargas et al. 2020)

* Considered vectors of bacteria, parasites or viruses.

M. brunneum
Petch

Host: Class, Order, family, species (larvae, pupae or adult).
Insecta, Lepidoptera, Pyralidae, Galleria mellonella (larvae)

Vegetation
Agricultural areas with crop of bean and avocado plantations. Soil

State (references)
Colima (Serna-Dominguez et al. 2019), Puebla (Cabrera-Mora et al. 2019),
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M. guizhaense

Host: Class, Order, family, species (larvae, pupae or adult).
Insecta, Coleoptera, Lepidoptera, Pyralidae, Galleria mellonella; Noctuidae, Spodoptera frugiperda; Orthoptera, Romaleidae, Brachys-
tola magna (adults) in laboratory assays.

Vegetation
Agricultural areas with crop of maize and avocado plantations. Soil.

State (references)
Chihuahua (Bustillos-Rodriguez et al. 2016), Colima (Brunner-Mendoza et al. 2017, 2018; Serna-Dominguez et al. 2019), Nayarit (Brun-
ner-Mendoza et al. 2017, 2018).

M. humberi
C. Luz, L. Rocha & I. Delalibera

Host: Class, Order, family, species (larvae, pupae or adult).
Insecta, Lepidoptera

Vegetation
Tropical gallery forest in a cerrado ecosystem and soil.

State (references)
Tamaulipas and Oaxaca (Luz et al. 2019)

M. pemphigi
(Driver & Milner) Kepler, Humber & S.A. Rehner

Host: Class, Order, family, species (larvae, pupae or adult).
Unspecified

Vegetation
Coffee plantations

State (references)
Colima (Serna-Dominguez et al. 2019)

M. pinghaense
Q.T. Chen & H.L. Guo

Host: Class, Order, family, species (larvae, pupae or adult).
Insecta, Coleoptera, Scarabaeidae, Anomala cincta, Phyllophaga spp. (larvae) and white grubs; Lepidoptera, Pyralidae, Galleria mellonella;
Orthoptera, Romaleidae, Brachystola magna (adults) in laboratory assays

Vegetation
Agricultural areas with crop as bean, and maize. Avocado plantations and soil

State (references)
Guanajuato (Guzmén-Franco et al. 2012; Carrillo-Benitez et al. 2013), Puebla (Guzmén-Franco et al. 2012), Chihuahua (Bustillos-Rodriguez
et al. 2016), Morelos (Brunner-Mendoza et al. 2017, 2018), Colima (Serna-Dominguez et al. 2019)
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M. robertsii
J.F. Bisch., S.A. Rehner & Humber

Host: Class, Order, family, species (larvae, pupae or adult).
Insecta, Coleoptera, Scarabaeidae, Phyllophaga spp. (larvae) and white grubs; Lepidoptera, Pyralidae, Galleria mellonella; Orthoptera,
Romaleidae, Brachystola magna (adults) in laboratory assays.

Vegetation
Agricultural areas with crop as bean, blackberry and, maize. Avocado plantations, tejocote orchard and soil

State (references)
Without locality (Carrillo-Benitez et al. 2013; Serna-Dominguez et al. 2019), Guanajuato (Pérez-Gonzélez et al. 2014), Puebla (Mufiz-Reyes
et al. 2014; Cabrera-Mora et al. 2019), Chihuahua and Nayarit (Bustillos-Rodriguez et al. 2016), Jalisco and Morelos (Brunner-Mendoza et
al. 2017, 2018), Colima (Brunner-Mendoza et al. 2017, 2018; Serna-Dominguez et al. 2019)

Table 2. Cordycipitaceae species recorded in the literature from Mexico

Akanthomyces tuberculatus
(Lebert) Spatafora, Kepler & B. Shrestha

Host: Class, Order, family, species (larvae, pupae or adult).
Insecta, Lepidoptera, Sphingidae (adults)

Vegetation
Agricultural areas with citrus

State (references)
Tamaulipas (Sdnchez-Pefia 1990)

Beauveria bassiana
(Bals. -Criv) Vuill.

Host: Class, Order, family, species (larvae, pupae or adult).
Arachnida, Ixodida, Ixodidae, *Rhicephalus microplus; Insecta, Coleoptera, Scarabaeidae, Anomala cincta, Phyllophaga polyphilla; Curcu-
lionoidea, Hypothenemus hampei, Scyphophorus acupunctatus (larvae); Diptera, Tephritidae, Rhagoletis pomonella (larvae and pupae);
Hemiptera, Triozidae, *Bactericera cockerelli; Aleyrodidae, *Bemisia tabaci; Liviidae,*Diaphorina citri; Reduviidae,*Triatoma dimidiate;
Lepidoptera, Pyraloidea, Galleria mellonella; Noctuidae, Spodoptera exigua (larvae and pupae); Orthoptera, Romaleidae, Brachystola
magna (adults); Thysanoptera, Thripidae, *Frankliniella occidentalis (nymph and adults)

Vegetation
Agricultural areas with crops such as coffee, lemon, maize, and tejocote orchad, grassland and soil

State (references)
Chiapas (De la Rosa et al. 2000; Bautista Galvez et al. 2017), Chihuahua (Barajas et al. 2011; Rios-Velasco et al. 2014; Bustillos-Rodriguez
et al. 2016), Coahuila (Sdnchez-Pefa et al. 2011), Morelos (Hernandez-Veldzquez et al. 2011), Guanajuato (Guzméan-Franco et al. 2012; Pé-
rez-Gonzéalez et al. 2014; Cabrera-Mora et al. 2019), Jalisco & Oaxaca (Carrillo-Benitez et al. 2013), Colima (Lezama-Gutiérrez et al. 2014),
without locality (Lezama-Gutiérrez et al. 2012), Estado de México (Mufiiz-Reyes et al. 2014), Puebla (Mufiiz-Reyes et al. 2014; Cabrera-Mora
et al. 2019), Michoacan (Garcia-Munguia et al. 2015), Nayarit (Bustillos-Rodriguez et al. 2016), Tabasco (Bautista-Gélvez et al. 2017), Ta-
maulipas (Gandarilla-Pacheco et al. 2021)

*Considered vectors of bacteria, parasites or viruses
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Beauveria pseudobassiana
S.A Rehner & Humber

Host: Class, Order, family, species (larvae, pupae or adult).
Insecta, Coleoptera, Scarabaeidae, Cyclocephala, Phyllophaga spp., Phyllophaga polyphilla, and unidentified white grubs (larvae) in labo-
ratory assays; Diptera, Tephritidae, Rhagoletis pomonella (larvae and pupae) in laboratory assays.

Vegetation
Agricultural areas with crops such as bean, maize,and tejocote orchard, grassland and soil

State (references)
Guanajuato (Carrillo-Benitez et al. 2013; Pérez-Gonzélez et al. 2014, Cabrera-Mora et al. 2019), Puebla (Carrillo-Benitez et al. 2013; Mu-
fiiz-Reyes et al. 2014; Cabrera-Mora et al. 2019), Estado de México (Mufiz-Reyes et al. 2014)

Beauveria scarabaeidicola
(Kobayasi) S.A. Rehner & Kepler

Host: Class, Order, family, species (larvae, pupae or adult).
Insecta, Coleoptera, Scarabaeidae, Melolonthinae, and Dynastinae (adults)

Vegetation
Quercus-Pinus forest, ecotone between shrubby secondary vegetation of Juniperus forest, agricultural zone and, secondary bushy vege-
tation of Quercus forest

State (references)
Estado de México (Pérez-Villamares et al. 2017, as Cordyceps scarabaeicola)

Cordyceps farinosa
(Holmsk.) Kepler, B. Shrestha & Spatafora

Host: Class, Order, family, species (larvae, pupae or adult).
Insecta, Lepidoptera (pupae)

Vegetation

State (references)
Morelos (Pérez-Silva 1977; Guzman et al. 2001, as Isaria farinosa), Oaxaca (Pérez-Silva 1977, 1979, Guzman et al. 2001, as Isaria farinosa)

Cordyceps fumosorosea
(Wize) Kepler, B. Shrestha & Spatafora

Host: Class, Order, family, species (larvae, pupae or adult).
Insecta, Orthoptera, Tetigonidae (adults); Hemiptera, Aleyrodidae, Bermicia sp.; Reduviidae, Meccus pallidipennis (nymphs) in laboratory
assays

Vegetation
Agricultural areas with crops such as citrus and watermelon

State (references)
Veracruz (Pérez-Silva 1978, as Paecilomyces fumoso-roseus), Colima (Flores-Villegas et al. 2016, as Isaria fumosorosea), without locality
(Lezama-Gutiérrez et al. 2012, as Isaria fumosorosea)
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Cordyceps mexicana
L. Lépez-Rodriguez, C. Burrola-Aguilar & R. Garibay-Orijel

Host: Class, Order, family, species (larvae, pupae or adult).
Insecta, Lepidoptera; Hemileucinae, Paradirphia sp. (pupae)

Vegetation
Oak and mixed oak-pine forests

State (references)
Estado de México (Lopez-Rodriguez et al. 2022)

Cordyceps militaris
(L) Fr.

Host: Class, Order, family, species (larvae, pupae or adult).
Insecta, Lepidoptera, Geometridae, Noctuidae, and Sphingidae (larvae and pupae) Coleoptera (adults) (only one record by Castro et al.,
2012)

Vegetation
Quercus forest, Quercus-Pinus forest, mesophytic and Abies-Pseudotsuga mixed forests, deciduous forest, agricultural zone, grassland
and, secundary bushy vegetation of Quercus forest

State (references)
Jalisco (Mains 1958; Guzméan-Déavalos and Nieves 1984; Guzman-Davalos 1992, as Cordyceps sobolifera; Rubio-Bustos et al. 1999; Guz-
man et al. 2001; Gandara et al. 2014), without locality (Guzman 1977), Hidalgo (Pérez-Silva 1977), Morelos (Pérez-Silva 1977; Rubio-Bustos
et al. 1999; Castro et al. 2012), Oaxaca (Pérez-Silva 1977; Rubio-Bustos et al. 1999), Veracruz (Pérez-Silva 1977; Rubio-Bustos et al. 1999),
Chiapas (Chacén and Guzman 1984; Rubio-Bustos et al. 1999; Guzman et al. 2001), Estado de México (Frutis et al. 1985; Rubio-Bustos
et al. 1999; Pérez-Villamares et al. 2017), Michoacén (Diaz-Barriga et al. 1988; Rubio-Bustos et al. 1999, based on the literature), Sonora
(Pérez-Silva et al. 1996), Sinaloa (Rubio-Bustos et al. 1999), Nuevo Leén (Guzman et al. 2001)

Cordyceps polyarthra
Méller

Host: Class, Order, family, species (larvae, pupae or adult).
Insecta, Lepidoptera (pupae)

Vegetation
Tropical forest with some Quercus and deciduous tropical forest

State (references)
Jalisco (Rubio-Bustos et al. 1999)

Cordyceps pruinosa
Petch

Host: Class, Order, family, species (larvae, pupae or adult).

Vegetation
Tropical rain forest

State (references)
Quintana Roo (Guzman et al. 2001)

Cordyceps takaomontana
Yakush. & Kumaz.

Host: Class, Order, family, species (larvae, pupae or adult).
Insecta, Lepidoptera (larvae and pupae)

12



SC| EN—HAFUNG RUM (2023)Vol. 54: e1421

Vegetation
Quercus-Pinus forest, secundary bushy vegetation of Quercus forest, ecotone between shrubby secondary vegetation of Juniperus forest
and agricultural zone

State (references)
Estado de México (Pérez-Villamares et al. 2017)

Cordyceps tenuipes
(Peck) Kepler, B. Shrestha & Spatafora

Host: Class, Order, family, species (larvae, pupae or adult).
Insecta, unidentified (pupae)

Vegetation
Mesophyll forest

State (references)
Veracruz (Lopez and Garcia 2002b)

Isaria cicadae
Miq. 1838

Host: Class, Order, family, species (larvae, pupae or adult).
Insecta, Hemiptera, Cicadidae (pupae)

Vegetation

State (references)
Jalisco (Petch 1934, 1941-1942)

Table 3. Ophiocordycipitaceae species recorded in the literature from Mexico

Hirsutella citriformis
Speare 1920

Host: Class, Order, family, species (larvae, pupae or adult).
Insecta, Hymenoptera, Liviidae, *Diaphorina citri (adults and nymphs)

Vegetation
Citrus agricultural areas

State (references)
Campeche, Chiapas, Colima, Quintana Roo, Tabasco, Veracruz, and Yucatan (Pérez-Gonzalez et al. 2015)

* Considered vectors of bacteria, parasites or viruses.

Hirsutella thompsonii
F.E. Fisher 1950

Host: Class, Order, family, species (larvae, pupae or adult).
Arachnida, Trombidiformes, Tetranychidae, Tetranychus urticae; Tenuipalpidae, Aceria guerreronis and Brevipalpidos phoenicics; Erioph-
yidae, Phyllocoptruta oleivora

Vegetation
Low rainforest, scrub, and mangrove

State (references)
Without locality (Mier et al. 1989, 1992; Sampedro and Rosas 1989; Guzman et al. 2001), Colima (Rosas-Acevedo and Sampedro-Rosas
2006)
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Ophiocordyceps dipterigena
(Berk. & Broome) G.H. Sung, J.M. Sung, Hywel-Jones & Spatafora 2007

Host: Class, Order, family, species (larvae, pupae or adult).
Insecta, Diptera, Calliphoridae, Eucalliphora and Lucilia sericata (adults)

Vegetation
Mesophytic forest and coffee plantations

State (references)
Veracruz (Guzman et al. 2001, as Cordyceps dipterigena Berk. & Broome; Lépez and Garcia 2009, as C. dipterigena; Medel 2013)

Ophiocordyceps entomorrhiza
(Dicks.) G.H Sung, J.M. Sung, Hywel-Jones & Spatafora 2007

Host: Class, Order, family, species (larvae, pupae or adult).
Insecta, Lepidoptera, Noctuidae (larvae); Coleoptera (larvae)

Vegetation
Secondary bushy vegetation of Quercus forest, coffee plantations, mesophytic forest, Cupressus forest

State (references)
Veracruz [Pérez-Silva 1978; Chacén and Guzman 1983, 1995; Chacén et al. 1995; Rubio-Bustos et al. 1999; Lépez and Garcia, 20023, all
the previous as Cordyceps entomorrhiza (Dicks.) Fr.; Medel 2013], Estado de México (Pérez-Villamares et al. 2017).
Note: Revision of the collections of C. entomorrhiza reported by Chacén and Guzmén 1983, 1995, Chacén et al. 1995 and Rubio-Bustos
et al. 1999, belong to Ophiocordyceps gracilis (Guzmén et al. 2001)

Ophiocordyceps gracilis
Grev.) G.H. Sung, J.M. Sung, Hywel-Jones and Spatafora 2007

Host: Class, Order, family, species (larvae, pupae or adult).
Insecta, Lepidoptera, Noctuidae (larvae)

Vegetation
Deciduous tropical forest, mesophytic forest, ecotone between shrubby secondary vegetation of Juniperus forest and agricultural zone

State (references)
Jalisco [Rodriguez et al. 1993; Medel et al. 1999, all the previous as Cordyceps gracilis (Grev.) Durieu & Mont; Medel 2013], Veracruz (Cha-
cén and Guzman 1995; Chacon et al. 1995; Guzmén et al. 2001), Estado de México (Pérez-Villamares et al. 2017)

Ophiocordyceps humbertii
(C.P. Robin) Petch 1935

Host: Class, Order, family, species (larvae, pupae or adult).
Insecta, Hymenoptera, Vespidae, Polistes (adults)

Vegetation

State (references)
Oaxaca [Ulloa and Benavides 1991, as Hirsutella saussurei (Cooke ex Sacc.) Speare]

Ophiocordyceps melolonthae
(Tul. & C. Tul.) G.H. Sung, J.M. Sung, Hywel-Jones & Spatafora 2007

Host: Class, Order, family, species (larvae, pupae or adult).
Insecta, Coleoptera, Melolonthidae, Enema endymion, Strategus aloeus (larvae), and Phyllophaga spp. (adults)

Vegetation
Quercus-Pinus forest, subtropical humid forest, rainforest, subdeciduous tropical forest, agricultural zone with coffee plantations
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State (references)
Chiapas (Pérez-Silva 1977; Robles-Porras et al. 2006, Jalisco (Rubio-Bustos et al. 1999, without locality (Herrera and Ulloa 1998), Oaxaca
[Guzman et al. 2001, all the previous as Cordyceps melolonthae var. rickii (Lloyd) Mains], Veracruz (Guzman et al. 2001), Morelos [Castro et
al. 2012, as C. melolonthae (Tul. & C. Tul.) Sacc.]

Ophiocordyceps octospora
(M. Blackw. & Gilb.) G.H. Sung, J.M. Sung, Hywel-Jones & Spatafora 2007

Host: Class, Order, family, species (larvae, pupae or adult).
Insecta, Blattoidea, Termitidae, Tenuirostritermes tenuirostris (adults)

Vegetation

State (references)
Jalisco (Blackwell and Gilbertson 1984, as Cordycepioideus octosporus M. Blackw. & Gilb)

Ophiocordyceps sobolifera
(Hill ex Watson) G.H. Sung, J.M. Sung, Hywel-Jones & Spatafora 2007

Host: Class, Order, family, species (larvae, pupae or adult).
Insecta, Hemiptera, Cicadidae (nymphs)

Vegetation
Xerophilous forest with oak, subtropical scrub

State (references)
Without locality (Urbina 1881, Petch 1934, Mains 1951, 1955; Pérez-Silva 1979), Guanajuato (Duges 1924; Guzman et al. 2001), Jalisco
(Mains 1958; Guzman and Garcia-Saucedo, 1973; Guzmén-Déavalos 1992, based on specimens of C. militaris because the host was confu-
sed with a nymph of Cicadidae), Coahuila (Rubio-Bustos et al. 1999), Sonora [Méndez-Mayboca et al. 2008, all the previous as Cordyceps
sobolifera (Hill ex Watson) Berk. & Broome].

Ophiocordyceps sphecocephala
(Klotzsch ex Berk.) G.H. Sung, J.M. Sung, Hywel-Jones & Spatafora 2007

Host: Class, Order, family, species (larvae, pupae or adult).
Insecta, Hymenoptera, Vespidae, Polistes (adults)

Vegetation

Tropical rainforest, oak forest in transition to tropical deciduous forest

State (references)
Jalisco (Pérez-Silva 1977; Rodriguez et al. 1993; Rubio-Bustos et al. 1999; Guzman et al. 2001), Morelos [Castro et al. 2012, all the previous
as Cordyceps sphecocephala (Klotzsch ex Berk.) Berk. & M.A. Curtis]

Ophiocordyceps stylophora
(Berk. & Broome) G.H. Sung, J.M. Sung, Hywel-Jones & Spatafora 2007

Host: Class, Order, family, species (larvae, pupae or adult).
Insecta, Coleoptera (larvae), also in Hymenoptera, Vespidae, Polistes instabilis (adults) by mistake

Vegetation
Deciduous forest, Quercus-Pinus forest

State (references)
Jalisco (Pérez-Silva 1978, as Cordyceps stylophora and Hirsutella stylophora; not this species according to Rubio-Bustos et al. 1999; Estado
de México (Pérez-Villamares et al. 2017)
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Paraisaria gracilioides
(Kobayasi) C.R. Li, M.Z. Fan & Z.Z. Li 2004

Host: Class, Order, family, species (larvae, pupae or adult).
Insecta, Coleptera (larvae)

Vegetation
Ecotone between shrubby secondary vegetation of Juniperus forest, agricultural zone, and deciduous forest

State (references)
Estado de México [Pérez-Villamares et al. 2017, as Ophiocordyceps gracilioides (Kobayasi) G.H. Sung, J.M. Sung, Hywel-Jones & Spata-
fora], Morelos (Castro et al. 2012)

Tolypocladium capitatum
(Holmsk.) C.A. Quandt, Kepler & Spatafora 2014

Host: Class, Order, family, species (larvae, pupae or adult).
Hypogeal fungi, Ascomycota, Eurotiales, Elaphomyces granulatus and E. muricatus

Vegetation
Pinus-Quercus forest and Quercus forest

State (references)
Estado de México (Heim 1957; Guzman 1958, 1977, 2008; Heim and Wason 1958; Pérez-Silva 1977), San Luis Potosi (Guzman 1958; Pé-
rez-Silva 1977), Hidalgo (Garcia-Romero et al. 1970, as C. canadensis Ellis & Everth; Pérez-Silva 1977), Jalisco (Pérez-Silva 1977; Gandara
et al. 2014), Morelos (Pérez-Silva 1977), Oaxaca (Pérez-Silva 1977), Puebla (Martinez et al. 1983), Durango (Quintos et al. 1984), Veracruz
(Guzman and Villareal 1984), Michoacén (Diaz-Barriga et al. 1988), Sonora (Pérez-Silva et al. 1996). In all cases as Cordyceps capitata (Hol-
msk.) Fr., except when indicated.

Tolypocladium ophioglossoides
(J.F. Gmel.) C.A Quandt, Kepler & Spatafora 2014

Host: Class, Order, family, species (larvae, pupae or adult).
Hypogeal fungi, Ascomycota, Eurotiales, Elaphomyces granulatus and E. muticatus

Vegetation
Pinus-Quercus forest and Quercus forest

State (references)
Estado de México (Heim and Wason 1958; Trappe and Guzman 1971; Pérez-Silva 1977; Guzman et al. 2001), Durango (Pérez-Silva 1977),
Hidalgo (Pérez-Silva 1977), Michoacén (Diaz-Barriga et al. 1988), Oaxaca (Pérez-Silva 1977), Sonora (Pérez-Silva et al. 1996), San Luis Potosi
(Guzman 1958; Guzman et al. 2001), Tamaulipas (Garcia-Jiménez and Valenzuela 2005)
All recorded as Cordyceps ophioglossoides (J.F. Gmel.) P. 1818
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Discussion

Diversity of Cordyceps in Mexico

Currently, Mexico presents 3.5 % of Cordyceps s.l.
entomopathogen, considering an overall world diver-
sity of 1 000 species (Wei et al. 2020). However, we
assume that the existing records are underestimates,
since few studies have focused on these fungi, the
studies are mainly regional and involve classic taxo-
nomy, the intervals between investigations are usually
long, and there are numerous geographic areas whe-
re no studies have been conducted.

Regarding distribution maps, we found that the vege-
tal stratum has changed from 1980 to 2018. We ob-
served that some temperate and tropical forests have
changed to human settlements, suggesting possible
biodiversity loss over time. For example, Ophiocord-
yceps octospora was recorded in Jalisco by Blackwell
and Gilbertson (1984), from an agricultural zone that
is now occupied by an human settlement. Of the fa-
mily Cordycipitaceae, at least one record from the fo-
rest of Beauveria scarabaeidicola, Cordyceps militaris,
and C. takaomontana, now the localities correspond
to human settlements. On the other hand, the loca-
tions of some records of Hirsutella citriformis, Ophio-
cordyceps gracilis, O. melolonthae, O. sphecocepha-
la, and Paraisaria gracilioides in agriculural areas now
correspond to human settlements.

Fungal biodiversity loss in this group of fungi is a little
studied global problem, with few evaluations conduc-
ted (Yang 2020). However, it has been recorded that
the main factors responsible for this loss are agricul-
ture and aquaculture, biological resource use, comer-
cial-residential development, modifications of natural
systems, and others (Lughadha et al. 2020). We re-
commended investment of time and funds in further
research of aspects of the biology of Cordyceps s.I. in
Mexico, particularly to explore the genetics, anatomy,
and ecology of the group, which would allow the pro-
posal of suitable conservation strategies.

Species recorded in Mexico

Clavicipitaceae

Metarhizium anisopliae is the most dominant species
of Clavicipitaceae in Mexico (Pérez-Gonzalez et al.
2014). We therefore recommend further studies to

explore its utility as substitute for chemical insectici-
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des. This species has the highest number of records,
being isolated from soils and a wide range of insects,
from tropical and temperate regions. It is considered
to be generalist (Bischoff et al. 2009) and mesophilic,
since it grows at temperatures of 10-40 °C (Roberts
and Campbell 1977), and it has been used in the ma-
nagement of crop pests and malaria vectors (Scholte
et al. 2005).

Cordycipitaceae

Cordyceps militaris is the most dominant species of
Cordycipitaceae in Mexico. This species can be con-
sidered cosmopolitan, since it has been reported wi-
dely distributed in Asia, Europe, and North America
(Mains 1958). Its distribution is not determined by ve-
getation or climate, but rather by the distribution of
its insect hosts (Shrestha et al. 2016). In Asia, it is con-
sumed for its attributed medicinal properties, since it
produces secondary metabolites, such as cordycepin,
with anticancer, antibiotic, and antifungal activities
(Ng and Wang 2005, Shrestha et al. 2016). Despite its
importance as food and medicine, studies addressing
these aspects have yet to be conducted in Mexico.

Ophiocordycipitaceae

Worldwide, Ophiocordycipitaceae comprises about
160 species that infect 11 orders of insects (Evans et
al. 2011, Aratjo and Hughes 2016). Ophiocordyceps
is considered the most diverse genus of the Hypo-
creales (Sung et al. 2007a). Below, we review some of
the important species of this genus present in Mexico.
Ophiocordyceps melolonthae has been found in di-
fferent vegetation types including evergreen forests,
pine-oak forest and subtropical humid forests, as
well as agroecosystems such as coffee plantations.
It is always found parasitizing larvae and adults of
Coleoptera of the family Melolonthidae (Pérez-Silva
1977, Rubio-Bustos et al. 1999), and its distribution is
therefore considered to be related to that of its host.
Ophiocordyceps dipterigena has been recorded only
in the humid subtropical forest of the state of Vera-
cruz, where it parasitizes species of Diptera (Guzman
etal. 2001, Medel 2013). This species has biotechno-
logical importance since it produces an exobiopoly-
mer that induces the production of the interleukin IL-8
for fibroblasts (Kocharin et al. 2010). This is useful as
a healing material, while its high viscosity and mois-
turizing properties allows its use as a substitute for




hyaluronic acid in the pharmaceutical industry.
Ophiocordyceps entomorrhiza is a species similar to
Paraisaria gracilis; indeed, it is difficult to taxonomi-
cally distinguish between the two species (Guzman
et al. 2001). Paraisaria gracilis and O. entomorrhiza
have been reported on Lepidoptera in various types
of vegetation (Chacén and Guzman 1983, 1995; Cha-
con et al. 1995, Pérez-Silva 1978, Rubio-Bustos et al.
1999, Lépez and Garcia 2002a, Medel 2013); howe-
ver, Pérez-Villamares et al. (2017) stated that O. ento-
morrhiza has only been found parasitizing Coleoptera
larvae, and P. gracilis has only been found parasitizing
Lepidoptera, so it is probably, each species is restric-
ted to an insect order, respectively. The morpholo-
gical difference between both species is mainly the
coloration of the fertile part and stipe of the stroma-
ta, in O. entomorrhiza the fertile part is wine-colored,
violet gray or grayish brown and the stipe is brown, in
contrast P. gracilis has the fertile part red, orange or
ocher and the stipe is yellowish (Pérez-Villamares et
al. 2017), both species have been recorded in Mexico
(Table 3). Paraisaria gracilioides is a rare species that
specializes in parasitizing Coleoptera larvae (Kobayasi
1941, Castro et al. 2012, Pérez-Villamares et al. 2017).
Ophiocordyceps sphecocephala has been recorded
in Mexico as a parasite of the wasp of the genus Po-
listes, but in China, Japan, Korea, and Nepal, it has
been found parasitizing Aphrophora wasps (Shrestha
2011).

In Mexico, O. stylophora has been described as pa-
rasitizing larvae of Coleoptera (Pérez-Villamares et al.
2017) and also on Hymenoptera (Pérez-Silva 1978);
however, their identification on Hymenoptera was
considered erroneous by Rubio-Bustos et al. (1999),
who mentioned that O. stylophora grows on coleop-
terans, additionally they examined the specimen of
Pérez-Silva (1978) and observed a different morpho-
logy with respect to O. stylophora, therefore, they su-
ggested it could be a new species. Ophiocordyceps
sobolifera has been reported on cicada nymphs and
it is probably the species that was first recorded as a
“rare plant-animal” (Guzman et al. 2001).

Unlike the genera described above, Tolypocladium
does not parasitize insects but rather hypogeous fun-
gi of the genus Elaphomyces and, some nymphs of
Cicadidae. It was hypothesized that, given the same
belowground habitat of Cicadas and Elaphomyces,
Tolypocladium has performed a host switch (Nikoh
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and Fukatsu 2000). Tolypocladium ophioglossoides
has been reported with a wide distribution in the nor-
thern hemisphere: Japan, Russia, and USA, as well as
Mexico (Mains 1957, Pérez-Silva 1977). This species
is of pharmaceutical importance because it produces
ophiocordin with antibiotic and antifungal properties
(Kneifel et al. 1997), and ophiosetin with antibiotic
properties (Putri et al. 2010).

Asexual states of Cordyceps s.l.

Beauveria bassiana and Metarhizium anisopliae are
pathogens of Brachystola magna and Phyllophaga
spp., two pests that affect bean (Phaseolus vulgaris)
and maize (Zea mays) crops (Lezama et al. 2005, Ba-
rajas et al. 2011, Hernandez-Velazquez et al. 2011).
These fungi are also found on insects in coffee (Coffea
spp.) crops (De la Rosa et al. 2000) and have been
used to treat sugar cane crop pests (SAGARPA 1999).
The pest control properties of these fungi have also
been tested in the dengue vector Aedes aegypti (Gar-
cia-Munguia et al. 2015) and in Meccus pallidipennis
and Triatoma dimidiata, two vectors of Chagas disea-
se (Vazquez-Martinez et al. 2014, Flores-Villegas et
al. 2016). Cordyceps fumosorosea (as Paecilomyces
fumosorosea or Hirsutella sp.), has also been used to
control Diaphorina citri, an insect that transmits viru-
ses to citrus fruits (Lezama-Gutiérrez et al. 2012, Pé-
rez-Gonzélez et al. 2015).

Hosts

The main hosts of Cordyceps s.I. have been reported
as immature stages of Coleoptera and Lepidoptera
(Shrestha et al. 2016), as well as spiders (Shrestha et
al. 2019). In this review, the main hosts were in order
of importance, Lepidoptera, Coleoptera, and Orthop-
tera. These host associations are informative taxono-
mic characters in Cordyceps s.l., since the hosts are
probably drivers for speciation (Sanjuan et al. 2015).
Lopez-Rodriguez et al. (2022) also suggested that
host identification to species or genera level is subs-
tancial, as well as analysis in conjunction with mor-
phology and phylogenetic analysis of multilocus DNA
sequences. We therefore suggest that future studies
should place an emphasis on the taxonomic identifi-
cation of hosts at species level.




Conclusions

In Mexico, the history of the study of the Cordyceps
s.l. dates back to 1864, but the research has advanced
sporadically, leaving lapses of up to 77 years with no
research at all. Currently, Cordyceps s.I. diversity is re-
presented by 35 species, where the family Ophiocord-
ycipitaceae is the most diverse, followed by Cordyci-
pitaceae, and finally Clavicipitaceae. These species
are associated with the distribution of their hosts, as
observed mainly in Ophiocordyceps dipterigena, O.
entomorrhiza, and O. melolonthae. Most species are
associated with a genus or family of the class Insecta
and in the case of fungal parasites have only been
reported in the genus Elaphomyces. Only Beauveria
bassiana, C. militaris, and M. anisopliae have been re-
corded in more than one order of insects. Beauveria
bassiana and M. anisopliae are species with agricultu-
ral importance because they are utilized in the control
of pest insects and disease vectors that affect animals,
humans, and plants. Despite their global agricultural
importance, there has been no specific research of
specialized entomopathogenic species in Mexico,
and the studies that have been conducted to date
did not address any effects on other insects, including
pollinators or other ecologically important insects.
Tolypocladium capitatum and T. ophioglossoides are
the only species recorded with ritual use by indige-
nous people in Mexico. Some of the listed species
have medicinal, nutritional or pharmacological impor-
tance, such as C. dipterigena, C. militaris, C. pruinosa,
and T. ophioglossoides. Given the great taxonomical
diversity and nutritional and pharmaceutical impor-
tance of these fungi, we consider it crucial to initiate
research on integral taxonomy, its in vitro culture and
metabolites in order to elucidate the taxonomic iden-
tity of the species and evaluate its possible use.

Acknowledgements

The first author thanks the CONACYyT for the scholar-
ship granted for his doctoral studies. To the Universi-
dad Auténoma del Estado de México for funding the
research (SyEA 3687/2014/CIA). To Dra. Evangelina
Pérez Silva for her observations, comments and re-
commendations on this manuscript.

SCIENTIAFUNGE$RUM

19

(2023)Vol. 54: e1421

References

Alcantara-Vargas E, Espitia-Lépez J, Garza-Lépez PM, Angel-Cua-
pio A. 2020. Conidia production and quality of entomopatho-
genic strains of the genus Metarhizium anisopliae, isolated
in agricultural zones of the State of Mexico. Revista Mexi-
cana de Biodiversidad 91, 1-11. https://doi.org/10.22201/
ib.20078706€.2020.91.2912

Alonso-Diaz MA, Garcia L, Galindo-Velasco E, Lezama-Gutiérrez R,

Angel-Sahagin CA, Rodriguez-Vivas Rl, Fragoso-Sanchez H.
2007. Evaluation of Metarhizium anisopliae (Hyphomycetes) for
the control of Boophilus microplus (Acari: Ixodidae) on naturally
infested cattle in the Mexican tropics. Veterinary Parasitology
147, 336-340. https://doi.org/10.1016/j.vetpar.2007.03.030
Alves SB, Lopes RB, Pereira RM, Tamai MA. 2008. Controle mi-
crobiano na América Latina: avancos e desafios. In: Batista S,

Biaggioni R (eds.). Control Microbiano de Pragas na América
Latina. Fundagdo de Estudos Agrérias Luiz de Queiroz, FEALQ,
Brochura. 21-48.

Aratjo JPM, Hughes DP. 2016. Diversity of entomopathogen fungi:
Which groups conquered the insect body? Advances in Gene-
tics 94, 1-39. https://doi.org/10.1016/bs.adgen.2016.01.001

Barajas O, Minel del Pozo E, Rodriguez ML, Palacios A, Hermosillo

JG. 2011. Aislamientos fungosos nativos del estado de Chi-
huahua, patégenos de Brachystola magna. Synthesis 57, 3-7.

Barrientos-Lozano L, Hunter DM, Avila-Valdéz J, Garcia-Salazar P,
Horta-Vega JV. 2005. Control bioldgico de la langosta centro-
americana Schistocerca piceifrons piceifrons Walker (Orthopte-
ra: Acrididae) en el noreste de México. Vedalia 12, 119-128.

Bautista-Galvez A, Gonzalez-Cortes N. 2005. Tres dosis de Metar-
hizium anisopliae sobre la mosca pinta (Aeneolamia spp.) en
cafa de azucar en la region de los rios, estado de Tabasco.
Ecosistemas y Recursos Agropecuarios 21, 37-40.

Bautista-Galvez AB, Segura RP, Gémez-Vazquez A. 2017. Biological
control of Rhicephalus (Boophilus) microplus with entomopa-
thogenic fungi. CIBA Revista Iberoamericana de las Ciencias
Biolégicas y Agropecuarias 6, 33-62. https://doi.org/10.23913/
ciba.v6i12.68

Bischoff JF, Rehner SA, Humber RA. 2009. A multilocus phylogeny
of the Metarhizium anisopliae lineage. Mycologia 101, 512-
530. https://doi.org/10.3852/07-202

Blackwell M, Gilbertson RL. 1984. New information on Cordyce-
pioideus bisporus and Cordycepioideus octosporus. Mycologia
76, 763-765. https://doi.org/10.2307/3793239

Brunner-Mendoza C, Moonijely S, Reyes-Montes M.R, Toriello C, Bi-

dochka M. 2017. Physiological and phylogenetic variability of
Mexican Metarhizium strains. BioControl 62, 779-791. https://
doi.org/10.1007/510526-017-9839-3

Brunner-Mendoza C, Reyes-Montes MR, Moonjely S, Bidochka MJ,
Toriello C. 2018. A review on the genus Metarhizium as an ento-

mopathogenic microbial biocontrol agent with emphasis on its

use and utility in Mexico. Biocontrol Science and Technology

29, 83-102._https://doi.org/10.1080/09583157.2018.1531111
Bustillos-Rodriguez JC, Rios-Velasco C, Valdéz-Licano R, Berlan-

ga-Reyes DI, Ornelas-Paz JJ, Acosta-Muniz CH, Cambero-Cam-
pos OJ. 2016. Laboratory assessment of Metarhizium spp. and




Beauveria spp. isolates to control Brachystola magna in Nor-
thern México. Southwestern Entomologist 41, 643-656. https://
dx.doi.org/10.3958/059.041.0307

Cabrera-Mora JA, Guzman-Franco AW, Santillan-Galicia MT, Tama-
yo-Mejia F. 2019. Niche separation of species of entomopa-

thogenic fungi within the genera Metarhizium and Beauveria

in different cropping systems in Mexico. Fungal Ecology 39,

349-355. https://doi.org/10.1016/].funeco.2019.02.008
Carrillo-Benitez MG, Guzmaéan-Franco AW, Alatorre-Rosas R, Enri-

quez-Vara JN. 2013. Diversity and genetic population structure
of fungal pathogens infecting white grub larvae in agricultu-
ral soils. Invertebrate Microbiology 65, 437-449. https://doi.
org/10.1007/s00248-012-0124-9

Castro B, Acosta-Urdapilleta ML, Valenzuela-Garza R, Burgos-Solo-

rio A. 2012. Hongos entomopatdgenos del género Cordyceps
s.l. (Fungi: Ascomycota) en el estado de Morelos. In: Equihua
A, Estrada EG, Soto A, Chaires P, Durdan G (eds.). Sociedad
Mexicana de Entomologia, México DF. 273-276.

Chacén S, Guzmén G. 1983. Especies de macromicetos citadas de
México, V. Ascomycetes, parte II. Boletin de la Sociedad Mexi-
cana de Micologia 18, 103-114._https://www.scientiafungorum.

org.mx/index.php/micologia/article/view/579

Chacén S, Guzman G. 1984. Nuevas observaciones sobre los hon-
gos, liquenes y mixomicetos de Chiapas. Boletin de la Socie-
dad Mexicana de Micologia 19, 245-252. https://www.scientia-
fungorum.org.mx/index.php/micologia/article/view/604

Chacén S, Guzméan G. 1995. Observations on the phenology of
ten fungal species in the subtropical forests at Xalapa, Mexi-
co. Mycological Research 99, 54-56. https://doi.org/10.1016/
S0953-7562(09)80316-X

Chacén S, Guzmén G, Montoya L, Bandala VM. 1995. Guia ilustra-
da de los hongos del Jardin Boténico Francisco Javier Clavijero

de Xalapa, Veracruz y éreas circunvecinas. Instituto de Ecolo-
gia, Xalapa.

Chirivi-Salomén JS, Danies G, Restrepo S, Sanjuan T. 2015. Leca-
nicillium sabanense sp. nov. (Cordycipitaceae) a new fungal
entomopathogen of coccids. Phytotaxa 234, 63-74. https://doi.
org/10.11646/phytotaxa.234.1.4

Das G, Shin HS, Leyva-Gémez G, Prado-Audelo ML, Cortes H, Sin-
gh YD, Panda MK, Mishra AP, Nigam M, Saklani S, Chaturi PK,
Martorell M, Cruz-Martins N, Sharma V, Garg N, Sharma R, Pa-
tra JK. 2021. Cordyceps spp.: A review on its immune-stimula-

tory and other biological potentials. Frontiers in Pharmacology
11, 1-31. https://doi.org/10.3389/fphar.2020.602364

De la Rosa W, Alatorre R, Barrera JF, Toriello C. 2000. Effect of
Beauveria bassiana and Metarhizium anisopliae (Deuteromyce-

tes) upon the coffee berry borer (Coleoptera: Scolytidae) under

field conditions. Journal of Economic Entomology 93, 1409-

1414. https://doi.org/10.1603/0022-0493-93.5.1409
Diaz-Barriga H, Guevara-Féfer F, Valenzuela R. 1988. Contribucion

al conocimiento de los macromicetos del estado de Michoacéan.
Acta Botanica Mexicana 2, 21-44. https://doi.org/10.21829/
abm?2.1988.564

Duges A. 1924. Flora y fauna del estado de Guanajuato. Imp. Esta-

do de Guanajuato, Guanajuato.
Evans HC, SL Elliot, Hughes DP. 2011. Hidden diversity behind the

LOPEZ-RODRIGUEZ et al., Cordyceps sensu lato en Mexico

20

zombie-ant fungus Ophiocordyceps unilateralis: Four new spe-
cies described from carpenter ants in Minas Gerais, Brazil. PLOS
ONE 6, 1-9.https://doi.org/10.1371/journal.pone.0017024
Flores-Villegas AL, Cabrera-Bravo M, Toriello C, Bucio-Torres M,
Salazar-Schettino PM, Cérdoba-Aguilar A. 2016. Survival and
immune response of the Chagas vector Meccus pallidipennis

(Hemiptera: Reduviidae) against two entomopathogenic fun-
gi, Metarhizium anisopliae and Isaria fumosorosea. Parasites &
Vectors 9, 176-186. https://doi.org/10.1186/s13071-016-1453-1
Frutis IM, Chio R, Estrada-Torres A. 1985. Nuevos registros de ma-
cromicetes del Estado de México. Revista Mexicana de Mico-

logia 1, 285-300. https://www.scientiafungorum.org.mx/index.

php/micologia/article/view/634
Géandara Z, Guzman-Dévalos L, Guzméan G, Rodriguez MO. 2014.
Inventario micobidtico de la regién de Tapalpa, Jalisco, Mé-

xico. Acta Boténica Mexicana 107, 165-185. https://doi.
org/10.21829/abm107.2014.207

Gandarilla-Pacheco FL, Luna-Santillana EDJ, Aleman-Huerta ME,
Pérez-Rodriguez R, Quintero-Zapata I. 2021. Isolation of nati-

ve strains of entomopathogenic fungi from agricultural soils of
northeastern Mexico and their virulence on Spodoptera exigua
(Lepidoptera: Noctuidae). Florida Entomologist 104, 245-252.
https://doi.org/10.1653/024.104.0401

Garcia-Jiménez J, Valenzuela R. 2005. Los hongos macromicetos.

In: Sénchez-Ramos G, Reyes-Castillo P, Dirzo R (eds.). Historia
natural de la Reserva de la Biosfera El Cielo, Tamaulipas, Mé-
xico. Universidad Auténoma de Tamaulipas. Toopan Printing,
Hong Kong. 321-337.

Garcia-Munguia AM, Cortez-Madrigal H, Veldzquez-Machuca MA,
Rebollar-Plata M, Acosta-Ramos M. 2015. Evaluacion de Metar-
hizium anisopliae y Beauveria bassiana aislados de la Ciénega
de Michoacén, México, para el control de Aedes aegypti. Re-
vista Biolégico Agropecuaria Tuxpan 3, 1060-1067.

Garcia-Romero L, Guzméan G, Herrera T. 1970. Especies de ma-
cromicetos citadas de México, I. Ascomycetes, Tremellales y
Aphyllophorales. Boletin de la Sociedad Mexicana de Micolo-
gia 4, 54-76. https://www.scientiafungorum.org.mx/index.php/

micologia/article/view/404
Gazis R, Skaltsas D, Chaverri P. 2014. Novel endophytic lineajes
of Tolypocladium provide new insights into the ecology and

evolution of Cordyceps-like fungi. Mycologia 106, 1090-1105.
https://doi.org/10.3852/13-346

Guerrero-Guerra C, Reyes-Montes MR, Toriello C, Hernandez-Ve-

lézquez V, Santiago-Lépez |, Mora-Palomino L, Calderén-Se-
gura ME, Docampo-Fernéndez S, Calderén-Ezquerro C. 2013.
Study of the persistence and viability of Metarhizium acridum
in Mexico’s agricultural area. Aerobiologia 29, 249-261. http://
doi.org/10.1007/s10453-012-9277-8

Guzmén G. 1958. El hébitat de Psilocybe muliercula Singer and

Smith (= P. wassonii Heim), agaricaceo alucindgeno mexicano.
Revista de la Sociedad Mexicana de Historia Natural 19, 215-
229.

Guzmén G. 1977. Identificacion de los hongos comestibles, vene-
nosos, alucinantes y destructores de la madera. Limusa, Méxi-
co, D.F.




Guzmén G. 2008. Diversity and use of traditional mexican fungi. A
review. International Journal of Medicinal Mushrooms 10, 209-
217. https://doi.org/10.1615/IntIMedMushr.v10.i3.20

Guzman G, Garcia-Saucedo DA. 1973. Macromicetos del estado de

Jalisco, I: Consideraciones generales y distribucion de las espe-

cies conocidas. Boletin de la Sociedad Mexicana de Micologia
7, 129-143. https://www.scientiafungorum.org.mx/index.php/

micologia/article/view/423
Guzman G, Morén MA, Ramirez-Guillén F, Wolf JHD. 2001. Ento-

mogenous Cordyceps and related genera from Mexico with

discussions on their hosts and new records. Mycotaxon 78,
115-125.

Guzman G, Villarreal L. 1984. Estudio sobre los hongos, liquenes
y mixomicetos del Cofre de Perote, Veracruz, |. Introduccién a
la microflora de la regién. Boletin de la Sociedad Mexicana de
Micologia 19, 107-124. https://www.scientiafungorum.org.mx/

index.php/micologia/article/view/594

Guzman-Davalos L. 1992. Hongos macroscépicos de Jalisco: Lo-
gros y perspectivas. Tiempos de Ciencia (Universidad de Gua-
dalajara) 27, 55-59.

Guzmén-Davalos L, Nieves G. 1984. Hongos del estado de Jalisco.
Boletin del Instituto de Boténica (Universidad de Guadalajara)
5, 21-34.

Guzman-Franco AW, Hernandez-Lépez J, Enriquez-Vara JN, Alato-
rre-Rosas R, Tamayo-Mejia F, Ortega-Arenas LD. 2012. Suscep-
tibility of Phyllophaga polyphylla and Anomala cincta larvae to
Beauveria bassiana and Metarhizium anisopliae isolates, and
the interaction with soil properties. BioControl 57, 553-563. ht-
tps://doi.org/10.1007/s10526-011-9421-3

Heim R. 1957. Sur les psilocybes hallucinatoires des azteques et

sur le microendémisme des agarics utilisées pas les indiens du
Mexique a des fins divinatories. Comptes Rendus Hebdomadai-
res des Seances de | Academie des Sciences 245, 1761-1765.

Heim R, Wasson RW. 1958. Les champignons hallucinogenes du
Mexique. Archives du Muséum National D'Histoire Naturelle,
Paris.

Hernédndez-Dominguez C, Guzman-Franco AW, Carrillo-Benitez
MG, Alatorre-Rosas R, Rodriguez-Leyva E, Villanueva-Jimé-
nez JA. 2016. Specific diversity of Metarhizium isolates infec-
ting Aeneolamia spp. (Hemiptera: Cercopidae) in sugarcane
plantations. Neotropical Entomology 45, 80-87. https://doi.

SCIENTIAFUNGE$RUM

(2023)Vol. 54: e1421

Jedrejko KJ, Lazur J, Muszynska B. 2021. Cordyceps militaris: An
overview of its chemical constituents in relation to biological ac-
tivity. Foods 10, 1-24.https://doi.org/10.3390/foods10112634

Khan A, Tania M, Zhang D, Chen H. Cordyceps mushroom: A po-

tent anticancer nutraceutical. The Open Nutraceuticals Journal
3, 179-183. https://doi.org/10.2174/18763960010030100179

Kneifel H, Kénig WA, Loaffler W, Miiller R. 1977. Ophiocordin, an
antifungal antibiotic of Cordyceps ophioglosssoides. Archi-
ves of Microbiology 113, 121-130. https://doi.org/10.1007/
BF00428591

Kobayashi Y. 1941. The genus Cordyceps and its allies. Scientific
Report Tokyo Burinka Daig 5, 53-260.

Kocharin K, Rachathewee P, Sanglier JJ, Prathumpai W. 2010.
Exobiopolymer production of Ophiocordyceps dipterige-

na BCC 2073: Optimization, production in bioreactor and
characterization. BMC Biotechnology 10, 51-61. https://doi.
org/10.1186/1472-6750-10-51

Kumar S, Masuda M, Sakurai A, Sakakibara M. 2010. Medicinal
uses of the mushroom Cordyceps militaris: Current state and
prospects. Fitoterapia 81, 961-968. https://doi.org/10.1016/j.
fitote.2010.07.010

Lee SK, Lee JH, Kim HR, Chun Y, Lee JH, Yoo HY, Park C, Kim SW.
2019. Improved cordycepin production by Cordyceps militaris

KYLO5 using casein hydrolysate in submerged conditions. Bio-
molecules 9, 1-11. http://doi.org/10.3390/biom%090461

Lei W, Zhang GR, Peng QY, Liu X. 2015. Development of Ophio-
cordyceps sinensis through plant-mediated interkingdom host

colonization. International Journal Molecular Sciences 16,
17482-17493. https://doi.org/10.3390/ijms 160817482

Lezama R, Molina J, Lépez M, Pescador A, Galindo E, Angel CA,
Michel AC. 2005. Efecto del hongo entomopatégeno Metarhi-

zium anisopliae sobre el control del gusano cogollero del maiz
en campo. Avances en Investigacién Agropecuaria 9, 1-5.
Lezama-Gutiérrez R, Molina-Ochoa J, Chavez-Flores O, AngeI-Sa-
hagun CA, Skoda SR, Reyes-Martinez G, Barba-Reynoso M, Re-
bolledo-Dominguez O, Ruiz-Aguilar GML, Foster JE. 2012. Use
of the entomopathogenic fungi Metarhizium anisopliae, Cordy-
ceps bassiana and Isaria fumosorosea to control Diaphorina ci-
tri (Hemiptera: Psyllidae) in Persian lime under field conditions.
International Journal Tropical Insect Science 32, 39-44. https://
doi.org/10.1017/51742758412000069

org/10.1007/s13744-015-0337-y
Hernadndez-Veldzquez VM, Cervantes Z, Villalobos FJ, Lina LP, Pefia

G. 2011. Aislamiento de hongos entomopatégenos en suelo
y sobre gallinas ciegas (Coledptera: Melolonthidae) en agro-
ecosistemas de maiz. Acta Zooldgica Mexicana 27, 591-599.
https://doi.org/10.21829/azm.2011.273777

Herrera ST, Ulloa MA. 1998. El reino de los hongos. Universidad
Nacional Auténoma de México, Fondo de Cultura Econémica,
México DF.

Hsu JH, Jhou BY, Yeh SH, Chen YI, Chen CC. 2015. Healthcare func-
tions of Cordyceps cicadae. Journal of Nutrition & Food Scien-
ces 5, 1-7. https://doi.org/10.4172/2155-9600.1000432

INEGI. 1992. The dataset for land use and vegetation cover scale

1:250,000, serie |. Retrieved from https://www.inegi.org.mx/
app/biblioteca/ficha.htm|?upc=702825007020.

21

Lezama-Gutiérrez R, Ramirez-Mancilla A, Castrejon-Agapito H, Pe-
ralta-Manzo JJ, Rebolledo-Dominguez O. 2014. Uso de Me-
tarhizium anisopliae y Cordyceps bassiana (Ascomycetes) para
el control de Diaphorina citri (Hemiptera: Psyllidae) en limén
mexicano. Entomologia Mexicana 1, 219-224.

Lépez A, Garcia J. 2002a. Cordyceps entomorrhiza. Funga Vera-
cruzana 75, 1-2.

Lépez A, Garcia J. 2002b. Paecilomyces tenuipes. Funga Veracru-
zana 76, 1-4.

Lépez A, Garcia J. 2009. Cordyceps dipterigena. Funga Veracru-
zana 87, 1-4.

Lépez-Rodriguez L, Burrola-Aguilar C, Garibay-Orijel R, Estra-
da-Zdniga ME, Matias-Ferrer N, Arglelles-Moyao A. 2022.
Cordyceps mexicana sp. nov., parasitizing Paradirphia sp. mo-
ths: A new sister species of the Cordyceps militaris complex,




distributed in central Mexican Quercus-Pinus mixed forests.
Mycologia 114, 732-747. https://doi.org/10.1080/00275514.2
022.2058854

Lughadha EH, Bachman SP, Ledo TCC, Forest F, Halley JM, Moat
J, Acedo C, Bacon KL, Brewer RFA, Gateblé G, Gongalves SC,
Govaerts R, Hollingsworth PM, Krisai-Greilhuber I, de Lirio EJ,
Moore PGP, Negrédo R, Onana JM, Rajaovelona LR, Razanaja-
tovo H, Reich PB, Richards SL, Rivers MC, Cooper A, Iganci J,
Lewis GP, Smidt EC, Antonelli A, Mueller GM, Walker BE. 2020.
Extinction risk and threats to plants and fungi. Plants People
Planet 2, 389-408. https://doi.org/10.1002/ppp3.10146

Luz C, Rocha LFN, Montalva C, Souza DA, Botelho ABRZ, Lopes
RB, Faria M, Janior ID. 2019. Metarhizium humberi sp. nov.
(Hypocreales: Clavicipitaceae), a new member of the PARB

clade in the Metarhizium anisopliae complex from Latin Ame-
rica. Journal of Invertebrate Pathology 166, 1-9. https://doi.
org/10.1016/}.jip.2019.107216

Mains EB. 1951. Notes concerning entomogenous fungi. Bulletin of
the Torrey Botanical Club 78, 122-133.

Mains EB. 1955. Some entomogenous species of Isaria. Papers of
the Michigan Academy of Science Arts and Letters 41, 23-32.

Mains EB. 1957. Information concerning species of Cordyceps and
Opbhionectria in the Lloyd Herbarium. Lloydia 20, 219-227.

Mains EB. 1958. North American entomogenous species of Cordy-
ceps. Mycologia 50, 169-222. https://doi.org/10.1080/002755
14.1958.12024722

Martinez MA, Pérez-Silva E, Aguirre-Acosta E. 1983. Etnomicologia

y exploraciones micolégicas en la Sierra Norte de Puebla. Bo-
letin de la Sociedad Mexicana de Micologia 18, 51-53. https://
www.scientiafungorum.org.mx/index.php/micologia/article/

LOPEZ-RODRIGUEZ et al., Cordyceps sensu lato en Mexico

tejocote (Crataegus mexicana) orchard soils and their pathoge-

nicity against Rhagoletis pomonella. Journal of Applied Micro-

biology 117, 1450-1462. https://doi.org/10.1111/jam.12617
Navarro-Barranco H, Brunner-Mendoza C, Reyes-Montes MR,

Duarte-Escalante E, Toriello C. 2019. Phenotypic and molecu-
lar analysis of Mexican Metarhizium anisopliae strains. Revista
Mexicana de Biodiversidad 90, 1-9. https://doi.org/10.22201/
ib.20078706€.2019.90.2643

Ng TB, Wang HX. 2005. Pharmacological actions of Cordyceps, a

prized folk medicine. Journal of Pharmacy and Pharmacology
57, 1509-1519. https://doi.org/10.1211/jpp.57.12.0001

Nikoh N, Fukatsu T. 2000. Interkingdom host jumping under-
ground: Phylogenetic analysis of entomoparasitic fungi of the

genus Cordyceps. Molecular Biology and Evolution 17, 629-
638. https://doi.org/10.1093/oxfordjournals.molbev.a026341
Pérez-Gonzéalez V, Guzmén-Franco A, Alatorre-Rosas R, Hernan-

dez-Lépez J, Herndndez-Gonzéalez V, Carrillo-Benitez MG, Ba-
verstock J. 2014. Specific diversity of the entomophatogenic
fungi Beauveria and Metarhizium in Mexican agricultural soils.
Journal of Invertebrate Pathology 119, 54-61. https://doi.or-
g9/10.1016/}.jip.2014.04.004

Pérez-Gonzélez O, Rodriguez-Guerra R, Lépez-Arroyo |, Sando-
val-Coronado CF, Maldonado-Blanco MG. 2015. Radial growth,
sporulation, and virulence of Mexican isolates of Hirsutella citri-

formis against Diaphorina citri. Southwestern Entomologist 40,
11-120. https://doi.org/10.3958/059.040.0109
Pérez-Silva E. 1977. Algunas especies del género Cordyceps (Pyre-

nomycetes) en México. Boletin de la Sociedad Mexicana de

Micologia 11, 145-153. https://www.scientiafungorum.org.mx/

index.php/micologia/article/view/472

view/574

Medel R. 2013. Hongos ascomicetos del bosque meséfilo de mon-
tafa en México. Acta Botanica Mexicana 105, 87-106. https://
doi.org/10.21829/abm105.2013.224

Medel R, Guzméan G, Chacén S. 1999. Especies de macromice-
tos citadas de México IX. Ascomycetes, parte lll: 1983-1996.
Acta Botanica Mexicana 46, 57-72. https://doi.org/10.21829/
abm46.1999.816

Méndez-Mayboca FR, Chacén S, Coronado ML, Esqueda M. 2008.
Ascomycetes from Sonora, Mexico, II: National Forest Reserve

and Wildlife Refuge Ajos-Bavispe. Revista Mexicana de Mico-
logia 25, 33-40. https://www.scientiafungorum.org.mx/index.

php/micologia/article/view/1000

Mier T, Perez J, Carrillo-Farga J, Toriello C. 1989. Study on the in-
nocuity of Hirsutella thompsonii. |. Infectivity in mice and gui-
nea pigs. Entomophaga 34, 105-110.https://doi.org/10.1007/
BF02372593

Mier T, Rosete FA, Garibay I. 1992. Crecimiento y esporulacién de

Hirsutella thompsonii en medios naturales y conservacion de su
viabilidad en diferentes soportes. Revista Mexicana de Mico-
logia 8, 131-135. https://www.scientiafungorum.org.mx/index.

php/micologia/article/view/794

Milne-Edwards. 1864. Archives de la Commission Scientifique du
Mexique; publiées sous les auspices du Ministére de [linstruc-
tion publique. Impr. Impériale, Paris. 206-208.

Mufiz-Reyes E, Guzman-Franco AW, Séanchez-Escudero J, Nie-
to-Angel R. 2014. Occurrence of entomopathogenic fungi in

22

Pérez-Silva E. 1978. Nuevos registros del género Cordyceps (Pyre-
nomycetes) en México. Boletin de la Sociedad Mexicana de

Micologia 12, 19-25. https://www.scientiafungorum.org.mx/

index.php/micologia/article/view/478

Pérez-Silva E. 1979. Nota sobre la posible relacion del género
Cordyceps (Pyrenomycetidae) con los tlalomites de los aztecas.
Boletin de la Sociedad Mexicana de Micologia 13, 253-255.
https://www.scientiafungorum.org.mx/index.php/micologia/
article/view/513

Pérez-Silva E, Esqueda-Valle M, Armenta-Calderén A. 1996. As-
comycetes de Sonora |: Discomycetes y Pyrenomycetes. Revis-

ta Mexicana de Micologia 12, 97-106. https://www.scientiafun-

gorum.org.mx/index.php/micologia/article/view/853

Pérez-Villamares JC, Burrola-Aguilar C, Aguilar-Miguel X, Sanjuan
Tl, Jiménez-Sanchez E. 2017. Nuevos registros de hongos ento-
mopatégenos del género Cordyceps s.|. (Ascomycota: Hypo-
creales) del Estado de México. Revista Mexicana de Biodiver-
sidad 88, 773-783. https://doi.org/10.1016/j.rmb.2017.10.013

Petch T. 1933-1934. Notes on entomogenous fungi. Transactions of
the British Mycological Society 18, 48-75.

Petch T. 1934. Notes on entomogenous fungi. Transactions of the
British Mycological Society 19, 161-194.

Petch T. 1941-1942. Notes on entomogenous fungi. Transactions

of the British Mycological Society 25, 250-265. https://doi.
org/10.1016/S0007-1536(42)80017-0

Putri SP, Kinoshita H, Ihara F, Igarashi Y, Nihira T. 2010. Ophosetin, a
new tetramic acid derivative from the mycopathogenic fungus




Elaphocordyceps ophioglossoides.The Journal of Antibiotics
63, 195-198. https://doi.org/10.1038/ja.2010.8

QGIS. 2021. QGIS Geographic Information System. QGIS Associa-
tion._http://www.qgis.orgX

Quesada-Moraga E, Ruiz-Garcia A, Santiago-Alvarez C. 2006. La-
boratory evaluation of entomopathogenic fungi Beauveria bas-

siana and Metarhizium anisopliae against puparia and adults
of Ceratia capitata (Diptera: Tephritidae). Journal of Economic
Entomology 99, 1955-1966.

Quintos E, Varela L, Valdés M. 1984. Contribucion al estudio de los
macromicetos, principalmente los ectomicorricicos en el esta-
do de Durango (México). Boletin de la Sociedad Mexicana de
Micologia 19, 283-290. https://www.scientiafungorum.org.mx/

index.php/micologia/article/view/608

Ramirez-Milanes MN, Lezama-Gutiérrez R, Séanchez-Rangel JC,
Chan-Cupul W, Buenrostro-Nava MT, Manzo-Sanchez G. 2022.
Genetic diversity of Metarhizium anisopliae isolated of insects
and agroecosystems. Tropical and Subtropical Agroecosystems
25, 1-8.

Rio de la Loza L. 1864. El animal-planta. Boletin de la Sociedad
Mexicana de Geografia y Estadistica 10, 315-318.

Rios-Velasco C, Pérez-Corral DA, Salas-Marina MA, Berlanga-Re-
yes DI, Ornelas-Paz JJ, Muniz CH, Cambero-Campos J, Jaco-
bo-Cuellar JL. 2014. Pathogenicity of the Hypocreales fungi
Beauveria bassiana and Metarhizium anisopliae against insect
pests of tomato. Southwestern Entomologist 39, 739-750. ht-
tps://dx.doi.org/10.3958/059.039.0405

Roberts DW, Campbell AS. 1977. Stability of entomopathogenic
fungi. Annals of Entomological Society of America 10, 19-76.

Robles-Porras L, Ishihara MI, Valenzuela R. 2006. Inventario preli-
minar de los macromicetos en Los Altos de Chiapas, México.
Polibotanica 21, 89-101.

Rodriguez O, Guzman-Dévalos L, Vazquez LS. 1993. Nuevos regis-
tros de hongos para México. Micologia Neotropical Aplicada
6,61-71.

Rosas-Acevedo JL, Sampedro-Rosas L. 2006. Variabilidad de cepas
de Hirsutella thompsonii, a partir de &caros fitéfagos en tres
sistemas terrestres del estado de Colima. Revista Mexicana de
Biodiversidad 77, 7-16.

Rubio-Bustos SY, Guzméan-Déavalos L, Navarrete-Heredia JL. 1999.
Especies entomopatégenas de Cordyceps (Fungi, Ascomyco-
tina) en México. Boletin del Instituto de Boténica 7, 135-157.

Sampedro L, Rosas JL. 1989. Seleccién de cepas de Hirsute-
lla thompsonii Fisher para combatir el acaro del cocotero,
Eriophytes guerreronis Keifer. |. Bioensayos de patogenicidad.
Revista Mexicana de Micologia 5, 225-231. https://www.scien-
tiafungorum.org.mx/index.php/micologia/article/view/752

Sénchez J. 1886. Los tlalomites, insectos atacados por hongos y el
animal-planta. La Naturaleza 7, 323-330.

Sénchez-Pefa SR. 1990. Some insect and spider pathogenic fungi
from Mexico with data on their host ranges. Florida Entomolo-
gist 73, 517-522. https://doi.org/10.2307/3495473

Sanchez-Pefia SR, San-Juan J, Medina RF. 2011. Occurrence of

entomopathogenic fungi from agricultural and natural ecosys-

tems in Saltillo, Mexico, and their virulence towards thrips
and whiteflies. Journal of Insect Science 2, 1-10. https://doi.
org/10.1673/031.011.0101

SCIENTIAFUNGE#RUM

23

(2023)Vol. 54: e1421

Sani |, Ismail SI, Abdullah S, Jalinas J, Jamian S, Saad N. 2020. A
review of the biology and control of whitefly, Bemisia tabaci
(Hemiptera: Aleyrodidae), with special reference to biological
control using entomopathogenic fungi. Insects 11, 619-636. ht-
tps://doi.org/10.3390/insects11090619

Sanjuan TI, Franco-Molano AE, Kepler RM, Spatafora JW, Tabima
J, Vasco-Palacios AM, Restrepo S. 2015. Five new species of

entomopathogenic fungi from the Amazon and evolution of
neotropical Ophiocordyceps. Fungal Biology 30, 1-16._https://
doi.org/10.1016/j.funbio.2015.06.010

Scholte EJ, Ng'habi K, Kihonda J, Takken W, Paaijmans K, Abdulla
S, Killeen GF, Knols BG. 2005. An entomopathogenic fungus

for control of adult African malaria mosquitoes. Science 308,

1641-1642. https://doi.org/10.1126/science.1108639
SAGARPA. 1999. Control microbial de mosca pinta Aeneolamia

spp. con Metarhizium anisopliae. Ficha Técnica CB-08, Se-

cretaria de Agricultura, Ganaderia, Desarrollo Rural, Pesca y
Alimentacién, Tecomén. https://www.gob.mx/cms/uploads/
attachment/file/172886/Ficha_CB_08 Control_microbial_de
mosca_pinta Aeneolamia_spp.pdf

SEDECO. 2014. Indice de precios de la canasta basica de la Di-
reccién General de Abasto, Comercio y Distribucién. https://

www.sedeco.cdmx.gob.mx/storage/app/media/Canasta%20
Basica/2014/Septiembre/4 INDICE%20DE%20PRECIOS%20
DE%20CANASTA%20BASICA%20DE%20LA%20DGACD%20.
pdf

Serna-Dominguez MG, Andrade-Michel GY, Rosas-Valdez R, Cas-
tro-Félix P, Arredondo-Bernal HC, Gallou A. 2019. Genetic di-

versity of the Metarhizium anisopliae complex in Colima, Mexi-

co, using microsatellites. Fungal Biology 123, 855-863. https://
doi.org/10.1016/j.funbio.2019.09.005
Shrestha B. 2011. Diversity of Cordyceps fungi in Nepal. Nepal

Journal of Science and Technology 12, 103-110. https://doi.
org/10.3126/njst.v12i0.6487

Shrestha B, Weimin Z, Yongjie Z, Xingzhong L. 2010. What is the
Chinese caterpillar fungus Ophiocordyceps sinensis (Ophio-
cordycipitaceae)? Mycology 1, 228-236. https://doi.org/10.10
80/21501203.2010.536791

Shrestha B, Tanaka E, Hyun MW, Han JG, Kim CS, Jo WJ, Han SK,
Oh J, Sung GH. 2016. Coleopteran and lepidopteran hosts of
the entomopathogenic genus Cordyceps sensu lato. Hindawi
12, 1-14. https://doi.org/10.1155/2016/7648219

Shrestha B, Kubatova A, Tanaka E, Oh J, Yoon DH, Sung JM,
Sung GH. 2019. Spider-pathogenic fungi within Hypocrea-

les (Ascomycota): Their current nomenclature, diversity, and
distribution. Mycological Progress 18, 983-1003. https://doi.
org/10.1007/s11557-019-01512-3

Solis-Perez O, Castillo-Gutierrez A, Pefa-Chora G, Alvear-Garcia

A, Serrano-Morales MM, Suarez-Rodriguez R, Hernandez-Ve-
lazquez VM. 2016. Pathogenicity, virulence and the interac-
tion of Metarhizium anisopliae and Beauveria bassiana against
Phyllophaga vetula (Coleoptera: Melolonthidae). Journal of
Pure and Applied Microbiology 10, 2607-2612. https://dx.doi.
org/10.22207/JPAM.10.4.16

Sung GH, Sung JM, Hywel-Jones NL, Spatafora JW. 2007a. A mul-
ti-gene phylogeny of Clavicipitaceae (Ascomycota, Fungi):




LOPEZ-RODRIGUEZ et al., Cordyceps sensu lato en Mexico

Identification of localized incongruence using a combinational
bootstrap approach. Molecular Phylogenetics and Evolution.
44, 1204-1223. https://doi.org/10.1016/j.ympev.2007.03.011
Sung GH, Hywel-Jones NL, Sung JM, Luangsa-ard JJ, Shrestha B,
Spatafora JW. 2007b. Phylogenetic classification of Cordyceps

and the clavicipitaceous fungi. Studies in Mycology 57, 5-59.
https://doi.org/10.3114/sim.2007.57.01

Torres-Estrada JLT, Ledesma MNM, Coutino ORG. 2020. Efecto
de la combinacién de Metarhizium anisopliae y Gliocladium

virens sobre la oviposicién, eclosion y emergencia de Aedes
aegypti. Salud Publica de México 62, 410-416. https://doi.
org/10.21149/11035

Trappe JM, Guzmén G. 1971. Notes on some hypogeus fungi from
Mexico. Mycologia 63, 317-332. https://doi.org/10.1080/0027
5514.1971.12019112

Ulloa M, Benavides C. 1991. Nota sobre Hirsutella saussurei, un

hifomicete patégeno de avispas sociales. Revista Mexicana de
Micologia 7, 175-184. https://www.scientiafungorum.org.mx/

index.php/micologia/article/view/783

Urbina M. 1881. Relacion del Sr. Milne-Edwards acerca del insecto
llamado animal-planta. La Naturaleza 5, 42-43.

Vézquez-Martinez MG, Cirerol-Cruz BE, Torres-Estrada JL, Lépez
MHR. 2014. Potential for entomopathogenic fungi to control
Triatoma dimidiata (Hemiptera: Reduviidae), a vector of Chagas
disease in Mexico. Revista da Sociedade Brasileira de Medi-
cina Tropical 47, 716-722. https://doi.org/10.1590/0037-8682-
0193-2014

Wei DP, Wanasinghe DN, Hyde KD, Mortimer PE, Xu JC, To-Anun
C. Yu FM, Zha LS. 2020. Ophiocordyceps tianshanensis sp. nov.

on ants from Tianshan mountains, PR China. Phytotaxa 464,
277-292. https://doi.org/10.11646/phytotaxa.464.4.2
Winkler D. 2009. Caterpillar fungus (Ophiocordyceps sinensis)

production and sustainability on the Tibetan Plateau and in
the Himalayas. Asian Medicine 5, 291-316. https://doi.or-
g/10.1163/157342109X568829

Wu H, Rao ZC, Cao L, Clercq P, Han RC. 2020. Infection of Ophio-
cordyceps sinensis fungus causes dramatic changes in the mi-

crobiota of its Thitarodes host. Frontiers in Microbiology 11,
1-15. https://doi.org/10.3389/fmicb.2020.577268

Yang ZL. 2020. Ophiocordyceps sinensis. The IUCN Red List of
Threatened Species 2020. https://dx.doi.org/10.2305/IUCN.
UK.2020-3.RLTS.T58514773A179197748.en

Zhang X, Hu Q, Weng Q. 2018. Secondary metabolites (SMs) of
Isaria cicadae and Isaria tenuipes. RSC Advances 9, 172-184.
http://org/10.1039/C8RA09039D

24



