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Abstract

Akanthomyces dipterigenus is a species of entomopathogenic fungus (Hypocreales: Cordycipitaceae) that has undergone
several reclassifications in recent decades. While it has been utilized for biological control, information on its distribution
and ecology remains limited. Furthermore, this species has only recently been reported in continental European countries.
Our research provides the first report of A. dipterigenus in the Iberian Peninsula. Fungal isolation was achieved via a
modified baiting technique featuring Rhopalosiphum padi aphids. Results suggest that the isolation methodologies and
ecological traits of the fungus may either aid or hinder its detection. Additional research is necessary to assess its
distribution throughout the Peninsula and neighbouring European countries, and to examine its potential as a biological
control agent.
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Introduction

Akanthoymces dipterigenus (Petch) Spatafora, Kepler, Zare and B. Shrestha (Cephalosporium
dipterigenum Petch), belongs to a notable group of entomopathogenic fungi. Previously, it was
classified in the Postrata section W. Gams of the genus Verticillium News, which includes anamorphs
of both Hypocreales and Phyllacorales fungi, many of which are plant pathogens. Following
numerous analyses of this section (Zare et al., 2000; Zare and Gams, 2001a,b; Sung et al., 2001),
Lecanicillium W. Gams and Zare was established as a new genus. This entailed the inclusion of
several entomopathogenic and mycopathogenic Clavicipitacean species in it. Among these was
Verticillium lecanii (Zimm.), which was renamed and later split into three distinct species based on

Department of Agricultural and Food Science in partnership with the Italian Mycological Society (UMI).
The journal is hosted and maintained by AlmaDL. © 2024 The Authors. This work is licensed under CC BY 4.0 AL



https://italianmycology.unibo.it/
https://creativecommons.org/2015/08/05/4-0-bahasa-indonesia-translation-and-a-book/
mailto:paula.estevez.caride@uvigo.gal
https://doi.org/10.6092/issn.2531-7342/18993

Caride et al.
https://doi.org/10.6092/issn.2531-7342/18993 Italian Journal of Mycology 53 (2024): 75 - 84

genetic, morphological and ecological features (Zare and Gams, 2001a,b): L. lecanii (Zimm.) Zare &
W. Gams, L. muscarium (Petch) Zare & W. Gams, and L. longisporum (Petch) Zare & W. Gams
(detailed in Table 1). In the literature on A4. dipterigenus, L. longisporum is one of the most frequently
cited synonyms. Further investigations support this reclassification, as outlined by Kouvelis et al.
(2008), Sung et al. (2007), and Kepler et al. (2017). The latter author prioritized the name
Akanthomyces Lebert, resulting in the renaming of many species, including their specific epithets
such as A. muscarius (Petch) Spatafora, Kepler & B. Shrestha and A. dipterigenus.

Despite A. dipterigenus's ability to infect aphids, the majority of the existing biological control
literature focuses on 4. lecanii and A. muscarius, both of which have commercialized strains such as
Koppert's Mycotal, a microbiological pesticide. It is believed that Vertalec, also from Koppert Co.,
may have included A. dipterigenus strains at some point (Zare and Gams, 2003b). Moreover, despite
Zare and collaborators efforts, numerous studies persist in using obsolete nomenclature or incorrectly
identifying A. lecanii, A. muscarius and A. dipterigenus. Insufficient morphological descriptions,
particularly concerning size of conidia and conidiophores, colony appearance, habitat, or strain
sequencing, impede the revision of these articles.

Table 1 — Characteristics of the three species complex based on Zare and Gams (2001b, 2003a,b,c). Note that the size of
the conidia is significant.

Akanthomyces lecanii  Colony characteristics (PDA, 10 days and 24 °C incubation)
Size: 15-25 mm
Morphology: compact, yellowish-white, with deep yellow reverse

Microscopical characteristics
Phiallides: short and aculeate 11-20(30) x 1.4—1.8 pm
Conidia: Short and ellipsoidal 2.5-3.5(4.2) x 1-1.5 pm

Host
Hemiptera: Aleyrodidade, Coccidae, Diaspididae, Pseudoccocidae

A. dipterigenus Colony characteristics (PDA, 10 days and 24 °C incubation)
Size: 10-30 mm
Morphology: raised, white becoming sulphur-yellow, reverse cream to pale yellow

Microscopical characteristics

Phiallides: long and sub-aculeate 20—40 % (1)2-2.7 um, with globose heads present
Conidia: long, ellipsoidal to oblong-oval, mostly 1-celled and rarely 1-septate, 5.3—10.7 x
1.5-2.5 pm

Host
Hemiptera: Aphididae, Coccidae

A. muscarius Colony characteristics (PDA, 10 days and 24 °C incubation)
Size: (14) 25-30 mm
Morphology: compact white, reverse cream to pale yellow or uncoloured.

Microscopical characteristics
Phiallides: sub-aculeate (15)20-35 x 1-1.7 um
Conidia: ellipsoid to sub-cylindrical (2)2.5-5.5(6) x 1-1.5(1.8) pm

Host
Wide spectrum: insect-pathogenic, plant-pathogenic and fungal-pathogenic
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Akanthomyces dipterigenus has been documented in various countries across Asia, including
China (Wang et al., 2024), Sri Lanka (Zare et al., 2000), and India (Ramanujam et al., 2011), as well
as in the Americas, such as Brazil (Lopes et al., 2023), Mexico (Berlanga-Padilla et al., 2018), Peru
(Zare and Gams, 2001b), Uruguay (Rivas et al., 2013), Venezuela, and the United States of America
(Kouvelis et al., 2008). The species has been recorded in various European countries, including the
United Kingdom (Zare et al., 2000; Kouvelis et al., 2008), Estonia (Tedersoo et al., 2014) and the
Czech Republic (Lebert, 1858).

Studies conducted in the Iberian Peninsula have only identified related species, such as A.
lecanii in Spain (Olivares-Bernabeu and Lopez-Llorca, 2002; Asensio et al., 2003; Diaz et al., 2009).
Additionally, Portuguese researchers have also reported A. muscarius (Soares et al., 2022), L.
aphanocladii Zare & W. Gams, L. dimorphum (J.D. Chen) Zare & W. Gams (Sharma et al., 2018),
L. saksenae (Kushwaha) Kurihara & Sukarno, and L. psalliotae (Treschew) Zare & W. Gams (Trovao
et al., 2013; Soares et al., 2022). Some of these Lecanicillium species are not closely related to A.
dipterigenus and remain unclassified in the Cordicypitaceae (Kepler et al., 2017).

To our knowledge, there is no previous record of 4. dipterigenus in the Iberian Peninsula, hence
this particular study represents the first official report of this species. However, there is a possibility
that samples #28 and #48 from Asensio et al. (2003) could be consistent with A. dipterigenus, as the
conidial sizes range up to 10.6 £ 0.28 um and 11 £+ 0.79 um respectively. Nonetheless, without access
to genetic data, ecological information, or colony characteristics, it is not possible to confirm these
suppositions.

Materials and Methods

Sampling was carried out in the Province of Pontevedra in Galicia, a temperate Atlantic region of
NW Spain (Fig. 1), at 10 crop and orchard sites (Table 2). This was repeated every 1.5 months during
a 2.5-year study from 2020 to 2022.

Soil samples were collected from the top 15 cm of soil using a disinfected shovel. For each
replicate, five subsamples were randomly taken, placed in a plastic bag, and refrigerated until insect
baiting (Lacey, 2012). The soil was then sifted through a 2 mm mesh and 30 mL of soil was added to
9 cm Petri dishes. To prevent fungal damage, the soils were neither dried nor heated before the
experiments. To promote fungal growth and potential infection, the soil moisture level was elevated
to approximately 70% relative humidity by adding 3 to 10 mL of distilled water, depending on the
initial soil dampness.

Living colonies of Rhopalosiphum padi (L.) (Hemiptera: Aphididae) were maintained in a
laboratory, growing on Tritricum durum L. pots at a temperature of 20 °C and under a 16:8 h
photoperiod. To isolate fungal strains from soil, we performed a modified bait method (Zimmermann,
1986). Twenty individuals, including nymphs and female alata and aptera, were carefully placed onto
Petri dishes containing the soil using a delicate brush. Four to five 7. durum leaves were added, joined
at the base, and covered with aluminum foil and humid paper to ensure both plant survival and aphid
nourishment. Every other day, the plates sealed with Parafilm® were dropped straight downward
onto a surface 10 cm below, leading to the majority of the aphids dropping from the leaves unharmed
onto the soil (a phenomenon commonly observed when the plates are rotated). Throughout the
duration of the experiment (1 week), every infected individual was sampled and examined under a
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microscope. After the fungal specimens had been identified, a small quantity of hyphal mass was
inoculated onto PDA plates.

0°0,000" 10°0,000" 20°0,000”

10°0,000

Fig. 1 — a. Sampling point locations in Pontevedra Province. b. Pontevedra Province (Highlighted in green),
Galicia Autonomous Region (highlighted in yellow), Spain.

Table 2 — Summary of the sampling points.

Site Cordinates Elevation (m) Crop management
BM N41°55°39.1” W8°47°50.8” 18 Ecological
ME1  N42°33°37” W§°36°13.0” 167 Ecological
ME2  N42°32°31.7” W8°41°16.3” 66 Conventional
CcO N42°10°53.5” W8°31°16.0” 51 Ecological
PA N42°09°19.7” W8°14°39.6” 224 Ecological
PO N42°24°22.6” W8°38°33.3” 32 Conventional
SA1  N42°32’39.9” W§°40°01.9” 86 Conventional
SA2  N42°31°21.8” W8°42°46.9” 62 Conventional
TA N42°42°54.4” W8°23°10.3” 325 Ecological
VI N42°10°4.24” W8°43°16.6” 272 Conventional

Following the exclusion of any contaminants, the plates were incubated at 25 °C without
exposure to light. Mycelium samples from each strain were analyzed by the Genomic Services of the
University of Vigo (CACTI). The total DNA from each sample was purified using the PureLink
Genomic DNA Mini Kit (Invitrogen) protocol. The ITS region was amplified by polymerase chain
reaction (PCR) using the primer pair ITS1-ITS4 (Irinyi et al., 2016). The reaction conditions were as
follows: an initial denaturation at 96 °C for 5 min, followed by 35 cycles of 96 °C for 35 s, annealing
at 50 °C for 35 s and 72 °C for 60 s, with a final extension at 72 °C for 7 min. PCR was carried out
using Horse Power Taq DNA Polymerase (Canvax) following the manufacturer's instructions. The
ITS amplicon bands were observed on 2% agarose gels. The PCR reactions were purified with
ExoSAP-IT Express (Applied Biosystems), and DNA sequencing reactions were performed in both
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directions using the same primers as the PCR reaction (ITS1-ITS4). The magnetic beads (Mag-Bind
Seq DTR, Omega Bio-tek) were used to purify the products, which were then resolved using the
SeqStudio Genetic Analyser (Applied Biosystems) at the CACTI. The consensus sequences were
obtained by assembling the direct and reverse traces with SEQSCAPE v. 2.5 (Applied Biosystems)
and MEGA software. The sequences were compared to the GenBank datasets using the Basic Local
Alignment Search Tool (BLAST). A phylogenetic analysis was carried out using ITS sequences
available in GenBank and published in taxonomic reviews of genus Akanthomyces (Manfrino et al.,
2022, Liu et al., 2024, Wang et al., 2024) and our newly generated sequences; all sequences were
trimmed using ITSx (Bengtsson-Palme et al., 2013), an alignment was carried out using MAFFT v7
online server (Katoh et al., 2019) with default settings, and the Maximum Likelihood (ML) analysis
was carried out IQTree v2.1.3 online server (Trifinopoulos et al., 2016) using a partitioned analysis
(three partitions: ITS1, 5.8S, ITS2) and 1,000 non-parametric bootstrap replicates to calculate support
at the nodes. DNA sequences newly generated in this study were deposited in GenBank with
accession numbers OR793230 and OR793231.

Results and Discussion

BLAST analysis showed up to a 99.82% similarity to A. dipterigenus isolates (MT457650). The ML
phylogenetic tree (Supplementary Figure S1) also shows clustering between our sequences and the
type specimen of A. dipterigenus (strain CBS126.27), as well as other A. dipterigenus sequences from
GenBank. Ecological traits (host and environment), morphological characteristics of conidia,
conidiophores and colony morphology supported this ID (Zare and Gams, 2001b; Zare 2003b).

Colonies on PDA at 25 °C reached a diameter of 13.5-16.5 mm after 10 days, displaying a
white-cream color and a slightly raised appearance (Fig. 2a). The reverse of the colony presents a
cream color (Fig. 2b). Phialides with tapering nodes, usually consisting of 3—4 conidiogenous cells
(Fig. 2¢), measure 25-40 x 1.5-2 pm. The formation of globose heads (Fig. 2d), which merge
numerous conidia, is very frequent, especially when the sample is handled with care. Conidia are
notably oblong, except for the smallest ones which tend towards an ellipsoid shape (Figs 2c, 2d). Few
have a single septum, and their sizes range from 8-13.5 x 1.5-2.5 um.

Baiting with R. padi (n = 1205 replicates) yielded A. dipterigenus from 46.1% of the samples,
along with Conidiobolus spp. (Entomophthorales: Ancylistaceae) from 1.5%, and Metarhizium sp.
(Hypocreales: Clavicipitaceae) from 0.1%. The discovery of 4. dipterigenus in all studied locations
and seasons implies that this fungus is a ubiquitous entomopathogen in Galicia. Further sampling is
necessary to confirm its presence in other temperate Atlantic regions, like the rest of the Peninsula.
The effects of habitat type, crop management and soil characteristics on the fungus require evaluation
(Quesada-Moraga et al., 2007; Sun et al., 2008; Jabbour and Barbercheck, 2009; Sharma et al., 2018;
Uzman et al., 2019; Hallouti et al., 2020).

While earlier research in the peninsula identified species closely related to 4. dipterigenus
(Olivares-Bernabeu and Lopez-Llorca, 2002; Asensio et al., 2003; Diaz et al., 2009; Soares et al.,
2022), our capacity to review them is constrained by the absence of morphological data and genetic
studies in these works. It is imperative for authors to utilize the most up-to-date nomenclatures and
incorporate morphological and genetic information into their publications. This enables subsequent
revisions and taxonomical studies.
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Taxonomic history of the species and morphological similarities to other Akanthomyces may
have led to the underestimation of this species in Europe, in favour of A. lecanii or even A. muscarius.
Also, the methods applied in previous studies might have played a relevant role in the lack of
detection of this species. For instance, the order Hemiptera has the greatest diversity of
entomopathogenic fungi ever documented (Araujo and Huhges, 2016; Lopez-Lastra and Lecuona,
2019). However, this group is rarely used as bait except for field screenings (Feng et al., 1990; Nielsen
et al., 2003; Scorsetti et al., 2007). In contrast, Galleria mellonella L. (Lepidoptera: Pyralidae) and
Tenebrio molitor L. (Coleoptera: Tenebrionidae) are commonly used as experimental organisms, and
it is likely that they have different affinities to fungal pathogens (Ali-Shtayeh et al., 2002; Meyling
and Eilenberg, 2006; Quesada-Moraga et al., 2007; Mora et al., 2016; Gonzalez-Baca et al., 2019).
The collection of samples throughout all seasons or over several years is seldom observed in most
biodiversity research (Meyling and Eilenberg, 2006; Scorsetti et al., 2007; Jabbour and Barbercheck,
2009; Meyling et al., 2011; Mora et al., 2016; Kovac et al., 2021). While the utilization of specific
media for prevalent fungi, notably Metarhizium spp. or Beauveria bassiana (Balsamo) Vuillemin.
(Hypocreales: Cordycipitaceae), could impede the retrieval of other species (Medo and Cagan, 2011;
Kovac et al., 2021). Several authors suggest the utilization of combined isolation methodologies and
interdisciplinary approaches to avoid these issues (Jaronski, 2008; Sharma et al., 2018; Bueno-Pallero
et al., 2020).

; ; S .
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Fig. 2 — a) 4. dipterigenus mycelium aspect after 20-day culture on PDA at 25 °C,
without light; b) Reverse of a PDA colony after 10 days of incubation; ¢) R. padi
antenna covered by A. dipterigenus hyphae, showering phiallides and conidia; d)
Another antenna showing globose heads formed by conidia.
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In conclusion, it is essential that additional research on indigenous fungi is conducted to
improve commercialized entomopathogenic strains. The investigation of less prevalent or new
pathogenic fungi could benefit biological control programmes, particularly through the integration of
strains that are already adapted to specific climates or ecosystems (Quesada-Moraga et al., 2023), or
through their potential to become endophytic in crops (Nicoletti and Becchimanzi, 2020).

Conclusion

Akanthomyces dipterigenus was discovered in the Iberian Peninsula for the first time through this
study. The species was frequently found in all locations and seasons investigated in NW Spain, using
Rhopalosiphum padi as a bait insect. More research is needed to establish the extent of the species in
the Peninsula. Previous taxonomic issues and isolation methods may have underestimated the
presence of this species in Europe. Further research on native species should be carried on in order to
improve biological control programmes.
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