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The phylogenetic lineage, taxonomic affiliation and interrelationships of important asexual
entomopathogenic fungal genera were studied using the sequences of partial regions of p-tubulin and
rRNA genes. The species structures of Beauveria bassiana and Nomuraea rileyi were also investigated. A
total of 147 fungal entries covering 94 species were analysed. Phylogenetic analysis placed all the asexual
entomopathogenic fungal species analysed, in the family Clavicipitaceae of the order Hypocreales of
Ascomycota. Deep phylogenetic lineages were observed in B. bassiana iterating the complex nature of this
species. Some of the isolates assigned to this species separated out more distinctly than morphologically
distinguishable genera. Cryptic speciation was also evident in N. rileyi. It is concluded that the asexual
fungi with entomopathogenic habit arose from a single lineage in sexual Clavicipitaceae.
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Filogenia molecular de los hongos entomopatogenos asexuales con especial
referencia a Beauveria bassiana y Nomuraea rileyi

RESUMEN
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Complejos de especies

Basandose en el andlisis de las secuencias de regiones parciales de los genes B-tubulina y ARN ribosémicos
se estudi6 la filogenia, la taxonomia y las interrelaciones de importantes géneros de hongos entomopat6-
genos asexuales. Se estudio también la estructura de las especis Beauveria bassiana y Nomuraea rileyi. Se
analiz6 un total de 174 entradas flngicas que representaban 94 especies. El andlisis filogenético demostré
que todas las especies de hongos entomopatogénicos asexuales incluidas en el estudio pertenecian a la fa-
milia Clavicipitaceae, del orden Hypocreales de los Ascomycota. Se observaron diferentes linajes dentro de
B. bassiana, lo que demostré la complejidad de dicha especie. Algunos de los aislamientos de dicha especie
demostraron estar filogenéticamente mas separados que determinados géneros morfolégicos. Dentro de la
especie N. rileyi se pudo observar también la presencia de especiacion criptica. Se concluye que los hongos
asexuales entomopatogénicos han evolucionado de un linaje simple dentro de la familia Clavicipitaceae.
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Mitosporic fungi with entomopathogenic habit have been widely
used as pesticides because of their potential in biological control of
insect pests. Due to their predominant asexual nature, the
taxonomic status of these fungi is not certain. The sexual stages
(teleomorphs) of some of these genera have been discovered. The
teleomorphs are ascomyceteous species. The asexual
entomopathogenic fungal species were found to be closely related
to each other in several molecular phylogenetic studies?#8921222831,
Further, these studies also confirmed the relation between the
anamorph (asexual) and the teleomorph species. Based on these
evidences, these fungi are recognized as hypocrealean ascomycetes
belonging to the family Clavicipitaceae. However, no phylogenetic
study of these mitosporic fungi was done including representative
members of sexual Ascomycota to view their position in context to
other members of Ascomycota. We took up such a study using g-
tubulin and rRNA gene sequences. Many of the economically
important hyphomycete entomopathogenic fungi are complex
species and the boundaries between different morphologically
distinguishable species are not validated. Therefore, inter-
relationships between some of the important entomopathogenic
genera were also investigated including a sample of isolates of
complex species — Beauveria bassiana and Nomuraea rileyi, two of
the five hyphomycetous asexual fungal species registered as
bioinsecticides®.

Of the several genes used to serve as ‘zeit gebers’ or molecular
clocks for studying phylogenetic relationships among organisms,
the highly conserved and functionally essential g-tubulin gene has
been found to be very useful for investigating relationships between
fungi at all levels - from studies of complex species groups to deep
(geological) time phylogenetic investigations®#121618-20_ Since it is a
protein-coding gene, it has some advantages over the more often
used ribosomal RNA gene sequences: the alignment of the sequences
is less problematic and the third nucleotide can provide a relatively
good estimate of the neutral substitution rate*. rRNA genes are
also frequently used to establish ordinal relationships among
fungi'*'”. Both these gene sequences were employed in the present
study.

Material and methods
Fungal sample

A fungal sample constituting 147 fungal entries representing 94
species, 21 of which are asexual and entomopathogenic, was analysed
(Table 1). Among them, 28 isolates were sequenced for the partial
region of B-tubulin gene and the rest of the sequences were obtained
from GenBank database entries (http://www.ncbi.nlm.nih.gov/
Genbank/ index.html) (Table 1).

The partial regions of the three genes, namely g-tubulin, small
and large subunits of mitochondrial rRNA genes, were amplified as
described by Uma Devi et al*®. The fungal sequences related to
these sequences were retrieved from Genbank using B. bassiana
sequences with accession numbers AJ312228 (B-tubulin) and
AB027336 (rRNA) as query sequences in blast search with default
parameters. An E-value cutoff of 2e-""? (g-tubulin) and 2e~> (rRNA)
was used to assign homology. In addition, partial nucleotide
sequences of B-tubulin gene of seven N. rileyi isolates® were
included in the sample.

The sequences were initially aligned and later realigned until
good alignment was obtained using the multiple alignment program
AlnExplorer of MEGA ver. 3.0 Flanking regions that were not part
of significant multiple alignment were trimmed off. The consistently
aligned regions that have shared/derived characters of the
homologous regions were used as feed for various tree construction
methods. DNA sequence alignments were submitted in TreeBASE
(http://www.treebase.org/treebase/), a relational database designed

to manage and explore information on phylogenetic relationships
with accession number SN2616.

To infer the position of asexual entomopathogenic fungi in the
fungal kingdom, a data set including partial amino acid sequences of
the p-tubulin gene with 44 entries (Table 1) was analysed. To infer
the position of asexual entomopathogenic fungi in the order
Hypocreales, a data set including partial nucleotide sequences of the
rRNA gene with 66 entries (Table 1) was analysed. To examine the
interrelationship among the entomopathogenic asexual fungal
genera and members within a species, a data set comprising 43
partial nucleotide sequences with several isolates of the two complex
species B. bassiana and N. rileyi was analysed (Table 1). To examine
the cryptic speciation in the complex species B. bassiana, a data set
comprising seven partial nucleotide sequences of three genes,
namely B-tubulin, large and small subunit of mitochondrial rRNA
genes, was analysed (Table 1).

The default parameters taken for pairwise alignment were as
follows: gap opening penalty (GOP) = 10/15, gap extension penalty
(GEP) =0.1/6.6 and for multiple alignment, GOP=10/15, GEP = 0.2/6.6
with a gap separation distance = 4, transition weight of 0.5/0.5,
Gonnet protein/I[UB DNA weight matrix and a delay divergent cutoff
% = 30/30.

The statistical procedures of minimum evolution (ME), maximum
parsimony (MP) and neighbor joining (NJ) of the program MEGA
ver. 3.0 were used. Distances for neighbor joining tree were
calculated under the Kimura 2-parameter model. In MP and ME
analyses, a single heuristic search was performed with Close
Neighbor Interchange (CNI) branch swapping. For ME, N]J tree was
used as the starting tree for heuristic search. For MP, stepwise
addition procedure was employed. The maximum number of trees
that could be saved during the heuristic search procedures was set
to 1000. When multiple trees were found under ME and MP
procedures, a single consensus tree was created. Confidence levels
for individual branches were determined by bootstrap analysis for
1000 replicates®. To address the possible misleading effects of the
data set phylogenetic relationships were then inferred using
selected evolutionary model and the heuristic search option for
maximum likelihood implemented in PAUP ver.4b. We implemented
Kishino-Hasegawa (KH) test'® using normal approximation (two-
tailed test) to statistically evaluate tree topology against a series of
topologies. In addition, trees were inferred with Bayesian inference
using MrBayes, ver. 3.04b'°. A Metropolis-Coupled Markov Chain
Monte Carlo (MCMCMC) starting tree was initiated at random and
run for 10 million generations. Trees were sampled each 1,000
cycles. Four chains were run simultaneously, of which three were
heated and one was cold. Stationarity of the log likelihoods was
monitored to verify convergence by 1,000,000 cycles. A consensus
tree was made with multiple phylogenetic trees to determine the
posterior probabilities at different nodes. To assess cryptic
speciation in the sequence data of B. bassiana, the maximum
parsimony analysis (PAUP ver. 4b) was done. A heuristic search
analysis was run with ‘tree-bisection-reconnection’ (TBR) branch
swapping with accelerated transformation (ACCTRAN) optimization
to infer branch lengths with MULTREES option on, ADDSEQ set at
random and 10 randomized replicates. All characters were weighed
equally. A single tree was described when multiple trees were
found.

Results

Phylogenetic position of entomopathogenic fungi in the fungal kingdom
The phylogenetic trees generated based on g-tubulin sequence-

aligned data set had similar topologies in both distance and

parsimony methods (ME, MP and NJ) but differed in their branching
order. Topological similarity of the trees obtained by different
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Table 1
Details of the entomopathogenic mitosporic fungi and other fungi used in the analysis
Species Genes
B-tubulin rRNA S TRNA L rRNA
Isolate acc. no.c GenBank acc. no. Isolate acc. no. GenBank acc. No. GenBank acc. no. GenBank acc. no.
Beauveria bassiana ITCC-913 IFO4848 AB027336 n.a. n.a.
AJ312228
ARSEF-5012 DQ092752 n.a. n.a. n.a. n.a.
ARSEF-1166° DQ092753 n.a. n.a. n.a. n.a.
ARSEF-13152 DQO090731 n.a. n.a. n.a. n.a.
ARSEF-1316* DQO090731 n.a. n.a. n.a. n.a.
ARSEF-3041* DQ090729 n.a. n.a. n.a. n.a.
ARSEF-1169 DQ090741 n.a. n.a. n.a. n.a.
ITCC-45212 DQ090736 n.a. n.a. n.a. n.a.
BB 42 DQ090732 n.a. n.a. n.a. n.a.
ILa4.2 DQ090735 n.a. n.a. n.a. n.a.
ARSEF-15332 DQ090711 n.a. n.a. DQ090724 DQ090748
ARSEF-1535 DQ090712 n.a. n.a. DQ090725 DQ090749
ARSEF-15372 DQ090713 n.a. na. DQ090750 DQ090718
ARSEF-1538 DQ090714 n.a. n.a. DQ090720 DQ090719
ARSEF-1540%" DQ090715 n.a. n.a. DQ090726 DQ090721
ARSEF-1635" DQ090717 na. n.a. DQ090727 DQ090722
ARSEF-1640*> DQ090716 n.a. n.a. DQ090728 DQ090723
Beauveria brongniartii Bbr-9301 AAQ96774 BCMU BB05 AB237659 n.a. n.a.
Beauveria brongniartii ARSEF-2660 DQ090733 n.a. na. n.a. n.a.
Beauveria amorpha ARSEF-2641 DQ090742 n.a. n.a. n.a. n.a.
Beauveria sps. ARSEF-1198 DQ090743 n.a. n.a. n.a. n.a.
Beauveria caledonica na. na. CCRC 32867 AY245650 n.a. na.
Nomuraea rileyi UFIF-178 DQO79608 NBRC 8560 AB100361 n.a. n.a.
La.3.2b DQO090744 n.a. n.a. n.a. n.a.
Il.a.1.12b DQ090746 n.a. n.a. n.a. n.a.
IL.b.5.2b DQ090745 n.a. n.a. n.a. n.a.
IL.b.7.2b DQ090747 n.a. n.a. n.a. n.a.
ARSEF-7622 DQO090738 n.a. n.a. n.a. n.a.
ARSEF-2345 AF399735 n.a. n.a. n.a. n.a.
ARSEF-935 AF399730 n.a. n.a. n.a. n.a.
MSU-27 AF399731 n.a. n.a. n.a. n.a.
ARSEF-711 AF399729 n.a. n.a. n.a. n.a.
ARSEF-380 AF399720 n.a. n.a. n.a. n.a.
ARSEF-482 AF399732 n.a. n.a. n.a. n.a.
ARSEF-2492 AF399728 na. na. na. na.
Metarhizium anisopliae n.a. AY995134 NBRC 5940 AB250411 n.a. n.a.
ARSEF-538? DQ090737 n.a. n.a. n.a. n.a.
Metarhizium flavoviride n.a. n.a. ARSEF 1764 AF280632 n.a. n.a.
Paecilomyces farinosus ARSEF- 648 DQ079607 IFO 8581 AB080090 n.a. n.a.
Paecilomyces fumosoroseus ARSEF-1626° DQ090739 BCMU PFO1 AB250413 n.a. na.
Paecilomyces reniformis ARSEF-577 DQ079606 n.a. n.a. n.a. n.a.
Paecilomyces nostocoides n.a. n.a. JCM 8437 AB104884 n.a. n.a.
Paecilomyces viridis n.a. n.a. CBS 348.65 AB023949 n.a. n.a.
Paecilomyces carneus n.a. n.a. JCM 6870 AB103379 n.a. n.a.
Paecilomyces marquandii n.a. n.a. NBRC 31966 AB114223 n.a. n.a.
Paecilomyces isarioides n.a. n.a. IFO 7562 AB023944 n.a. n.a.
Paecilomyces cateniannulatus n.a. n.a. BCMU IF05 AB263742 n.a. na.
Paecilomyces tenuipes n.a. n.a. BCMU 1J06 AB086208 n.a. n.a.
Paecilomyces javanicus n.a. n.a. NBRC 8297 AB099944 n.a. n.a.
Paecilomyces amoeneroseus n.a. n.a. CBS 107.73 AY526464 n.a. n.a.
Paecilomyces lilacinus n.a. n.a. BCMU PLO1 AB124670 n.a. n.a.
Cordyceps dipterigena n.a. n.a. CCRC 35725 AY245655 n.a. n.a.
Cordyceps japonica n.a. n.a. IFO 9647 AY245669 n.a. n.a.
Cordyceps roseostromata n.a. n.a. ARS 4870 AY245662 n.a. n.a.
Cordyceps scarabaeicola na. n.a. ARS 5689 AY245663 n.a. n.a.
Cordyceps ochraceostromata n.a. n.a. ARS 5691 AY245660 n.a. n.a.
Cordyceps subsessilis n.a. n.a. CBS 305.95 AY245665 n.a. n.a.
Cordyceps memorabilis n.a. n.a. CCRC 32218 AY245658 n.a. n.a.
Cordyceps myrmecophila n.a. n.a. CCRC 35726 AY245672 n.a. na.
Cordyceps valliformis n.a. n.a. DAOM 196368 AY245648 n.a. na.
Cordyceps gracilioides n.a. n.a. ARS 5696 AY245652 n.a. n.a.
Cordyceps sphingum n.a. n.a. CBS 114.22 AY245673 n.a. n.a.
Cordyceps caloceroides n.a. n.a. CBS 250.76 AY245654 n.a. n.a.
Cordyceps ophioglossoides n.a. n.a. NBRC 8992 AB113827 n.a. n.a.
Cordyceps sinensis n.a. n.a. n.a. AB067701 n.a. n.a.
Cordyceps heteropoda n.a. n.a. BCMU CHO1 AB084157 n.a. n.a.
Cordyceps jezoensis n.a. n.a. n.a. AB027319 n.a. n.a.
Cordyceps chlamydosporia n.a. n.a. NBRC 9249 AB100362 n.a. n.a.
Cordyceps formicarum n.a. n.a. BCMU CF02 AB222679 n.a. n.a.
Cordyceps tricentri n.a. n.a. n.a. AB027330 n.a. n.a.
Cordyceps khaoyaiensis n.a. n.a. 885.1 AF327393 n.a. n.a

(Continued in next page)
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Table 1
Details of the entomopathogenic mitosporic fungi and other fungi used in the analysis (continuation)
Species Genes
B-tubulin rRNA S rRNA L rRNA
Isolate acc. no.© GenBank acc. no. Isolate acc. no. GenBank acc. No. GenBank acc. no. GenBank acc. no.

Cordyceps takaomontana n.a. n.a. n.a. AB044631 n.a. n.a.
Cordyceps militaris ARSEF-4082* DQ090734 CBS 178.59 AY245671 na. na.
Verticillium leptobactrum n.a. n.a. 1AM 14729 AB214657 n.a. n.a.
Verticillium fungicola n.a. n.a. NBRC 30728 AB111494 n.a. n.a.
Verticillium insectorum n.a. n.a. 1AM 14728 AB214655 n.a. n.a.
Epichloe typhina PRG85 X52616 MAFF 306230 AB105952 na. n.a.
Epichloe festucae F11 AY722412.1 na. na. na. na.
Claviceps purpurea n.a. n.a. NBRC 5782 AB160991 n.a. n.a.
Claviceps paspali n.a. na. MAFF 306124 AB250409 n.a. n.a.
Claviceps africana n.a. n.a. NE1 AF281176 n.a. n.a.
Claviceps sorghicola n.a. n.a. MAFF 306574 AB250410 n.a. n.a.
Claviceps panicoidearum n.a. n.a. MAFF 511350 AB255604 n.a. n.a.
Acremonium chrysogenum H780 X72789 n.a. n.a. n.a. n.a.
Acremonium coenophialum = el9 X56847 n.a. n.a. n.a. n.a.

Neotyphodium coenophialum
Neotyphodium unicatum n.a. n.a. NBRC 32642 AB102783 n.a. n.a.
Hypomyces odoratus IMI 267134 Y12256 n.a. n.a. n.a. n.a.
Hypomyces chrysospermus n.a. n.a. n.a. M89993 n.a. n.a.
Hypocrea virens n.a. AY158203 n.a. n.a. n.a. n.a.
Hypocrea jecorina n.a. n.a. ATCC 13631 AF510497 n.a. n.a.
Hypocrea lutea n.a. n.a. IFO9061 D14407 n.a. n.a.
Hypocrea koningii n.a. n.a. ATCC 64262 HKO0301990 n.a. n.a.
Hypocrea rufa n.a. n.a. GJS89-127 AY489694 n.a. n.a.
Trichoderma viride T9BR47 715055 IFFI 13001 AF525230 n.a. n.a.
Trichoderma asperellum n.a. AY390326.1 na n.a n.a. n.a.
Trichoderma harzianum n.a. n.a. ALl 232 AF548100 n.a. n.a.
Fusarium cerealis na. na. na. AF141947 n.a. na.
Fusarium equiseti n.a. n.a. n.a. AF141949 n.a. n.a.
Fusarium oxysporum n.a. n.a. 26-ene AB110910 n.a. n.a.
Gibberella avenacea na. na. na. AF141946 na. na.
Gibberella fujikuroi A 102 U27303 NBRC 30337 AB237662 n.a. n.a.
Gibberella pulicaris n.a. AF484166.1 n.a. AF149875 n.a. n.a.
Gibberella zeae NRRL-31084 AACM01000393 NBRC 9462 AB250414 na. na.
Aspergillus nidulans = FGSC A4 XM653694 n.a. n.a. n.a. n.a

Emericella nidulans.
Aspergillus flavus na P22012 n.a. na. na. n.a.
Aspergillus parasiticus NRRL-5067 149386 n.a. n.a. n.a. n.a.
Aspergillus fumigatus Af293 AAHF01000004 n.a. n.a. n.a. n.a.
Penicillium digitatum PD 5 D78154 n.a. n.a. n.a. n.a.
Penicillium paxilli n.a. AY846880 n.a. n.a. n.a. n.a.
Leptposphaeria biglobosa AY7490000 FSU415 n.a. n.a. n.a. n.a.
Leptposphaeria maculans AY7490028 FSU2560 n.a. n.a. n.a. n.a.
Phaeosphaeria avenaria S-81-W10 AY823527 n.a. n.a. n.a. n.a.
Phaeosphaeria nodorum 98-12981 AY823526 n.a. n.a. n.a. n.a.
Pleospora herbarum ICMP 562077 Y17077 na. n.a. na. n.a.
Pleospora welwitschiae FSU2566 AY749034 n.a. n.a. n.a. n.a.
Botryotinia fuckeliana SAS56 769263 n.a. n.a. n.a. n.a.
Sclerotinia sclerotiorum TZ25 AY312374 n.a. n.a. n.a. n.a.
Monilinia fructicola ATF16 AY283677 na. na. na. na.
Monilinia laxa 515 AY349149 n.a. n.a. n.a. n.a.
Blumeria graminis n.a P16040 n.a. n.a. n.a. n.a.
Erysiphe necator na. AY074934 n.a. na. n.a. n.a.
Erysiphe pisi  n.a. S49328 n.a. n.a. n.a. n.a.
Neurospora crassa OR74A XM323372 n.a. n.a. n.a. n.a.
Neurospora pannonica TRTC51327 AY780126.1 n.a. n.a. n.a. n.a.
Sordaria fimicola SMH4106 AY780138 n.a. n.a. n.a. n.a.
Sordaria macrospora n.a. AY780140 n.a. n.a. n.a. n.a.
Saccharomyces cerevisiae na. na. n.a. J01353 n.a. n.a.
Melampsora lini 5261 AF317682 n.a. n.a. n.a. n.a.
Cryptococcus neoformans JEC21 AE017343 n.a. n.a. n.a. n.a.
Ustilago hordei n.a. n.a. n.a. U00973 n.a. n.a.
Ustilago shiraiana n.a. n.a. [FO8809 AB028189 n.a. n.a.
Micromucor ramannianus NRRL-5844 AF162073 n.a. n.a. n.a. n.a.
Rhizopus microsporus NRRL-2710 AF162066 na. n.a. n.a. n.a.

3Isolates that are sequenced for B-tubulin, large and small subunit of rRNA genes of mitochondria.

Epizootic population.

ARSEF isolates are from USDA-ARS collection of Entomopathogenic Fungal cultures, Ithaca, New York, USA. ITCC isolates are from Indian Type Culture Collection, IARI, New
Delhi, India. NRRL isolates are from NRRL culture collection, Peoria, Illinois, USA. BB isolates and Il.a.4.; IL.a.6.; of B. bassiana and L.a.3.; [L.a.1.1.; [Lb.5.; IL.b.7. of N. rileyi are isolated
in our laboratory and not yet accessioned.
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Figure 1. Consensus phylogenetic tree derived by neighbor joining method of a sample of 44 fungal entries to assess the phylogenetic affiliation of the asexual entomopathoge-
nic fungi Beauveria bassiana and Nomuraea rileyi to each other and other asexual fungi with entomopathogenic habit and sexual (meiosporic) fungi. Taxa underlined are entomo-
pathogenic fungi of interest. Bootstrap values (based on 1,000 replicates) when above 50% are indicated on the branches. The tree was derived from partial sequence (271 amino
acids) of the g-tubulin gene of which 150 were conserved, 121 were variable, of which 83 were parsimony informative.

methods (MP, ME and NJ) indicates that these clusters are not
incidental. The tree derived through NJ is represented in Figure 1
and is further described. The ME and MP trees are given as
supplementary material (Figs. 2 and 3). Branching order reflected
the expected pattern with fungi of the three divisions Asco, Basidio
and Zygomycota separating into three major clades (Fig. 1). The
whole clade of Ascomycetes was well supported with a bootstrap
value of 91%. The Ascomycota clade branched into two sub-clades
with the separation of members of Hypocreales in one group and the
rest in the other (Fig. 1). The sub-clade with non-hypocrealean fungi
fissured into five branches each representing members of one
taxonomic order - the Sordariales, Heliotales, Erysiphales,
Pleosporales and Euriotales. There were three sub-clades in the
hypocrealean clade each representing one family: Nectriaceae,

Hypocreaceae and Clavicipitaceae (Fig. 1). All the mitosporic
entomopathogenic fungi B. bassiana, Beauveria brongniartii, N. rileyi,
Paecilomyces fumosoroseus, Paecilomyces farinosus and Metarhizium
anisopliae grouped into the claviciptalean sub-clade of Hypocreales
(Fig. 1). Within this sub-clade, each of the entomopathogenic fungal
genus separated into a different clade (Fig. 1). M. anisopliae was
found to be closely related to sexual clavicipitalean fungi (Fig. 1).
There was one discrepancy in the distribution of the members of
Hypocreaceae. Sexual Ascomycete, Acremonium chrysogenum of
Hypocreaceae, separated from the other members of that family
(Fig. 1). The Bayesian tree of highest likelihood (Fig. 4, supplementary
material) has a significant (>95%) posterior probability and strong
bootstrap support for all (ME, MP and NJ) trees. p value in the KH test
(p = 0.05) indicates that the maximum likelihood tree (5154.26590)
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Figure 2. Consensus phylogenetic tree derived for the same data set as in Figure 1 derived by the minimum evolution method.

is not significantly worse than the original maximum likelihood tree
(5155.47481).

The results from the analysis of rRNA gene sequence data (with
some differences in the fungal entries included) very closely matched
the phylogenetic relationships evident in the analysis of the sequence
data of p-tubulin gene. The NJ tree from the rRNA gene is given in
Figure 5 (the ME, MP and Bayesian trees are provided as
supplementary Figs. 6, 7 and 8, respectively).

With the analysis of both B-tubulin and rRNA gene sequences,
enough evidence was not found to reject the monophyly of the
entomopathogenic fungal group studied. We therefore conclude that
the mitosporic entomopathogenic fungi are members of Clavicipi-
taceae family.

Interrelationships between entomopathogenic fungal species

The five major genera included in the analysis separated into
different clades in the trees derived by all the three (NJ, ME and
MP) methods; only the position of M. anisopliae differed in the
three phylogenetic trees. The NJ tree is described and is given in
Figure 9; the ME and MP trees are provided as supplementary
material in Figures 10 and 11. Two isolates of B. bassiana
separated from the rest of the B. bassiana isolates as another
clade (Fig. 9). The two other species of Beauveria in the sample
- Beauveria amorpha and B. brongniartii - grouped with isolates
of B. bassiana (Fig. 9). Deep phylogenetic lineages were observed
in the B. bassiana clade (Fig. 9). Unlike B. bassiana, extensive
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Figure 3. Consensus phylogenetic tree derived for the same data set as in Figure 1 derived by maximum parsimony analysis. Component tree statistics: tree length (L) = 269;

consistency index (CI) = 0.737; retention index (RI) = 0.818.

phylogenetic speciation was not observed in the N. rileyi sample
(Fig. 9). Only one isolate diverged into a different lineage among
the members (Fig. 9). M. anisopliae separated as a different
lineage in the main group (Fig. 9), while in the MP tree it grouped
with the two B. bassiana isolates, which diverged from the main
group; in the ME tree it separated out as a different lineage from
the main group.

Cryptic speciation in Beauveria bassiana

Diagnosing species borders from single-gene phylogenies can be
difficult because usually the markers do not indicate a clear cutoff
between species and higher taxonomic groupings. Therefore an
approach termed genealogical concordance phylogenetic species

recognition (GCPSR) was used?*. In fungal taxa, where mating studies
are difficult to conduct and when patterns are not detectable from
multilocus sequence data, multiple gene genealogies (3-10 genes)
were used to uncover cryptic speciation using this powerful approach
of GCPSR*%. GCPSR detects genetically isolated groups from a number
of different loci by comparing the gene trees. Different genes have
different genealogies within a species due to recombination. It
establishes gene flow delimiting species by identifying the unshared
polymorphisms, and thus branches that are incompatible, with all
genealogies at all loci.

A consensus maximum parsimony tree was generated (PAUP ver.
4.0)* from the partial sequences of the three genes: g-tubulin gene,
large and small subunit of rRNA genes of mitochondria aligned by
AlnExplorer (MEGA ver 3.1) derived from the isolates of an epizootic
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Figure 4. Bayesian Metropolis-coupled Markov chain Monte Carlo (MCMCMC) fungal tree depicting phylogenetic relationships for the same data set as in Figure 1. This phylogeny
resulted from a 50% majority rule consensus of 10001 trees sampled with Bayesian MCMCMC. The resulting posterior probabilities (PP) are shown above internal branches. Taxa
underlined are entomopathogenic fungi of interest. Species names are colored according to their respective phyla.

population of B. bassiana collected from Burgenland, Austria
(Catalogue of the entomopathogenic fungi at ARSEF, Ithaca, New
York). The details of the maximum parsimony tree generated from
the aligned DNA sequences of each gene are as follows:

B-tubulin gene: The tree was constructed from 296 characters, of
which 285 were constant and 11 were variable, and of these 11
variable characters only one was parsimony informative (Fig. 12).
The tree length (L) was 11, consistency index (CI) was 1.00, homoplasy
index (HI) was 0.00 and retention index (RI) was 1.00.

Gene for large subunit of rRNA of mitochondria: The tree was
constructed from 183 characters, of which 105 were constant and 78
were variable and of these 37 were parsimony informative (Fig. 12).
The tree length (L) was 109, consistency index (CI) was 0.89,
homoplasy index (HI) was 0.10 and retention index (RI) was 0.80.
Gene for small subunit of rRNA of mitochondria: The tree was
constructed from 504 characters of which 498 were constant and six
were variable and of these six variable characters one was parsimony
informative (Fig. 9). The tree length (L) was 6, consistency index (CI)
was 1.00, homoplasy index (HI) was 0.00 and retention index (RI)
was 1.00.

The tree topology of each species tree indicates the presence of
cryptic speciation. Incongruity of gene genealogies within a given

group indicates gene flow and delimits a species. As the approach
detects reproductive isolation, the resulting groups also fulfill the
criteria of a biological species. Genealogical concordance phylogenetic
species recognition (GCPSR) detects genetically isolated groups by
comparing the gene trees from a number of different loci. Different
geneshavedifferentgenealogies withinaspeciesdue torecombination.
It establishes gene flow delimiting species by identifying the unshared
polymorphisms, and thus branches that are incompatible with all
genealogies at all loci, represent different species.

Discussion

The B-tubulin gene- and rRNA gene-based phylogenetic analysis
affirmed the traditional taxonomic grouping of fungi, which was
earlier substantiated by molecular phylogenetic studies'’. The
position of the entomopathogenic fungi B. bassiana, B. brongniarti, N.
rileyi, M. anisopliae and Paecilomyces species in the family
Clavicipitaceae of Hypocreales in Ascomycota announced in different
phylogenetic analysis was found true.

The entomopathogenic fungi in the present sample have been
shown earlier through molecular phylogenetic studies of samples
with different fungal isolates to be closely related to another
entomopathogenic mitosporic fungus - Lecanicillium lecanii and
other species of Paecilomyces, Beauveria, Cordyceps and
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Nomuraea?>$2122272935 Thus, all the five important conidiogenous
fungal genera with entomopathogenic habit — Beauveria, Nomuraea,
Metarhizium, Paecilomyces and Lecanicillium -are closely related.
Among these fungi, M. anisopliae diverged further from the rest of
the entomopathogenic species and showed closer affiliation to sexual
Clavicipitaceae both in the present study and in a previous analysis
based on mitochondrial genes by Uribe and Khachatourians*® and
rRNA gene of the small subunit?2.

In the present analysis, the boundaries between species in the
entomopathogenic fungal genera were nebulous. B. brongniartii and
B. amorpha were found dispersed among the B. bassiana isolates
though in a separate clade. A similar observation was made in the

allozyme analysis of a very large sample of Beauveria species by St.
Leger et al*® —some of the B. brongniartii isolates clustered separately
while some grouped along with B. bassiana isolates. Phylogenetic
analysis with the g-tubulin gene sequence not only iterated the
complex nature of B. bassiana species?’ but also revealed the great
genetic distance between the members in the species, the distance
being more than between morphologically distinguishable species.
Boucias et al® observed some N. rileyi isolates clustering with M.
anisopliae. Such species overlapping was also observed in molecular
phylogenetic studies with different members of this group?'?23'.
These observations led to the conclusion that the asexual insect
pathogenic fungi must have all diverged from a common claviciptalean
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Figure 9. Consensus phylogenetic tree generated from partial B-tubulin gene sequence through neighbor joining method of a sample of isolates of Beauveria bassiana, Beauveria
amorpha, Beauveria brongniartii, Nomuraea rileyi, Paecilomyces fumosoroseus, Metarhizium anisopliae, Cordyceps militaris to study the interrelationship by. The aligned data consis-
ted of 257 characters of which 125 were conserved and the rest were variable. Of these, 82 were parsimony informative characters.
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Figure 10. Consensus phylogenetic tree derived for the same data as in Figure 9 derived by the minimum evolution method. Bootstrap values when above 50% are indicated on

the branches.

ancestor. Loss of sex in these claviciptalean entomopathogenic fungi
is believed to be a derived character? having been attained
simultaneously or subsequent to acquisition of entomopathogenic
habit. Pathogenecity systems are believed to be flexible enough to
continue to provide virulence against a broad range of hosts despite
the absence of sexual recombination? In fact, episodic events in host

population dynamics may favour clonal populations because of the
rapidity and low energy cost associated with asexuality; the
population may indeed benefit from reduced out crossing through
the maintenance of well-adapted pathotypes?. Muller’s Ratchet effect
- a population genetic mechanism that describes how asexual
populations may undergo an unavoidable and progressive decline in
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Figure 11. Consensus phylogenetic tree derived for the same data as in Figure 9 derived by the maximum parsimony method. Bootstrap values when above 50% are indicated on
the branches. The description of the tree is as follows: consistency index (CI) = 0.905; retention index (RI) = 0.875 for the 326 parsimonious trees.
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Figure 12. One consensus maximum parsimony tree generated from the sequences of (a) partial sequence of g-tubulin gene, (b) large subunit of mt rRNA gene and (c) small
subunit of mt rRNA genes derived from the isolates of an epizootic B. bassiana population from Burgenland, Austria. Numbers below branches represent bootstrap values (%)
based on 500 replicates. Only values >50% are shown. The tree topology of each species tree indicates the presence of cryptic speciation.
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