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a b s t r a c t

The phylogenetic lineage, taxonomic affiliation and interrelationships of important asexual 
entomopathogenic fungal genera were studied using the sequences of partial regions of β-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.

© 2007 Revista Iberoamericana de Micología. Published by Elsevier España, S.L. All rights reserved.

 

Filogenia molecular de los hongos entomopatógenos asexuales con especial 
referencia a Beauveria bassiana y Nomuraea rileyi

r e s u m e n

Basándose en el análisis de las secuencias de regiones parciales de los genes β-tubulina y ARN ribosómicos 
se estudió la filogenia, la taxonomía y las interrelaciones de importantes géneros de hongos entomopató-
genos asexuales. Se estudio también la estructura de las especis Beauveria bassiana y Nomuraea rileyi. Se 
analizó un total de 174 entradas fúngicas que representaban 94 especies. El análisis filogenético demostró 
que todas las especies de hongos entomopatogénicos asexuales incluidas en el estudio pertenecían a la fa-
milia Clavicipitaceae, del orden Hypocreales de los Ascomycota. Se observaron diferentes linajes dentro de 
B. bassiana, lo que demostró la complejidad de dicha especie. Algunos de los aislamientos de dicha especie 
demostraron estar filogenéticamente más separados que determinados géneros morfológicos. Dentro de la 
especie N. rileyi se pudo observar también la presencia de especiación críptica. Se concluye que los hongos 
asexuales entomopatogénicos han evolucionado de un linaje simple dentro de la familia Clavicipitaceae.

© 2007 Revista Iberoamericana de Micología. Publicado por Elsevier España, S.L. Todos los derechos reservados.  
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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 studies3,4,8,9,21,22,28,31. 
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 β-
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 
bioinsecticides29.

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 β-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 investigations5,8,12,16,18-20. 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 rate33. rRNA genes are 
also frequently used to establish ordinal relationships among 
fungi1,9,17. 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 β-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 β-tubulin, small 
and large subunits of mitochondrial rRNA genes, were amplified as 
described by Uma Devi et al35. The fungal sequences related to 
these sequences were retrieved from Genbank using B. bassiana 
sequences with accession numbers AJ312228 (β-tubulin) and 
AB027336 (rRNA) as query sequences in blast search with default 
parameters. An E-value cutoff of 2e-119 (β-tubulin) and 2e-95 (rRNA) 
was used to assign homology. In addition, partial nucleotide 
sequences of β-tubulin gene of seven N. rileyi isolates8 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. 3.014. 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 β-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 β-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/IUB 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. 3.014 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, NJ 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 replicates6. 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) test13 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. 3.04b10. 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 β-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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Species    Genes

	 β-tubulin  rRNA  S rRNA 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-501a DQ092752 n.a. n.a. n.a. n.a.
 ARSEF-1166a DQ092753 n.a. n.a. n.a. n.a.
 ARSEF-1315a DQ090731 n.a. n.a. n.a. n.a.
 ARSEF-1316a DQ090731 n.a. n.a. n.a. n.a.
 ARSEF-3041a DQ090729 n.a. n.a. n.a. n.a.
 ARSEF-1169 DQ090741 n.a. n.a. n.a. n.a.
 ITCC-4521a DQ090736 n.a. n.a. n.a. n.a.
 BB 4a DQ090732 n.a. n.a. n.a. n.a.
 II.a.4.a DQ090735 n.a. n.a. n.a. n.a.
 ARSEF-1533a,b DQ090711 n.a. n.a. DQ090724 DQ090748
 ARSEF-1535a,b DQ090712 n.a. n.a. DQ090725 DQ090749
 ARSEF-1537a,b DQ090713 n.a. n.a. DQ090750 DQ090718
 ARSEF-1538a,b DQ090714 n.a. n.a. DQ090720 DQ090719
 ARSEF-1540a,b DQ090715 n.a. n.a. DQ090726 DQ090721
 ARSEF-1635a,b DQ090717 n.a. n.a. DQ090727 DQ090722
 ARSEF-1640a,b 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. n.a. 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 n.a. n.a. CCRC 32867 AY245650 n.a. n.a.
Nomuraea rileyi UFIF-178 DQO79608 NBRC 8560 AB100361 n.a. n.a.
 I.a.3.a,b DQ090744 n.a. n.a. n.a. n.a.
 II.a.1.1a,b DQ090746 n.a. n.a. n.a. n.a.
 II.b.5.a,b DQ090745 n.a. n.a. n.a. n.a.
 II.b.7.a,b DQ090747 n.a. n.a. n.a. n.a.
 ARSEF-762a DQ090738 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 n.a. n.a. n.a. n.a.
Metarhizium anisopliae n.a. AY995134 NBRC 5940 AB250411 n.a. n.a.
 ARSEF-538a  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-1626a DQ090739 BCMU PF01 AB250413  n.a. n.a.
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. n.a.
Paecilomyces tenuipes n.a. n.a. BCMU IJ06 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 PL01 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 n.a. 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. n.a.
Cordyceps valliformis n.a. n.a. DAOM 196368 AY245648 n.a. n.a.
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 CH01 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)

Table 1
Details of the entomopathogenic mitosporic fungi and other fungi used in the analysis
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Species    Genes

	 β-tubulin  rRNA  S rRNA L rRNA

  Isolate acc. no.c 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-4082a DQ090734 CBS 178.59 AY245671  n.a. n.a.
Verticillium leptobactrum n.a. n.a. IAM 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. IAM 14728 AB214655 n.a. n.a.
Epichloe typhina PRG85 X52616 MAFF 306230 AB105952 n.a. n.a.
Epichloe festucae F11 AY722412.1 n.a. n.a. n.a. n.a.
Claviceps purpurea n.a. n.a. NBRC 5782 AB160991 n.a. n.a.
Claviceps paspali n.a. n.a. 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 =  e19 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 HKO301990 n.a. n.a.
Hypocrea rufa n.a. n.a. GJS89-127 AY489694 n.a. n.a.
Trichoderma viride T9BR47 Z15055 IFFI 13001 AF525230 n.a. n.a.
Trichoderma asperellum n.a. AY390326.1 n.a n.a n.a. n.a.
Trichoderma harzianum n.a. n.a. ALI 232 AF548100 n.a. n.a.
Fusarium cerealis n.a. n.a. n.a. AF141947 n.a. n.a.
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 n.a. n.a. n.a. AF141946 n.a. n.a.
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 n.a. n.a.
Aspergillus nidulans =  FGSC A4 XM653694 n.a. n.a. n.a. n.a 
 Emericella nidulans.
Aspergillus flavus n.a P22012 n.a. n.a. n.a. n.a.
Aspergillus parasiticus  NRRL-5067 L49386 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 n.a. n.a. n.a. n.a.
Pleospora welwitschiae  FSU2566 AY749034 n.a. n.a. n.a. n.a.
Botryotinia fuckeliana  SAS56 Z69263 n.a. n.a. n.a. n.a.
Sclerotinia sclerotiorum  TZ25 AY312374 n.a. n.a. n.a. n.a.
Monilinia fructicola ATF16 AY283677 n.a. n.a. n.a. n.a.
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  n.a. AY074934 n.a. n.a. 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 n.a. n.a. 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. IFO8809 AB028189 n.a. n.a.
Micromucor ramannianus  NRRL-5844 AF162073 n.a. n.a. n.a. n.a.
Rhizopus microsporus  NRRL-2710 AF162066 n.a. n.a. n.a. n.a.

Table 1
Details of the entomopathogenic mitosporic fungi and other fungi used in the analysis (continuation)

aIsolates that are sequenced for β-tubulin, large and small subunit of rRNA genes of mitochondria.
bEpizootic population.
cARSEF 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 II.a.4.; II.a.6.; of B. bassiana and I.a.3.; II.a.1.1.; II.b.5.; II.b.7. of N. rileyi are isolated 
in our laboratory and not yet accessioned.
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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) 

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 β-tubulin gene of which 150 were conserved, 121 were variable, of which 83 were parsimony informative.
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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 β-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 β-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 

Figure 2. Consensus phylogenetic tree derived for the same data set as in Figure 1 derived by the minimum evolution method. 
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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 used24. 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 GCPSR24. 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)31 from the partial sequences of the three genes: β-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 

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. 
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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:

β-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 
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, represent different species.

Discussion

The β-tubulin gene- and rRNA gene-based phylogenetic analysis 
affirmed the traditional taxonomic grouping of fungi, which was 
earlier substantiated by molecular phylogenetic studies17. 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 

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.
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Figure 5. Consensus phylogenetic tree of a sample of 64 fungal entries to assess the phylogenetic affiliation of the asexual entomopathogenic fungi Beauveria bassiana and No-
muraea rileyi to each other and other asexual fungi with entomopathogenic habit and sexual (meiosporic) fungi derived by neighbor joining method. The tree was derived from 
64 taxa and partial sequence (1359 nucleotides) of the rRNA gene of which 933 were conserved, 408 were variable, of which 293 were parsimony informative. 
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Figure 6. Consensus phylogenetic tree derived for the same data set as in Figure 5 derived by the minimum evolution method.
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Figure 7. Consensus phylogenetic tree derived for the same data set as in Figure 1 derived by maximum parsimony analysis. Component tree statistics: tree length (L) = 574; 
consistency index (CI) = 0. 0.721; retention index (RI) = 0.818. 
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Nomuraea2,8,21,22,27,29,35. 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 Khachatourians36 and 
rRNA gene of the small subunit22.

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 al30 –some of the B. brongniartii isolates clustered separately 
while some grouped along with B. bassiana isolates. Phylogenetic 
analysis with the β-tubulin gene sequence not only iterated the 
complex nature of B. bassiana species27 but also revealed the great 
genetic distance between the members in the species, the distance 
being more than between morphologically distinguishable species. 
Boucias et al3 observed some N. rileyi isolates clustering with M. 
anisopliae. Such species overlapping was also observed in molecular 
phylogenetic studies with different members of this group21,22,31. 
These observations led to the conclusion that the asexual insect 
pathogenic fungi must have all diverged from a common claviciptalean 

Figure 8. Bayesian Metropolis-coupled Markov chain Monte Carlo (MCMCMC) fungal tree depicting phylogenetic relationships for the same data set as in Figure 5. 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.
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Figure 9. Consensus phylogenetic tree generated from partial β-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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ancestor. Loss of sex in these claviciptalean entomopathogenic fungi 
is believed to be a derived character2 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 recombination2. 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 pathotypes2. Muller’s Ratchet effect 
– a population genetic mechanism that describes how asexual 
populations may undergo an unavoidable and progressive decline in 

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. 
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fitness (due to absence of recombination mediated through sexual 
reproduction) eventually leading to extinction – was found to not 
apply to asexual entomopathogenic fungi2. Thus, the imperfect 
entomopathogenic fungal genera represent different mitotic forms of 
a perfect fungus of Clavicipitaceae.

Acknowledgements

NNRR and CUM are thankful to CSIR, New Delhi, for a research 
fellowship. We thank the DAAD-DST PPP-03 for facilitating this 
research collaboration.

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.



144 N. Rao Reddy Neelapu et al / Rev Iberoam Micol. 2009;26(2):129-145 

References

1. Berbee ML, Taylor JW. Convergence in ascospore discharge mechanism among 
pyrenomycete fungi based on 18S ribosomal RNA gene sequence. Mol Phylogenet 
Evol. 1992;1:59-71.

2. Bidochka MJ, de Koning J. Are teleomorphs really necessary?: modelling the po-
tential effects of Muller’s Ratchet on deuteromycetous entomopathogenic fungi. 
Mycol Res. 2001;105:1014-1019.

3. Boucias DG, Tigano MS, Sosa-Gomez DR, Glare TR, Inglis PW. Genotypic properties 
of the entomopathogenic fungus Nomuraea rileyi. Biol Control. 2000;19:124-138.

4. Coates BS, Hellmich RL, Lewis LC. Nuclear small subunit rRNA group 1 intron va-
riation among Beauveria species provide tools for strain identification and eviden-
ce of horizontal transfer. Curr Genet. 2002;41:414-424.

5. Einax E, Voigt K. Oligonucleotide primers for the universal amplification of β-tu-
bulin genes facilitate phylogenetic analysis in the regnum Fungi. Organ Divers 
Evol. 2003;3:185-194.

6. Felsenstein J. Confidence limits on phylogenies: an approach using the bootstrap. 
Evolution. 1985;39:783-791.

7. Glass NL, Donaldson GC. Development of primer sets designed for use with the 
PCR to amplify conserved genes from filamentous ascomycetes. Appl Environ Mi-
crobiol. 1995;61:323-330.

8. Han Q, Inglis GD, Hausner G. Phylogenetic relationships among strains of the ento-
mopathogenic fungus, Nomuraea rileyi, as revealed by partial β-tubulin sequences 
and inter-simple sequence repeat (ISSR) analysis. Lett Appl Microbiol. 2002;34:376-
383.

9. Hegedus DD, Pfeifer TA, Muly K, Khachatourians GG. Characterization and struc-
ture of the mitochondrial small rRNA gene of the entomopathogenic fungus Beau-
veria bassiana. Genome. 1998;41:471-476.

10. Huelsenbeck JP, Ronquist F. MrBayes: bayesian inference of phylogenetic trees. 
Bioinformatics. 2001;17:754-755.

11. James TY, Kauff F, Schoch CL, Matheny PB, Hofstetter V, Cox CJ, Celio G, Gueidan C, 
Fraker E, Miadlikowska J, Lumbsch HT, Rauhut A, Reeb V, Arnold AE, Amtoft A, 
Stajich JE, Hosaka K, Sung G-H, Johnson D, O’Rourke Crockett BM, Binder M, Curtis 
JM, Slot JC, Wang Z, Wilson AW, Schüssler A, Longcore JE, O’Donnell K, Mozley-
Standridge S, Porter D, Letcher PM, Powell MJ, Taylor JW, White MM, Griffith GW, 
Davies DR, Humber RA, Morton JB, Sugiyama J, Rossman AY, Rogers JD, Pfister DH, 
Hewitt D, Hansen K, Hambleton S, Shoemaker RA, Kohlmeyer J, Volkmann-Kohl-
meyer B, Spotts RA, Serdani M, Crous PW, Hughes KW, Matsuura K, Langer E, Lan-
ger G, Untereiner WA, Lucking R, Bu¨del B, Geiser DM, Aptroot A, Diederich P, IS-
chmitt I, Schultz M, Yahr R, Hibbett DS, Lutzoni F, McLaughlin DJ, Spatafora JW, 
Vilgalys R. Reconstructing the early evolution of fungi using a six-gene phylogeny. 
Nature. 2006;443:818-822.

12. Keeling PJ. Congruent evidence from alpha-tubulin and beta-tubulin gene phylo-
genies for a zygomycete origin of microsporidia. Fungal Genet Biol. 2003;38:298-
309.

13. Kishino H, Hasegawa M. Evaluation of the maximum likelihood estimate of the 
evolutionary tree topologies from DNA sequences, and the branching order of Ho-
minoidea. J Mol Evol. 1989;29:170-179.

14. Kumar S, Tamura K, Nei M. MEGA3: integrated software for molecular evolutiona-
ry genetics analysis and sequence alignment. Brief Bioinform. 2004;5:150-163.

15. Lake JA. The order of sequence alignment can bias the selection of tree topology. 
Mol Biol Evol. 1991;8:378-385.

16. Landvik S, Eriksson OE, Berbee ML. Neolecta – a fungal dinosaur? Evidence from 
beta-tubulin amino acid sequences. Mycologia. 2001;93:1151-1163.

17. Lutzoni F, Kauff F, Cox CJ, McLaughlin D, Celio G, Dentinger B, Padamsee M, Hi-
bbett D, James TY, Baloch E, Grube M, Reeb V, Hofstetter V, Schoch C, Arnold AE, 

Figure 12. One consensus maximum parsimony tree generated from the sequences of (a) partial sequence of β-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.



 N. Rao Reddy Neelapu et al / Rev Iberoam Micol. 2009;26(2):129-145 145

Miadlikowska J, Spatafora J, Johnson D, Hambleton S, Crockett M, Shoemaker R, 
Sung G-H, Lücking R, Lumbsch T, O’Donnell K, Binder M, Diederich P, Ertz D, Guei-
dan C, Hall B, Hansen K, Harris RC, Hosaka K, Lim Y-W, Matheny B, Nishida N, 
Pfister D, Rogers J, Rossman A, Schmitt I, Sipman H, Stone J, Sugiyama J, Yahr R, 
Vilgalys R. Assembling the fungal tree of life: classification and the evolution of 
their subcellular traits? Am J Bot. 2004;91:1446-1480.

18. Miller AN, Huhndorf SM. Multi-gene phylogenies indicate ascomal wall morpho-
logy is a better predictor of phylogenetic relationships than ascospore morpholo-
gy in the Sordariales (Ascomycota, Fungi). Mol Phylogenet Evol. 2005;5:60-75.

19. Moore D, Frazer N, Ann L. Systematics, phylogeny and evolution. In: Moore D, Frazer 
N, Ann L, editors. Essential fungal genetics. Heidelberg: Springer; 2002. p. 244-281.

20. Myllys L, Stenroos S, Thell A. New genes for phylogenetic studies of lichenized 
fungi: glyceraldehyde-3-phosphate dehydrogenase and beta-tubulin genes. Li-
chenologist. 2002;34:237-246.

21. Nikoh N, Fukatsu T. Interkingdom host jumping underground: phylogenetic 
analysis of entomoparasitic fungi of the genus Cordyceps. Mol Biol Evol. 
2000;17:629-638.

22. Obornik M, Jirku M, Dolezel D. Phylogeny of mitosporic entomopathogenic fungi: 
is the genus Paecilomyces polyphyletic? Can J Microbiol. 2001;47:813-819.

23. Olsen GJ, Woese CR. Ribosomal RNA: a key to phylogeny. FASEB J. 1993;7:113-123.
24. Padmavathi J, Uma Devi K, Uma Maheswara Rao C, Nageswara Rao Reddy N. Telo-

mere fingerprinting for assessing chromosome number, isolate typing and recom-
bination in the entomopathogen, Beauveria bassiana (Balsamo) Vuillemin. Mycol 
Res. 2003;107:572-580.

25. Pfeifer TA, Hegedus DD, Khachatourians GG. The mitochondrial genome of the 
entomopathogenic fungus Beauveria bassiana: analysis of the ribosomal RNA re-
gion. Can J Microbiol. 1993;39:25-31.

26. Redecker D. New views on fungal evolution based on DNA markers and the fossil 
record. Res Microbiol. 2002;153:125-130.

27. Rehner SA, Buckley E. A Beauveria phylogeny inferred from nuclear ITS and EF1-¿ 
sequences: evidence for cryptic diversification and links to Cordyceps teleomor-
phs. Mycologia. 2005;97:84-98.

28. Rehner SA. Phylogenetics of the insect pathogenic genus Beauveria. In: Vega EF, 
Blackwell M, editors. Insect–fungal associations, ecology and evolution. New 
York: Oxford University Press; 2005. p. 3-27.

29. Shah PA, Goettel MS. Directory of Microbial Control Products and Services. Gaines-
ville, Florida: Society for Invertebrate Pathology; 1999.

30. St. Leger RJ, Allee LL, May B, Staples RC, Roberts DW. World-wide distribution of 
genetic variation among isolates of Beauveria spp. Mycol Res. 1992;96:1007-
1015.

31. Sung GH, Spatafora JW, Zare R, Hodge KT, Gams W. A revision of Verticillium sect. 
Prostrata. II. Phylogenetic analysis of SSU and LSU nuclear rDNA sequences from 
anamorphs and teleomorphs of the Clavicipitaceae. Nova Hedwigia. 2001;71:311-
328.

32. Swofford DL, Olsen GJ, Waddell PJ, Hillis DM. Phylogenetic inference. In: Hillis DM, 
Moritz C, Mable BK, editors. Molecular systematics. Sunderland, USA: Sinauer As-
sociates; 1996. p. 407-514.

33. Takamatsu S. PCR applications in fungal phylogeny. In: Bridge PD, Arora DH, 
Reddy CA, Elander RP, editors. Applications of PCR in mycology. Wallingford: CAB 
International; 1998. p. 125-152.

34. Taylor JW, Jacobson DJ, Kroken S, Kasuga T, Geiser DM, Hibbett DS, Fischer MC. 
Phylogenetic species recognition and species concepts in fungi. Fungal Genet Biol. 
2000;31:21-32.

35. Uma Devi K, Annette R, Nageswara Rao Reddy N, Uma Maheswara Rao C, Padma-
vathi J. Genetic diversity, reproductive biology and speciation in the entomopa-
thogenic fungus Beauveria bassiana (Balsamo) Vuillemin. Genome. 2006;49:1-
10.

36. Uribe D, Khachatourians GG. Restriction fragment length polymorphism of mito-
chondrial genome of the entomopathogenic fungus Beauveria bassiana reveals 
high intraspecific variation. Mycol Res. 2004;108:1070-1078.

37. White TJ, Bruns T, Lee S, Taylor J. Amplification and direct sequencing of fungal 
ribosomal RNA genes for phylogenetics. In: Innis MA, Gelfand DH, Sninsky JJ, Whi-
te TJ, editors. PCR protocols: a guide to methods and applications. New York: Aca-
demic Press; 1990. p. 315-322.


