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ABSTRACT

Mycotal and Vertalec are mass-produced fungal strains for insect control. Strain 
B-2, which was isolated in Japan, has high epiphytic ability on cucumber leaves. 
Protoplast fusion was performed using these strains of Verticillium lecanii to obtain Verticillium lecanii to obtain Verticillium lecanii
new strains possessing useful characteristics as biological control agents (BCAs). We 
used nit mutants for visually selecting the protoplasts. Hybrid strains were subjected nit mutants for visually selecting the protoplasts. Hybrid strains were subjected nit
to molecular analysis using the polymerase chain reaction-restriction fragment length 
polymorphisms (PCR-RFLPs) and arbitrarily primed-PCR (AP-PCR) in order to 
determine protoplast fusion and/or genetic recombination. We detected 126, 44, and 4 
hybrid strains from the combinations of Vertalec × Mycotal, B-2 × Mycotal, and B-2 
× Vertalec, respectively. Morphological characteristics of hybrid strains differed from 

*Corresponding author. 
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INTRODUCTION

Verticillium lecanii (Zimm.)Viégas 
(Lecanicillium(Lecanicillium(  spp.) is an entomopathogenic 
fungus that has an extremely wide host 
range, e.g., aphids, scales, whitefly7, 
phytopathogenic fungi26, and plant 
parasitic nematodes21. The process of 
conidial germination and growth of 
most entomopathogenic fungi is highly 
dependent on both available moisture and 
temperature. V. lecanii mainly requires high 
relative humidity (75% or 100%) in order to 
kill insect pests6,10. Hence, the application of 
V. lecanii has been limited to greenhouses. 
Recently, Koike et al.14 isolated the B-2 
strain  from green peach aphid in Obihiro 
(north Japan), which has a high viability on 
living plant leaf surfaces under low relative 
humidity conditions. This characteristic is 
useful in pest control; spore longevity on 
plant surfaces not only facilitates direct 
infection in the pre-existing arthropod pests, 
but also has a preventive effect. Moreover, 
resistance to conditions of low relative 
humidity may also allow application in the 
fi eld. 
   Nitrate non-utilizing (nit) mutants are 
commonly used for determining vegetative 
compatibility groups (VCGs) through 
complementation testing in several fungal 
species3,24. Major advantages of using nit
mutants are that they can be easily obtained 

those of their parental nit mutants. Protoplast fusion of hybrid strains was confi rmed nit mutants. Protoplast fusion of hybrid strains was confi rmed nit
in genomic DNA, but not in mitochondrial DNA (mtDNA). A uniform biased tendency 
of the DNA banding pattern was observed depending on the combination of parental 
strains. The molecular analysis also revealed genetic recombination. These results 
showed a novel method for producing hybrid strains of the entomopathogenic fungus 
V. lecanii.

Key words: AP-PCR, breeding of biological control agents, Lecanicillium 
longisporum, Lecanicillium muscarium, mtDNA, nit mutants, protoplast  nit mutants, protoplast  nit
fusion, Verticillium lecanii.

by selection on media containing chlorate, 
and that it is possible to recover mutants 
without mutagenic treatment as a result of 
spontaneous mutation. V. lecanii belongs to 
the Hyphomycetes, and it is not known to 
possess sexual stages. Hyphal anastomosis 
and heterokaryosis are the only mechanisms 
of nuclear migration among different strains 
of the same species. A parasexual cycle 
provides possibilities for breeding important 
industrial Hyphomycetes; however, 
vegetative compatibility impedes this 
process. This impediment can be overcome 
by protoplast fusion.
   Following previous research work1, in 
this study, we performed protoplast fusion 
experiments by using Vertalec, Mycotal, and 
B-2 with nit mutants as genetic markers in nit mutants as genetic markers in nit
order to obtain hybrid strains of V. lecanii. This 
is the fi rst study that has utilized nit mutants nit mutants nit
for the visualization and genetic marking 
of fungal protoplast fusion. Subsequently, 
genomic DNA and mitochondrial DNA 
(mtDNA) of the hybrid strains were analyzed 
to assess protoplast fusion with respect to the 
genotype, and to compare it with that of the 
parental strains. 

MATERIALS AND METHODS

Fungal strains and the generation of nit
mutants. This study used three strains of
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V. lecanii. Vertalec and Mycotal were used 
as commercial biological control agents 
(BCAs) against the greenhouse aphid 
and whitefl y. These strains had originated 
from single spores that were isolated from 
commercial preparations obtained from 
Koppert Biological Systems (Netherlands). 
The other strain was B-2 (MAFF238429, 
Ministry of Agriculture, Forestry and 
Fisheries of Japan), which has high 
colonization ability on cucumber leaves 
under conditions of low relative humidity 14. 
The nit mutants were generated using water nit mutants were generated using water nit
agar chlorate (WAC) medium containing 
(per liter of distilled water) 2% agar, 0.02% 
glucose, and 2% KClO3

15. Mycelial plugs of 
Vertalec, Mycotal and B-2 that were quarried 
from the fringes of the respective colonies 
were transferred to the WAC medium, and 
incubated in darkness at 24 C. Fast-growing 
sectors of chlorate-resistant colonies were 
transferred to a minimal medium (MM; 
basal medium (BM) + 2 g L–1 NaNO3). BM 
consisted of (per liter of distilled water) 30 
g sucrose, 1 g KH2PO4, 0.5 g MgSO4

.H2O, 
0.5 g KCl, 10 mg FeSO4

.7 H2O, and 20 
g agar; and 0.2 ml trace element solution 
(per 100 ml of distilled water) composed 
of 5 g citric acid, 5 g ZnSO4

.7 H2O, 1 g 
Fe(NH4)2(SO4)2

.6 H2O, 0.25 g CuSO4
.5 

H2O, 50 mg MnSO4
.H2O, 50 mg H3BO4, and 

50 mg Na2MoO4
.2 H2O.  The plates (90 mm 

diameter) were then incubated for 10 days. 
Thin expansive colonies with non-aerial 
mycelia were identifi ed as nit mutants.nit mutants.nit
   Physiological phenotypes of nit mutants nit mutants nit
were detected by incubation in fi ve media 
containing different nitrogen sources: nitrate 
medium (MM), nitrite medium (BM + 0.5 g 
L–1 NaNO2), hypoxanthine medium (BM + 
0.2 g L–1 hypoxanthine), ammonium medium 
(BM + 0.2 g L–1 ammonium tartrate), and 
uric acid medium (BM + 0.2 g L–1 uric 
acid)3. Mycelial plugs of the nit mutants 

were placed in each of the fi ve media, and 
incubated for 6–10 days. Subsequently, 
colony morphology of phenotypes was 
evaluated by using the method of Correll 
et al.3. These evaluations were performed 
twice. Complementation was evaluated 
by a dual culture technique on MM plates, 
and it was ascertained if an aerial mycelium 
was formed at the contact zone between two 
distinct nit mutants.nit mutants.nit
   Protoplast formation and fusion 
experiments. For protoplast formation, 
conidia of the parental nit mutants 
were treated with 5 ml of an enzyme 
solution [Novozyme 188 (Cellobiase 
from Aspergillus niger: Sigma Aldrich), 
0.01 g ml–1; and Lysing Enzymes from 
Trichoderma harzianum (containing β-
glucanase, cellulase, protease, and chitinase 
activities: Sigma Aldrich), 0.01 g ml–1; in 1 
M MgSO4] for 3–5 h at 30 C in a water bath 
incubator (50 cycles/min). Subsequently, 
the protoplasts were centrifuged at 2000 
× g for 5 min. Pellets were resuspended g for 5 min. Pellets were resuspended g
in sorbitol solution [1 M sorbitol, 50 mM 
CaCl2, 10 mM Tris-HCl (pH 7.4)], and were 
further adjusted to ca. 1 × 106 protoplasts 
ml–1. Each protoplast suspension of nit1. Each protoplast suspension of nit1. Each protoplast suspension of  and 
NitM was mixed, treated with prewarmed NitM was mixed, treated with prewarmed Nit
(30 C) 30% polyethylene glycol (PEG) 
4000 [10 mM CaCl2, 10 mM Tris-HCl (pH 
7.5)], and incubated at 30 C for 15 min. 
This mixture was centrifuged at 1000 × 
g for 5 min. It was then resuspended in g for 5 min. It was then resuspended in g
the sorbitol solution and plated on a MM 
plate. The detected prototrophic colonies 
were considered to be derived by protoplast 
fusion. Each colony was re-transferred on 
to the MM plate for purifi cation. The only 
mycelia that demonstrated prototrophic 
growth on the MM plate were the single-
spore isolated colonies. Only stable isolates 
that were obtained after more than 20 
generations of growth were transferred on 
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to potato sucrose agar (200 g boiled potato 
extract, 20 g sucrose, and 30 g agar per 1 L 
of distilled water) supplemented with 1% 
chitin (PSCA) as the hybrid strains.
   Mycelial plugs of hybrid strains and 
parental nit mutants were inoculated in 
the center of the plates (90 mm diameter) 
containing PSCA, and were subsequently 
incubated as described above for 
approximately 2 weeks. Colony morphology 
was visually evaluated considering the color, 
shape, and quantity of aerial mycelia.
   DNA extraction. After permitting the 
hybrid strains to grow in 50-ml Erlenmeyer 
flasks containing potato dextrose broth 
(PDB) for approximately 10-20 days, the 
dried mycelia were crushed under liquid 
nitrogen to yield a fi ne powder. The DNA 
was extracted using Nucleon Phytopure 
for Plant DNA Extraction Kit (Amersham 
International plc & Scotlab Ltd., 
Buckinghamshire, U.K.), and the subsequent 
DNA extraction procedures were performed 
according to the manufacturer’s protocols. 
The concentration of each genomic DNA in 
each case was adjusted to 10 ng µl–1. 
   MtDNA analysis (polymerase chain 
reaction-restriction fragment length 
polymorphisms; PCR-RFLPs). We tested 
156 hybrid strains along with 8 parental 
strains (including nit mutants). A part of nit mutants). A part of nit rns
(a small rRNA gene) was amplifi ed with 
universal primers MS1/MS228. All reaction 
conditions of the mtDNA analysis are shown 
in Table 1; the amplifi ed region was as 
revealed by Kouvelis et al.17. The reaction 
mixtures contained 10 ng of template DNA 
in 1.0 µl of TE buffer, 2.5 µl of 10x buffer 
[100 mM Tris-HCl (pH 8.3), 500 mM KCl, 
15 mM MgCl2, and 0.01% gelatin], 0.5 µl 
of dNTP (10 mM dATP, 10 mM dCTP, 
10 mM GTP, and 10 mM TTP), 0.25 
units of Taq polymerase (Sigma Genosys 
Japan Inc., Japan), and 0.5 mM of each 

primer; reaction volumes were adjusted 
to 25 µl with sterile water. Amplifi cation 
was performed using an iCycler thermal 
cycler (Bio-rad Laboratories, U.S.A.). The 
PCR products were digested by enzymes 
possessing 4 base recognition sites. The 
following restriction enzymes were used: 
HaeIII, MspI, RsaI (New England BioLabs 
Inc., U.S.A.), HhaI, Sau3AI, TaqI (Takara 
Inc., Japan), AluI (Toyobo Inc., Japan), and 
CfoI (Invitrogen, U.S.A.). The aliquots 
were subjected to electrophoresis in 3.0% 
agarose-TBE gels, stained with ethidium 
bromide, and then visualized under UV 
transillumination. Negative controls (no 
DNA template) were included in each trial 
to verify that there was no DNA or reagent 
contamination.
   Long and accurate (LA)-PCR was 
performed with 1 primer pair, nad3A/
nad5B (nad5B (nad Table 1). Reaction mixtures were 
as follows: 500 ng of template DNA in 1.0 
µl of TE buffer, 12.5 µl of 10x buffer [20 
mM Tris-HCl (pH 8.0), 100 mM KCl, 5 mM 
MgCl2, 1 mM DTT, 0.5% Tween 20, 0.5% 
Nonidet P-40, and 50% Glycerol], 4.0 µl of 
dNTP (2 mM dATP, 2 mM dCTP, 2 mM GTP, 
and 2 mM TTP), 5 units of Taq polymerase 
(Takara LA Taq with GC Buffer), and 10 
pmol of each primer. The reaction volumes 
were adjusted to 25 µl with sterile water. 
The long mtDNA region was amplified 
according to the manufacturer’s protocol 
(Expand Long Template PCR System, 
Roche Diagnostics Co., Germany). The 
PCR products were digested by enzymes 
having 6- and 4-base recognition sites (the 
following restriction enzymes were used: 
EcoRI (Takara), PstI (Toyobo), HindIII HindIII Hind
(Boehringer Mannheim, Germany), HaeIII,
MspI, RsaI, HhaI, Sau3AI, AluI, and CfoI); 
the digested PCR fragments were subjected 
to electrophoresis in 1.0% agarose-TBE 
gels, stained with ethidium bromide, and 
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then visualized under UV transillumination. 
Negative controls (no DNA template) were 
included in each trial to verify that there was 
no DNA or reagent contamination.
   Genomic DNA analysis (arbitrarily 
primed-PCR; AP-PCR). For genomic DNA 
analysis, 8 parental strains were tested along 
with the DNA of 155 hybrid strains. The 
same reaction mixtures as those used in 
MS1/MS2 PCR were used; however, in 

this case, the primer concentration was 4 
mM (Table 1). All reaction conditions are 
shown in Table 1. The primers ERIC1R and 
ERIC2 were individually used as arbitrary 
primers, while inver-R/inver-R2 were used 
as primers that essentially recognize the 
fungal transposon Pot213 (Table 1).
   Each amplified PCR fragment was 
subjected to electrophoresis in 2.0% agarose-
TBE gels, stained with ethidium bromide, and 

Table 1. Primers and reaction conditions used in this study. (1) mtDNA analysis. (2) genomic DNA 
analysis.

Primers    Sequence(5'-3')                                                                                     Amplicon (bp)a    Reaction conditionsbReaction conditionsbReaction conditions                Source
                                                                                                                                                                                                                                        

(1)                                                                                                                             
MS1         CAG CAG TGA GGA ATA TTG GTC AAT G                           600                        94C 3min; (94 C 30s,              White et al.28et al 28et al
MS2         MS2         MS2 GCG GAT CAT CGA ATT AAA TAA CAT                                                               50C 30s, 72C 1min) × 32;      
                                                                                                                                                                 72C 5min

nad3A      nad3A      nad3A ATT TGA ATG TGG TTT TCA T                                                  3600                      94C 2min; (94C 10s,               Kouvelis et al.17et al 17et al
nad5B      CCT AAA CCT ASA AAS ATA TCT TTA G                                                              45C 30s, 68C 3.5min) × 10;   
                                                                                                                                                                 (94C 15s, 45C 30s,
                                                                                                                                                                 68C 3.5min plus 10 added      68C 3.5min plus 10 added      68C 3.5min plus 10 added
                                                                                                                                                                 seconds/cycle) × 27 
                                                                                                                                                                 68C 7min                                     

(2)                                                                                                                                                                                                                                    
ERIC1R  ERIC1R  ERIC1R ATG TAA GCT CCT GGG GAT TCA C                                      -                              94C 3min; (94C 30s,               Louws et al.20et al 20et al
                                                                                                                                                                 48C 30s, 72C 1min) × 40;
                                                                                                                                                                 72C 5min

ERIC2     AAG TAA GTG ACT GGG GTG AGC G                                   -                              94C 3min; (94C 30s,               Louws et al.20et al 20et al
                                                                                                                                                                 53C 30s, 72C 1min) × 40;
                                                                                                                                                                 72C 5min

inver-R    CCC CTG TTC GGC ACC C                                                         -                              94C 3min; (94C 30s,               Kachroo et al.13et al 13et al
inver-R2  CCC CTG TTC GGC ACC CCC CCT GTT CGG CAC CC                                  45C 30s, 72C 1min) × 35;      
                                                                                                                                                                 72C 5min

ERIC2     AAG TAA GTG ACT GGG GTG AGC G                                   -                              94C 3min; (94C 30s,               Louws et al.20et al 20et al
ERIC1R  ERIC1R  ERIC1R ATG TAA GCT CCT GGG GAT TCA C                                                                     50C 30s, 72C 1min) × 40;
                                                                                                                                                                 72C 5min

S= Inosine.
a The sizes of (2) are not shown because these PCRs indicate RAPD-like banding pattern.  
b All amplifi cations were undertaken for hot start.
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then visualized under UV transillumination. 
Negative controls (no DNA template) were 
included in each trial to verify that there was 
no DNA or reagent contamination.

RESULTS AND DISCUSSION

I. Protoplast fusion experiment
   Generation of nit mutants. nit mutants. nit Prototrophic 
colonies of the three isolates were extremely 
restricted on WAC medium; 16 days after 
inoculation, chlorate-resistant sectors were 
visibly apparent as thin, fast-growing, and 
fan-like sectors. When subcultured on MM, 
31.1%, 36.1% and 60.6% of the chlorate-
resistant sectors isolated from Vertalec, 
Mycotal and B-2, respectively, displayed 
thin expansive growth. These sectors were 
identifi ed as nit mutants. These nit mutants. These nit nit mutants 
comprised four phenotypes (nit1, nit2, 
nit3, and NitM) according to an evaluation NitM) according to an evaluation Nit
of colony morphology by using fi ve media 
containing different nitrogen sources. 
However, on WAC medium, NitM and 
nit1 were detected but nit2 and nit3 were 
not. The proportions of nit1 and NitM 
from Vertalec were 42.9% and 57.1%, 
respectively, and those from Mycotal were 

30.8% and 69.2%, respectively, whereas 
only nit1 was obtained from B-2 (Table 2). 
For the fusion experiments, 1-A (nit1), M-B 
(Nit(Nit( M) (derived from Vertalec), 1-b (NitM) (derived from Vertalec), 1-b (Nit nit1), 
M-a (NitM-a (NitM-a ( M) (derived from Mycotal), and NitM) (derived from Mycotal), and Nit
5-2 (nit1) (derived from B-2) were selected. 
All different phenotype combinations of 
the parental nit mutants were observed to nit mutants were observed to nit
be incompatible in the complementation 
tests on the MM plates. Consequently, we 
selected the method of protoplast fusion for 
the hybridization of these parental strains.
   Protoplast fusion.As a preliminary 
experiment, fusion trials were conducted 
using only one of each nit mutant to exclude nit mutant to exclude nit
the possibility of reversion. No prototrophic 
colonies developed on the MM plates, 
indicating that no back mutations occurred. 
This experiment was conducted three times 
(fi ve MM plates per replication) for each 
mutant.
   After the fusion treatment, the presumed 
recombinant colonies (wild-type growth 
colonies) appeared on the MM plates, and 
they were visually distinguished from the 
nit mutant colonies. These prototrophic 
colonies were individually subcultured 
again on to fresh MM plates for purifi cation 
and for facilitating selection of stable 

Table 2. Frequency and phenotypes of nit mutants recovered from three isolates of nit mutants recovered from three isolates of nit Verticillium lecanii
on water agar chlorate (WAC) medium.

Strain            No. of                 No. of        No. of                % nit                % Phenotype of nit mutants
                      inoculations        sectors        nit mutantsa       mutants           nit1                         NitMNitMNit

Vertalec         21                        45               14                      31.1                 42.9                        57.1
Mycotal        12                        36               13                      36.1                 30.8                        69.2
B-2b               20                        33               20                      60.6                 100                         0

a Number of chlorate-resistant colonies that grew as thin expansive colonies on WAC. a Number of chlorate-resistant colonies that grew as thin expansive colonies on WAC. a

b Sugimoto et al.24.
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hybrids. Colonies with sectors were 
individually transferred. Only the inocula 
that demonstrated prototrophic growth were 
considered stable hybrid strains. We obtained 
44, 4, 20, and 106 stable hybrid strains from 
5-2 (B-2, nit1) × M-a (Mycotal, NitM), 5-NitM), 5-Nit
2 (B-2, nit1) × M-B (Vertalec, NitM), 1-b NitM), 1-b Nit
(Mycotal, nit1) × M-B (Vertalec, NitM), and NitM), and Nit
1-A (Vertalec, nit1) × M-a (Mycotal, NitM),  NitM),  Nit
respectively (Table 3); these strains were 
termed 2aF1-44, 2BF1-4, BbF1-20, and 
AaF1-106, respectively. Fusion frequencies 
of the nit mutants of Vertalec, Mycotal, and 
B-2 were 2.2 × 10–6 (5-2 × M-a), 4.2 × 10–8

(5-2 × M-B), 6.7 × 10–7 (1-b × M-B), and 
5.9 × 10–6 (1-A × M-a) (Table 3). Silveira 
and Azevedo22 determined that the fusion 
frequency of intraspecific hybridization 
in Metarhizium anisopliae ranged from 
4.4 × 10–4 to 9.0 × 10–6; Couteaudier et 
al.4 determined that it ranged from 1 ×10–6

to 1 × 10–7 in interspecifi c hybridization 
between Beauveria bassiana and B. 
sulfurescens. Fusion frequencies in this 
study were suffi ciently high for obtaining 
a large number of fusion products required 
for subsequent screening steps, except in 
the case of the combination 5-2 × M-B. The 
fusion frequency of this combination was 
approximately 140 times lower than that 

of 1-A × M-a, and only four hybrid strains 
were obtained. Zare and Gams30 suggested 
that V. lecanii belongs to the genus 
Lecanicillium, and divided the genus again 
into several species based on morphological 
observations and molecular analyses. 
Vertalec was reclassifi ed into Lecanicillium 
longisporum, while Mycotal and B-2 were 
grouped under L. muscarium25,30. From 
this viewpoint, it can be assumed that the 
fusion experiments of Vertalec × Mycotal 
and Vertalec × B-2 involved interspecifi c 
hybridization. However, the low fusion 
frequency of 5-2 × M-B might depend on 
species genetic barriers, and further research 
is required to clarify this issue.
   Colony morphology of the fusion products 
was evaluated using the 3rd transfer of the 
inocula on PSCA; at this point, the colony 
morphology was unstable (rough colonies 
with/without sectors). However, after 
several transfers, the colony morphology 
stabilized (fl at colonies without sectors). 
The morphology of nit1The morphology of nit1The morphology of  and NitM 
derived from the same parental strain was 
identical. The nit mutants derived from 
Vertalec produced a thin colony with short 
mycelia, while those derived from Mycotal 
produced a dense, abundant colony with 
aerial mycelia, and those from B-2 showed 
sparse long mycelia. All wild-type strains 
and nit mutants produced fl at white colonies nit mutants produced fl at white colonies nit
without sectors. However, the hybrid strains 
included colonies having morphologies 
different from those of nit mutants. These nit mutants. These nit
colonies were roughly divided into the 
following six types: nit mutants (44.8%), nit mutants (44.8%), nit
mixture (13.8%), thick (13.2%), double 
circular (3.4%), radial (4.6%), and atypical 
growth (20.1%; yellow, without curvature, 
etc.) (Fig. 1). Strains of the nit mutant type nit mutant type nit
and mixture type have the possibility of 
losing nuclear material after heterokaryon 
formation. At least 41.4% of the colonies 

Table 3. The number of hybrid strains obtained 
and fusion frequency.

                                                NitMNitMNit
nit1                     M-B (Vertalec)     M-a (Mycotal)
                           
1-A (Vertalec)    -                            106 (6.7E-07a)
1-b (Mycotal)     20 (5.9E-06a)       -  
5-2 (B-2)            4 (4.2E-08a)         44 (2.2E-06a)
                           
a Fusion frequency.
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Fig. 1. Colony morphology of 21-day-old parental nit mutants and nit mutants and nit
hybrid strains of AaF (Vertalec × Mycotal) from Verticillium lecanii
on potato sucrose agar supplemented with 1% chitin (PSCA). A: 1-A 
(Vertalec; nit1), thin colony. B: M-a (Mycotal; NitM), dense colony NitM), dense colony Nit
with aerial mycelia. C: AaF4, thin colony with short mycelial growth 
similar to that of Vertalec. D: AaF17, dense colony with aerial mycelia 
similar to that of Mycotal. E: AaF6, mycelia resembling a Vertalec-like 
colony fused to a Mycotal-like colony. F: AaF28, thicker colony than 
the parental colony. G: AaF38, double circle-type colony. H: AaF30, 
radial growth-type colony. I: AaF19, atypical growth-type colony.

A B

C D E

F G H

I
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formed by hybrid strains were clearly 
distinguishable from their parental strains. 
Different colony morphologies of the hybrid 
strains may be explained as follows. The 
final protoplast suspension consisted of 
the heterokaryon, the homokaryon (self-
fusing), and nit mutants (non-fusing). 
Only heterokaryons develop prototrophic 
colonies on MM plates; thus, they are 
easily distinguishable. Some heterokaryons 
transform into heterozygous diploid cells 
through karyogamy. Subsequently, a 
heterozygous diploid (2n) cell can undergo 
regular mitosis; however, it can also produce 
irregular genotypes either by mitotic 
crossing-over or by mitotic nondisjunction. 
Mitotic crossing-over results in recombinant 
chromatids. Mitotic nondisjunction results in 
a number of chromosomes to be haploid via 
successive aneuploidy (2n-1, 2n-2, etc.) and 
the development of nondisjunction diploids. 
The latter process (haploidization) results in 
a random “shuffl ing” of the chromosomes 
in the two parental strains9.
   A high diversity was observed in VCGs 
of the entomopathogenic fungi when 
compared with plant pathogenic Verticillium
spp. (V. dahliae: 4 VCGs12; V. albo-atrum: 
2 VCGs23). Korolev and Gindin16 reported 
13 VCGs among 33 isolates of V. lecanii
that were isolated from Israel and Eastern 
Europe [17 isolates were heterokaryon 
self-incompatible (HSI)]. Sugimoto et al.24

reported 14 VCGs among 42 isolates of 
V. lecanii that were isolated from Japan, 
North America, and Europe (21 isolates 
were HSI). Similarly, a high diversity 
was observed in the VCGs of Beauveria was observed in the VCGs of Beauveria was observed in the VCGs of
bassiana. The 34 isolates collected from 
different parts of North America and 
mass-produced strains were resolved into 
23 VCGs2. Korolev and Gindin16 and 
Sugimoto et al.24 suggested that the high 
VCG diversity of V. lecanii refl ected high 

genetic heterogeneity. This VCG diversity 
might impede strain improvement in 
entomopathogenic Hyphomycetes by hyphal 
anastomosis because both parental strains 
having promising characteristics should, 
therefore, belong to the same VCG group. 
Hence, it seems reasonable to suppose that 
the protoplast fusion technique is adequate 
for strain improvement in Hyphomycetes
to be used as biological control agents 
(BCAs).
   The notable feature of B-2 is its high 
viability on leaf surfaces under low relative 
humidity conditions in comparison with 
Vertalec and Mycotal14. For breeding 
entomopathogenic fungi, in addition to high 
virulence, environmental adaptation is an 
important factor that needs consideration. 
High effi cacy and environmental adaptation 
are closely related, the effect of pest control 
does not increase if the strain is unable to 
survive, infect, and reproduce under the 
given environment. This is particularly 
applicable to V. lecanii, which requires 
high relative humidity to induce infection. 
Thus, the practical use of V. lecanii is 
limited to greenhouse cropping where high 
relative humidity can be maintained. Higher 
epizootic potential, fi eld use or preventive 
application can be expected by inducing low 
relative humidity tolerance in V. lecanii.

II. mtDNA and genomic DNA analyses of 
hybrid strains
To ascertain success of protoplast fusion, 
molecular techniques such as arbitrarily 
primed (AP)-PCR, which uses primers 
for targeting transposons, enterobacterial 
repetitive intergenic consensus (ERIC)-PCR, 
and mtDNA-reaction-restriction fragment 
length polymorphism (RFLP) analysis were 
performed. The AP-PCR technique can 
detect several types of recombination events, 
including the insertion of a large fragment of 
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DNA that can not be amplifi ed, the deletion 
of annealing sites, nucleotide substitution 
that leads to the loss or appearance of an 
amplicon or to a change in the fragment size, 
and the insertion or deletion of a small-sized 
DNA that causes a change in the fragment 
size. mtDNA is often utilized as a target of 
analysis because it conserves an enormous 
number of mutations. An incomplete “DNA 
repair system” is responsible for these 
mutations17,25. The relationship between 
pathogenicity and mitochondria has been 
clarifi ed in plant pathogenic fungi, suggesting 
that approaches targeting the mitochondria 
for analysis must be promising.
   Among eight enzymes used, only AluI 
was available from the products of MS1/
MS2. Vertalec and B-2 strains (including 
their nit mutants) were digested by the 
enzyme, while Mycotal strains (including 
its nit mutants) were not. In relation to 
hybrid strains, all 2aF strains exhibited the 
banding patterns of B-2, except that 2aF27 
and 2aF42 exhibited the banding patterns 
of Mycotal (Table 4, Fig. 2). All the BbF 
strains also leaned towards Mycotal-type.
By contrast, all LA-PCR products digested 
by several enzymes were biased towards 
a single parental type (Fig. 3). The PCR 
products of Vertalec derived from nad3A/nad3A/nad
nad5B were different from those of Mycotal nad5B were different from those of Mycotal nad
and B-2 with LA-PCR, 2aF27, and 2aF42 
representing the Mycotal-type strains. 
Kouvelis et al.17 reported that the amplicon 
size of Lecanicillium muscariumsize of Lecanicillium muscariumsize of  (Mycotal and 
B-2) derived from nad3A/nad3A/nad nad3A/nad3A/ 5B was 3600 bp. nad5B was 3600 bp. nad
Vertalec, which belongs to L. longisporum, 
represented approximately 8.0 kb in this 
study (Fig. 4). This suggests some obvious 
differences between these species with 
regard to their DNA sequences. These results 
precisely support the species classifi cation 
proposed by Zare and Gams30. However, 
the results contradicted the RFLP patterns of 

MS1/MS2 being digested by AluI; Vertalec (L. I; Vertalec (L. I; Vertalec (
longisporum) and B-2 (L. muscarium) and B-2 (L. muscarium) and B-2 ( ) were 
digested by the enzyme, while Mycotal (L. digested by the enzyme, while Mycotal (L. digested by the enzyme, while Mycotal (
muscarium) was not (Fig. 2).
   ERIC1R detected the maximum number 
of polymorphisms in the hybrids in 
toto. Strains confi rming fusion, through 
consistent presence or absence of DNA 
bands, included 34.3% AaF strains, 20.0% 
BbF strains, 62.7% 2aF strains, and 50.0% 
2BF strains (Table 4, Fig. 5A). ERIC2 
also detected many polymorphic bands, 
including 39.1% AaF strains, 25.0% BbF 
strains, 43.2% 2aF strains, and 50.0% 2BF 
strains (Table 4, Fig. 5B).
   The primers inver-R/inver-R2 were also 
effective in detecting polymorphisms. Some 

Fig. 2. PCR product (MS1/MS2) digested by 
AluI (lanes 1–5). Lane M, molecular weight 
marker (BioLabs). The gel lane numbers are as 
follows: 1, Vertalec; 2, BbF15; 3, Mycotal; 4, 
2aF25; and 5, B-2.

M 1 2 3 4 5

500 bp
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Table 4. Integrated genetic analyses of hybrid strains. AaF= (Vertalec × Mycotal), 2aF= (Mycotal × 
B-2), BbF= (Vertalec × Mycotal), 2BF= (Vertalec × B-2). 

Strains                            MtDNA analysis (PCR-RFLP)                                    
                    MS1/MS2 (AluMS1/MS2 (AluMS1/MS2 ( I)                                  nad3A /nad3A /nad  nad3A / nad3A / 5B nad5B nad                         
                                                                  (Hae(Hae( III)               (Rsa(Rsa( I)
                PT aPT aPT       No. of strains (%)        PT  No. of strains (%) No. of strains (%)  

AaF        Mb        87 (100.0)                                                                         
2aF         Bc          42 (95.5)                     B     42 (95.5)
               M         2 (4.5)                         M    2 (4.5)     
BbF        M         20 (100.0)                   M    18 (100.0)             18 (100.0)
2BF        B          -  d                                B     4 (100.0)               4 (100.0)

a PT: Parental type. a PT: Parental type. a b Mycotal type. c B-2 type. d Not tested or determined. d Not tested or determined. d e F: Fusion confi rmed. f N: Novel bands appeared. f N: Novel bands appeared. f

g D: Disappeared band confi rmed (F, N and D were marked with “o” if confi rmed, and these were the same for ERIC2). h

Percentage of hybrid strains. i Novel amplicon; A: 1900 bp, B: 1500 bp, C: 1300 bp, D: 780 bp. j Disappearance of an original 
amplicon; A: 1200 bp, B: 1100 bp, C: 920 bp, D: 840 bp, E: 780 bp, F: 580 bp, G: 560 bp, H: 460 bp. * k Fusion confi rmed.k Fusion confi rmed.k

Strains                                                    Genomic DNA analysis (AP-PCR)
                              ERIC1R                                       ERIC2                                   inver-R/inver-R2
              PT   Fe     Nf    Dg    No. of          PT   F      N     D     No. of            PT                        No. of
                                              strains                                          strains                                         Strains

AaF        M     o o o      14 (13.3h)      M    o o  o     29 (27.6)         M                            76 (72.4)
                        o     o      22 (21.0)               o      o     8 (7.6)             M (novABi)            3 (2.9)
                                o o      15 (14.3)               o                       1 (1.0)             M (novD)               2 (1.9)
                                         o      35 (33.3)                        o  o     24 (22.9)         M (disADjM (disADjM (disAD )             1 (1.0)
                                                                                                  o     20 (19.0)         M (disA)                1 (1.0)
                                                                                o o              3 (2.9)             M (disFG)              1 (1.0)
                                                                                         o              1 (1.0)             M (disAH, novD)   1 (1.0)
2aF         B      o o o      5 (11.6)         B     o o  o     3 (6.8)             B                            31 (70.5)
                        o     o      20 (46.5)               o      o     15 (34.1)         B (novA*k)             4 (9.1)
                                o o      1 (2.3)                            o  o     5 (11.4)           B (novA)                1 (2.3)
                                         o      14 (32.6)                                 o     19 (43.2)         B (novC*)              2(4.5)
               M     o o o      1 (2.3)           M    o      o     1 (2.3)             B (novABC*)         1 (2.3)
                        o     o      1 (2.3)                            o  o     1 (2.3)             B (novA, disE)       1 (2.3)
                                                                                                                                  B (disCD)               2 (4.5)
                                                                                                                                  M                            2 (4.5)
BbF        M     o o o      1 (5.0)           M    o o  o     2 (10.0)           M                            12 (60.0)
                                         o      15 (75.0)               o      o     3 (15.0)           M (novAB)            5 (25.0)
                        o     o      3 (15.0)                          o  o     9 (45.0)           M (novAB, disF)    1 (5.0)
                                o o      1 (5.0)                                     o     6 (30.0)           M (disA)                1 (5.0)
                                                                                                                                  M (disD)                1 (5.0)
2BF        B                       o      2 (50.0)         B     o o  o     1 (25.0)           B*                          2 (50.0)
                        o     o      2 (50.0)                 o      o     1 (25.0)           B                            2 (50.0)
                                                                                         o  o     2 (50.0)
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bands of recombined strains that had both 
parental DNA bands were observed to 
disappear, particularly in 2aF strains (Table 
4, Fig. 6). 
   In general, the number of cases in which 
DNA bands disappeared were higher than 
those in which novel DNA bands appeared, 
particularly in ERIC-PCR.
   mtDNA polymorphisms were apparently 
biased toward one parental strain without 
any recombination. There have been some 
reports of recombination in mtDNA, such 
as in Aspergillus spp. In fact, relatively 
few organisms have been found to be 
heteroplasmic (existence within populations 
of mitochondria or chloroplasts associated 
with genetic heterogeneity). A well-known 
instance is the human being, which has 
maternal mtDNA inheritance, although 

Fig. 3. Amplicons derived from nad3A/nad3A/nad nad5B, which were digested by nad5B, which were digested by nad RsaI (lanes 1–11) and HaeIII 
(lanes 12–22). Lane M, 100-bp ladder molecular weight marker (BioLabs). The other lanes are as 
follows: 1, 11, 12, and 22, Vertalec; 2, AaF79; 3, AaF98; 4, BbF3; 5, BbF14; 6 and 17, Mycotal; 7, 
2aF8; 8, 2aF15; 9 and 20, B-2; 10, 2BF3; 13, AaF20; 14, AaF63; 15, BbF5; 16, BbF19; 18, 2aF4; 19, 
2aF42; 21, 2BF1.

Fig. 4. Amplicons derived from nad3A/nad3A/nad nad5B. nad5B. nad
Lane M, molecular weight marker 6 (Nippon 
Gene). The gel lane numbers are as follows: 1, 
Vertalec; 2, 1-A (Vertalec); 3, M-B (Vertalec); 
4, Mycotal; 5, 1-b (Mycotal); 6, M-a (Mycotal); 
7, B-2; 8, 5-2 (B-2).

recombination has been reported8. One 
who has maternal mtDNA inheritance 
occasionally exhibits heteroplasmy, leading 
to the development of mitochondrial 
diseases18. By contrast, representatives 

M 1 2 3 4 5 6 7 8 9 10 11 M 12 13 14 15 16 17 18 19 20 21 22

500 bp

M 1 2 3 4 5 6 7 8

500 bp
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Fig. 5. A: Amplicons derived from ERIC1R. 
Lane M: 100-bp ladder molecular weight marker 
(BioLabs). The other lanes are as follows: 1 and 11, 
Vertalec; 2, AaF1; 3, AaF11; 4, AaF19; 5, BbF4; 6, 
Mycotal; 7, 2aF9; 8, 2aF24; 9, B-2; 10, 2BF4. B: 
Amplicons derived from ERIC2. Lane M: 100-bp 
ladder molecular weight marker (BioLabs). The 
other lanes are as follows: 1 and 11, Vertalec; 2, 
AaF7; 3, AaF85; 4, AaF105; 5, BbF16; 6, Mycotal; 
7, 2aF8; 8, 2aF27; 9, B-2; 10, 2BF3. White arrows 
indicate fusion confi rmed amplicons.

of biparental mtDNA inheritance, e.g., 
yeasts, such as Saccharomyces cerevisiae 
or Schizosaccharomyces pombe, exhibit 
temporal heteroplasmy. They revert to 
homoplasmy, which involves specific 
recombinants, after approximately 20 

generations. Ling and Shibata19 recently 
resolved this phenomenon regarding yeast; 
the mechanism of the gene “Mhr1”, which 
is present in nuclear DNA, was studied 
and it was ascertained that the translated 
protein is responsible for homologous DNA 
recombination in mtDNA. They revealed 
that vegetative segregation accompanying 
mtDNA migration through buds is strongly 
regulated by the Mhr1 protein, successfully 
inducing homoplasmy. Although Yan and 
Xu29 described mitochondrial inheritance, 
it is still unclear why mitochondrial 
inheritance is uniparental in most fungi.
   Our objective to show evidence of 
fusion in hybrid strains was accomplished. 
The results revealed that mtDNA and 
genomic DNA types of AaF/BbF (Vertalec 
× Mycotal) were of the Mycotal type, 
while those of 2aF/2BF (Mycotal × B-2/
Vertalec × B-2) were of the B-2 type. Most 
genetic alterations exhibited amplicon 
“disappearance” (absence); this was 
probably due to inactivation accompanying 
insertions or deletions. Considering the fact 
that V. lecanii belongs to the subdivision 
Deuteromycotina, and the three strains 
Vertalec, Mycotal, and B-2 belong to 
distinct VCGs, which are incompatible 
with each other, it is ascertained that 
hyphal anastomosis is not possible in 
these strains. The discovery of temporal 
heteroplasmy in yeasts (mentioned above) 
becomes inapplicable for V. lecanii directly. 
This can be inferred from the following 
reasons: first, allele segregation occurs 
during successive haploidization events. 
Since DNA recombination occurs after 
karyogamy, the bias probably results from 
haploidization of a heterozygous diploid. 
The allele involved in replication, repair, 
and homologous recombination of mtDNA 
may have been segregated simultaneously 
with nuclear segregation. The second reason 

M 1 2 3 4 5 6 7 8 9 10 11
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is that a prevalent/non-prevalent trait may 
exist in the allele. From these reasons alone, 
the biased tendency of most 2aF/2BF and 
AaF/BbF strains towards B-2 and Mycotal 
types, respectively, can not be explained. 
This biased tendency was clearly observed 
on ERIC-PCR. A similar phenomenon has 
been reported by Dalzoto et al. in the case 
of the entomopathogenic fungus Beauveria
bassiana (bassiana (bassiana Deuteromycotina (Deuteromycotina ( )5. This bias was 
interpreted on the basis of the occurrence 
of a recombination event, suggesting that 
predominance may cause some selection. 
Based on previous research work and the 
results of the present study, a total genomic 
bias is proposed that is not limited to the 
allele on mtDNA, despite the assumption that 
the three parental strains are incompatible. 
Jackson and Heale11 conducted a trial on 
intraspecific protoplast fusion with V. 
lecanii. The hybrid strains from some pairs of 
auxotrophic strains recombined well, while 
those of other auxotrophic strain pairs were 
signifi cantly biased. This result revealed 

Fig. 6. Amplicons derived from inver-R/inver-
R2. Lane M: 100-bp ladder molecular weight 
marker (BioLabs). The other lanes are as 
follows: 1 and 11, Vertalec; 2, AaF27; 3, BbF6; 
4, Mycotal; 5, 2aF9; 6, 2aF41; 7, 2aF42; 8, 
2aF44; 9, B-2; 10, 2BF3. White arrows indicate 
fusion confi rmed amplicons.

that the biased tendency of hybrid strains 
probably depended on the type of parental 
strains. By contrast, Viaud et al.27 performed 
protoplast fusion in Beauveria spp. and 
reported homoplasmy in the interspecifi c 
hybrid strains that were produced. However, 
the biased tendency did not appear uniform 
in their report. Therefore, it is necessary to 
investigate these differences in protoplast 
fusion and the accompanying genomic 
behavior, particularly in mtDNA. 
   In our experiments, it was proposed 
that the protoplast fusion method using nit
mutants is practical and that polymorphic 
amplicons generated from molecular 
techniques, such as AP-PCR and PCR-
RFLPs, are available as informative DNA 
markers for V. lecanii. Genetic exchanges 
detected might improve the virulence and 
epizootic effi ciency of V. lecanii. However, 
it is necessary to associate these results with 
the degree of pathogenicity against aphids 
and whitefl ies. After virulence tests against 
aphid and whitefl y, we intend to select a 
useful new strain as a BCA. In order to 
accomplish more effective pest control, it is 
important to explore promising BCAs with 
new action mechanisms. Characteristics of 
an individual strain can be integrated by 
protoplast fusion using other promising 
strains. Thus, the protoplast fusion technique 
has great potential for the breeding of 
microbial control agents, and we intend 
to propose positive breeding of microbial 
control agents like plants or mushrooms.
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