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ABSTRACT

When wasabi plants are damaged by plant pathogens or herbivores they produce volatile
allyl isothiocyanate (AITC) as a defence mechanism. In the current study we conducted
experiments to determine whether volatiles from damaged wasabi leaves or synthetic
AITC also have negative effects on the beneficial entomopathogenic fungi, Beauveria
bassiana sensu lato (Balsamo) Vuillemin and Isaria fumosorosea Wize, which
contribute to regulation of a major pest of wasabi, the striated white butterfly, Pieris
melete Ménétries. Conidial germination of both fungi was inhibited when exposed to
volatiles from macerated wasabi leaves; the concentration of AITC in the volatiles was
also quantified. The inhibitory activity of macerated wasabi leaves was compared with
that of synthetic AITC, demonstrating that the inhibitory effect of wasabi volatiles was
due to the presence of AITC. These results indicate that AITC released from damaged
wasabi leaves has the potential to inhibit fungal infection of insect pests in wasabi

fields.

Keywords: wasabi, plant volatiles, allyl isothiocyanate, Beauveria bassiana, Isaria

fumosorosea, Pieris melete
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1. Introduction

Japanese horseradish, or wasabi (Wasabia japonica Matsumura), is a cruciferous plant
widely used in Japanese cuisine, particularly as a pungent spice in sushi. Wasabi plants
are grown for 2 to 3 years in rice paddy-like fields, filled throughout the year with
shallow flowing water from mountain streams (Figure 1a). These conditions should be
very suitable for biological control of herbivores using entomopathogenic fungi because
high humidity is an absolute requirement for conidial germination and the establishment
of infection (Hall 1981; Helyer et al. 1992; Luz & Fargues 1999; Milner & Lutton
1986). Furthermore, to avoid downstream water pollution, there are enforced
restrictions on chemical applications in wasabi fields; this should also be beneficial for
entomopathogenic fungi that can be susceptible to pesticides, particularly fungicides
(Saito & Yabuta 1996; Shinohara et al. 2013).

The strong flavour of wasabi is due to the presence of allyl isothiocyanate (AITC),
also called mustard oil, which is produced in plant tissues that have been damaged by
biotic or abiotic stressors; the enzyme myrosinase hydrolyses allyl glucosinolate
(sinigrin) producing the breakdown product, AITC (Rask et al. 2000; Wittstock &
Halkier 2002; Wittstock et al. 2003). The compound is highly toxic to a wide range of
organisms including various herbivores (Agrawal & Kurashige 2003; Eltayeb et al.
2010; Rask et al. 2000; Wittstock et al. 2003) and plant pathogens (Mayton et al. 1996;
Oliver et al. 1999). As such, AITC contributes to the plant’s defence strategy against
herbivores and disease (Chew 1988; Louda & Mole 1991; Rask et al. 2000; Wittstock et
al. 2003). Wasabi actually produces larger quantities of AITC in leaves, petioles,
rhizomes and roots, than other cruciferous plants (Kumagai et al. 1994; Sultana et al.

2003).
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As AITC is toxic to plant pathogens (including fungi) it is possible that it could also
have toxic effects on beneficial entomopathogenic fungi in the field; this may decrease
their potential as biological control agents of herbivorous pests on wasabi. Therefore, to
ensure successful biological control, fungal isolates with potential for augmentation in
the field, should be evaluated for their susceptibility to volatile AITC prior to use. To
date, there have already been some studies describing interactions between other plant
volatiles and entomopathogenic fungi (Hountondji et al. 2005; Baverstock et al. 2005;
Brown et al. 1995); however little is known about the effects of volatile AITC released
from cruciferous plants on entomopathogenic fungi, with the exception of one study
describing effects of synthetic isothiocyanates, including AITC, produced by
cruciferous plants, on conidial germination and mycelial growth of Metarhizium
anisopliae (Metschn.) Sorokin when incorporated into the culture medium (Inyang et al.
1999).

The purpose of our study was to examine the effects of volatiles released from
wasabi leaves on conidial germination of entomopathogenic fungi that had been isolated
from populations of the small white butterfly, Pieris melete Ménétri¢s, a serious pest of
wasabi plants in Japan (Nakata 1963; Saito et al. 2010). Based on these results, we
discuss the importance of AITC in terms of biological control and plant
volatile-mediated tritrophic interactions between plants, herbivores and their natural

enemies.

2. Materials and methods

2.1. Collection of entomopathogenic fungi

In 2011 and 2012, P. melete larvae were collected from several wasabi fields in
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Shizuoka, Japan, and then reared in groups of 20—30 on leaves of kale, Brassica
oleracea L. var. acephala, in containers (20 x 15 x 5 cm) at 25 £ 1°C and 16L: 8D.
Dead larvae and pupae were transferred to Petri dishes (9 cm diameter) with a wet filter
paper and incubated for a week at 25 + 1°C in darkness to induce fungal sporulation on
cadavers. Entomopathogenic fungi were isolated from infected cadavers on to
Sabouraud dextrose agar (SDA) (Difco BD Bioscience, MD, USA) and all isolates were
stored on slopes of culture medium in glass test tubes at —60°C prior to use in each
experiment. Each isolate was identified according to morphological characteristics using
the taxonomic keys for the genus Beauveria (Rehner et al. 2011), genus Isaria (Liang et
al. 2005; Luangsa-ard et al. 2005; Samson 1974; Shimazu 2001) and genus

Lecanicillium (Zare & Gams 2001, 2008).

2.2. Effect of volatiles from macerated wasabi leaves on conidial germination

For use in experiments, two isolates were selected from those collected in the field (see
section 3.1); these isolates were retrieved from storage, subcultured on SDA in Petri
dishes (9 cm diameter) and incubated at 25 + 1°C for 10 d in darkness. Conidial
suspensions of each isolate were prepared by scraping the mycelium from plate cultures
into sterile 0.1% Tween 80, agitating with a vortex mixer and then filtering through
sterile muslin (0.2 mm mesh size). Conidial concentrations of the suspensions were
determined using a Thoma haemocytometer and adjusted to 1 x 107 conidia mL! by the
addition of sterile 0.1% Tween 80. Fifty uL aliquots of suspension were placed,
individually, on to 10 mL SDA in Petri dishes (9 cm diameter); the dishes, without their
lids, were each suspended upside-down beneath the lids of airtight glass chambers (12

cm diameter, 7 cm height, 0.79 L volume) using double-sided adhesive tape. The
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prepared chambers were used to expose conidia to volatiles from macerated wasabi
leaves as described below.

Fresh wasabi leaves collected from the field were macerated for about 5 min in a
food processor (SKH-A100, Tiger, Osaka, Japan) and then immediately 0, 1, 3, 5 or 10
g were placed in the base of each chamber; these quantities were calculated as 0, 1.3,
3.8, 6.3 and 13 g L' chamber, respectively. The chambers were sealed using petrolatum
and then incubated at 25 + 1°C and 16L:8D. After 24 h, the conidia were fixed and
stained with drops of lactophenol-cotton blue solution (Sigma-Aldrich, MO, USA); the
germination rate of approximately 100 conidia in each replicate of each treatment was
determined under a microscope, for both isolates. Conidia were considered to have
germinated when the germ tube was at least half as long as the width of the conidium.
Five replicate chambers were used for each treatment. The proportion of conidia that
had germinated in each replicate was arcsine square-root transformed and submitted to
factorial analysis for two factors, the quantity of wasabi and the fungal isolate, using a
two-way ANOVA. If there was an interaction between the two factors, multiple
comparisons using a Bonferroni correction were made. These analyses were all done in

the software package SPSS (2009).

2.3. Effect of synthetic AITC on conidial germination

The toxicity of synthetic AITC (99%, Wako Pure Chem., Osaka, Japan) was examined
using the same method as described above in section 2.2, except that 100 pL of acetone
solution containing AITC was used instead of macerated wasabi leaves. A series of
different concentrations of AITC that had been selected from preliminary experiments

(data not shown) were evaluated: 0, 6.3, 63 and 630 pg L' chamber. Five replicate
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chambers were used for each treatment. Data were analyzed using the same methods as

described above in section 2.2.

2.4. Quantifying the concentration of AITC in volatiles from macerated wasabi leaves
AITC in volatiles from macerated wasabi leaves was quantified using a headspace
sampling method in conjunction with Solid Phase Microextraction (SPME). Three g of
macerated wasabi leaves (3.8 g L™! chamber) were placed in the bases of each of five of
the glass chambers described in section 2.2. An SPME fibre (DVB/CAR/PDMS,
Sigma-Aldrich, Dorset, UK) was inserted through a 4 mm diameter hole (sealed with a
rubber washer) into the side of each chamber for 30 min at 25 + 1°C. Each SPME fibre
was then introduced into the injector of a gas chromatograph (3800GC, VARIAN, CA,
USA) with a DB-WAX capillary column (60 m % 0.32 mm, 0.25 pm). Helium was used
as the carrier gas (2 mL min™!). Thermal conditions for the column were 35°C for 5 min,
followed by a temperature increase from 35-120°C at a rate of 5°C min~! and then from
120-320°C at a rate of 15°C min ™.

The concentration of AITC produced was quantified based on the area beneath the
peak, which was estimated using a standard curve for AITC. Data for the standard curve
were collected using 100 puL acetone solutions containing known concentrations of
AITC (0, 6.3, 63, 630 and 6300 pg L™! chamber); there were three replicate chambers
for each concentration and these data were subjected to linear regression to determine

the relationships between peak areas and log doses using the software package SPSS

(2009).

3. Results
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3.1. Entomopathogenic fungi isolated from P. melete

A total of 1557 larvae of P. melete were collected from wasabi fields (Figure 1a) and
five species of fungi were isolated from 67 cadavers (mainly pupae): Beauveria
bassiana sensu lato (Balsamo) Vuillemin (six isolates) (Figure 1b); Isaria fumosorosea
Wize (three isolates) (Figure 1c¢); Isaria tenuipes Peck (52 isolates) (Figure 1d); Isaria
cateniannulata (Z. Q. Liang) Samson & Hywel-Jones (eight isolates) (Figure 1¢); and
Lecanicillium sp. (one isolate) (Figure 1f). Three mycosed cadavers had mixed
infections of two fungal species: these were I. tenuipes and I. cateniannulata (one
cadaver) and |. fumosorosea and I. cateniannulata (two cadavers). Of the isolates
collected, B. bassiana s.I. and I. fumosorosea had also been recorded in previous
preliminary field surveys (Saito et al. 2010); for this reason one isolate of each of these
species (BB006 and IF002, respectively), both with reliable spore production capacities,
were selected for evaluation as they were representative of the most common species

affecting P. melete in wasabi fields.

3.2. Effect of volatiles from macerated wasabi leaves on conidial germination

There was no significant difference in germination between the B. bassiana s.l. and the I.
fumosorosea isolates in response to wasabi leaves (Fi40 = 3.14, P = 0.0839) (Table 1).
However, there was a significant negative effect of macerated wasabi leaves on
germination of both isolates (F440 = 3018.38, P <0.0001) (Table 1). Both B. bassiana
s.l. and I. fumosorosea conidia had a germination rate of 100% in the control, and B.
bassiana s.l. conidia exposed to volatiles from 1.3 gL !,3.8 gL', and 6.3 g L ™! of
macerated wasabi leaves had germination rate s of 100%, 2.7% and 1.8%, respectively,

while I. fumosorosea conidia exposed to the same levels of wasabi leaves had
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germination rates of 100%, 4.5%, and 0%, respectively. Neither isolates germinated
when exposed to volatiles from 13 g L™! of macerated wasabi leaves. There was a
significant interaction between the quantity of wasabi leaves and isolate (F4,40 = 3.14, P
= (0.0245) but only in one treatment (6.3 g L™! of wasabi leaves) indicating a significant
difference in germination rate between the two isolates at this quantity of wasabi leaves

(F140=15.71, P =0.0003).

2.3. Effect of synthetic AITC on conidial germination

There was no significant difference in germination of B. bassiana s.l. and I.
fumosorosea isolates in response to synthetic AITC (Fi1.32=1.82, P =0.1864) (Table 2).
However, there was a significant negative effect of synthetic AITC on germination of
both isolates (F332 = 1048.74, P < 0.0001) (Table 2). Both B. bassiana s.I. and 1.
fumosorosea conidia had a germination rate of 100% in the control. Beauveria bassiana
s.l. conidia exposed to 6.3 pg L' and 63 ug L™! of AITC had germination rates of
99.0% and 12.3%, respectively, and I. fumosorosea conidia exposed to the same levels
of AITC had germination rates of 90.5% and 15.1%, respectively. Neither isolate
germinated when exposed to volatiles from 630 ug L™! of AITC. There was a significant
interaction between the concentration of AITC and the isolate (F332 = 6.67, P =0.0013)
but only in one treatment (6.3 pg L' of AITC) indicating a significant difference in
germination rate between the two isolates at this concentration of AITC (Fi32=19.07, P

=0.0001).

3.4. Concentration of AITC in volatiles from macerated wasabi leaves

The quantity of AITC contained in volatiles released from macerated wasabi leaves (3.8
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g L) was quantified by gas chromatography. The standard curve for AITC was
determined as Y = 86.5X — 104.3 (F1,10= 36.73, r* = 0.786) for peak areas (Y) and log
doses (X). Based on linear regression analysis, the concentration of AITC released from

the sample leaves was 45 + 5 ug L™! (mean = SE).

4. Discussion

There have been some studies describing interactions between plant volatiles and
entomopathogenic fungi. For example, Neozygites tanajoae Delalibera Jr., Humber &
Hajek produced more conidia when exposed to volatiles from cassava leaves damaged
by mites (Hountondji et al. 2005). Pandora neoaphidis (Remaudiére & Hennebert)
Humber increased the number of conidia germinating on broad bean plants damaged by
aphid feeding (Baverstock et al. 2005), and, in another study demonstrated that conidial
germination of P. neoaphidis was inhibited by the volatiles released from tobacco plants
in response to either aphid attack or artificial damage (Brown et al. 1995). These reports
indicate that plant volatiles influence interactions between herbivores and
entomopathogenic fungi in different ways, and that understanding these interactions is
essential for the development of successful biological control strategies using fungal
agents.

In the present study, we have demonstrated that volatiles from artificially damaged
wasabi leaves, inhibited germination of B. bassiana s.I. and I. fumosorosea conidia
(Table 1). This is likely to be as a result of the plant volatile AITC, because AITC levels
in 3.8 g L™! of macerated leaves, which caused low germination rates (2.7% and 4.5%
for B. bassiana s.l.and I. fumosorosea, respectively) (Table 1), was estimated at 45 ug

L ! and a similar concentration (63 pg L") of synthetic AITC also led to low

10
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germination rates (12.3% and 15.1% for B. bassiana s.l. and I. fumosorosea,
respectively) (Table 2).

For both fungi, their susceptibility to volatiles from macerated wasabi leaves or
AITC was similar, with significant differences between them only occurring at one
concentration in each experiment (Table 1 and 2). This negative effect of plant volatiles
on entomopathogenic fungi is more severe than previously observed for fungal plant
pathogens of cruciferous plants; for example, the fungal plant pathogens,
Helminthosporium solani Dur. & Mont. and Verticillium dahliae Kleb., were able to
grow a little at 7 mg L' of AITC (Olivier et al., 1999), while in our study, germination
of B. bassiana s.I. and I. fumosorosea was completely inhibited at just 630 ug L™! of
AITC (Table 2). This suggests that entomopathogenic fungi may be less well adapted to
plant volatiles than plant pathogens.

Inyang et al. (1999) examined toxicity of eleven isothiocyanates, potentially relating
to cruciferous plants, on germination of M. anisopliae conidia and reported that two
isothiocyanates (phenylethyl- and 3-butenyl isothiocyanate) decreased mortality of
inoculated adults of the mustard beetle, Phaedon cochleariae (Fabricius), when exposed
to vapours from 1 pL of each neat compound in a 55 mm-diameter glass chamber; its
length was not described, but in the figure it appeared to be approximately 200 mm in
length (about 500 mL in volume). The inhibitory concentration of these isothiocyanates
(1 pL per 500 mL chamber) was apparently higher than the 63 pg L™ or 630 pg L™! of
synthetic AITC that we observed resulted in little (12.3% and 15.1% for B. bassiana s.l.
and |. fumosorosea, respectively) or no germination in both fungal species (Table 2).
Therefore, such AITC levels may negatively affect the infection process of B. bassiana

s.l. and I. fumosorosea and reduce herbivore mortality. While confirmation of this

11
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requires further research beyond the scope of this study, it remains possible that wasabi
volatiles may contribute to unsatisfactory biological control of herbivorous pests.

As mentioned previously, AITC plays an important role in the plant’s defence
strategy against herbivores and disease (Chew 1988; Louda & Mole 1991; Rask et al.
2000; Wittstock et al. 2003). However, in the evolutionary arms race between plants
and their herbivores, specialist crucifer herbivores have undergone selection to
overcome this defence. For example, in the small white butterfly, Pieris rapae L., the
hydrolysis reaction is redirected toward the formation of nitriles such as allyl cyanide in
the gut, rather than AITC, and this is then excreted in the faeces (Wittstock et al. 2004).
The diamondback moth, Plutella xylostella L., has an enzyme, sulfatase, which
desulfates the glucosinolates to metabolites that are not substrates for myrosinase and so
do not produce AITC (Ratzka et al. 2002). In addition, these crucifer specialists use
volatile AITC as an attractant to detect host plants (Hovanitz & Chang 1963; Hovanitz
et al. 1963; Li et al. 2000; Rask et al. 2000), and their parasitoids also use the compound
as a cue to detect their herbivore hosts (Fatouros et al. 2005; Geervliet et al. 1994, 1996;
Mattiacci et al. 2001; Rask et al. 2000). Thus, AITC can enhance the fitness of both
specialist herbivores and their natural enemies resulting in complex coevolving
tritrophic interactions. Negative effects of AITC on entomopathogenic fungi may give
an additional advantage to the host herbivores in such interactions.

Cruciferous plants emit AITC and many other isothiocyanates (Kumagai et al.,
1994; Olivier et al., 1999); some of these other isothiocyanates have fungicidal activity
against entomopathogenic fungi (Inyang et al., 1999) and the plant pathogens H. solani
and V. dahlia (Olivier et al., 1999). In our study, other compounds in addition to AITC

were detected in the volatiles from macerated wasabi leaves (data not shown) and it is
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possible that these compounds may also have negative effects on conidial germination
of B. bassiana s.I. and I. fumosorosea; further studies are required to examine the
effects of these other compounds on entomopathogenic fungi.

In conclusion, we have provided evidence that volatiles (including AITC) from
wasabi had negative effects on conidial germination of the entomopathogenic fungi, B.
bassiana s.l. and I. fumosorosea. Successful development of biological control
strategies for herbivores of wasabi, and other crucifers, must, therefore, be developed
under a conceptual framework that accounts for plant volatile-mediated tritrophic
interactions between plants, herbivores and their natural enemies including fungal
pathogens, parasites and predators (Agrawal 2000; Cory & Hoover 2006; Dicke & Van
Loon 2000; Elliot et al. 2000). AITC may play a key role in such interactions on
crucifers such as wasabi, and its effects on biological control agents should be
considered specifically, though this speculation needs to be confirmed by further

laboratory and field studies.

Acknowledgments

We are grateful to Dr. H. Etoh for the AITC analysis of leaves, Dr. M. Shimazu for
fungal identification and Professor I. Uwafuji for helpful advice on statistical analyses.

We thank J. K. Pell Consulting for editing the manuscript.

References

Agrawal A. 2000. Mechanisms, ecological consequences and agricultural implications
of tri-trophic interactions. Curr Opin Plant Biol. 3:329-335.

Agrawal A, Kurashige N. 2003. A role for isothiocyanates in plant resistance against the

13



305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

specialist herbivore Pieris rapae. J Chem Ecol. 29:1403—-1415.

Baverstock J, Elliot SL, Anderson PG, Pell JK. 2005. Response of the
entomopathogenic fungus Pandora neoaphidis to aphid-induced plant volatiles. J
Invertebr Pathol. 89:157-164.

Brown GC, Prochaska GL, Hildebrand DF, Nordin GL, Jackson DM. 1995. Green leaf
volatiles inhibit conidial germination of the entomopathogen Pandora neoaphidis
(Entomopthorales: Entomophthoraceae). Environ Entomol 24:1637-1647.

Chew FS. 1988. Biological effects of glucosinolates. In: Cutler HG, editor. Biologically
active natural products, Potential use in agriculture. Washington DC: American
Chemical Society: p. 155-181.

Cory JS, Hoover K. 2006. Plant-mediated effects in insect-pathogen interactions. Trends
Ecol Evol. 21:278-286.

Dicke M, Van Loon JA. 2000. Multitrophic effects of herbivore-induced plant volatiles
in an evolutionary context. Entomol Exp Appl. 97:237-249.

Elliot SL, Sabelis MW, Janssen A,Van der Geest LPS, Beerling EAM, Fransen J. 2000.
Can plants use entomopathogens as bodyguards? Ecol Lett. 3:228-235.

Eltayeb EM, Ahang G-A, Xie J-G, Mi F-Y. 2010. Study on the effect of
allylisothiocyanate formulations on three Lepidopterous insect larvae, the diamond
back moth, Plutella xylostella (L.), the small cabbage white butterfly, Pieris rapae
(L.) and tobacco cut worm, Spodoptera litula Fabr. Am J Environ Sci. 6:168-176.

Fatouros NE, Van Loon JJA, Hordijk KA, Smid HM, Dicke M. 2005.
Herbivore-induced plant volatiles mediate in-flight host discrimination by
parasitoids. J Chem Ecol. 31:2033-2047.

Geervliet JBF, Vet LEM, Dicke M. 1994. Volatiles from damaged plants as major cues

14



329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

361

352

in long-range host-searching by the specialist parasitoid Cotesia rubecula. Entomol
Exp Appl. 73:289-297.

Geervliet JBF, Vet LEM, Dicke M. 1996. Innate responses of the parasitoids Cotesia
glomerata and C. rubecula (Hymenoptera: Braconidae) to volatiles from different
plant-herbivore complexes. J Insect Behav. 9:525-538.

Hall RA. 1981. The fungus Verticillium lecanii as a microbial insecticide against aphids
and scales. In: Burgess HD, editor. Microbial control of pest and diseases 1970-1980.
London: Academic Press: p. 483-498.

Helyer N, Gill G, Bywater A, Chambers R. 1992. Elevated humidities for control of
chrysanthemum pests with Verticillium lecanii. Pestic Sci. 36:373-378.

Hountondji FCC, Sabelis MW, Hanna R, Janssen A. 2005. Herbivore-induced plant
volatiles trigger sporulation in entomopathogenic fungi: the case of Neozygites
tanajoae infecting the cassava green mite. J Chem Ecol. 31:1003-1021.

Hovanitz W, Chang VCS. 1963. Selection of allyl isothiocyanate by larvae of Pieris
rapae and the inheritance of this trait. J Res Lepid. 1:169—-182.

Hovanitz W, Chang VCS, Honch G. 1963. The effectiveness of different isothiocyanates
on attracting larvae of Pieris rapae. J Res Lepid. 1:249-259.

Inyang EN, Butt TM, Doughty KJ, Todd AD, Archer S. 1999. The effects of
isothiocyanates on the growth of the entomopathogenic fungus Metarhizium
anisopliae and its infection of the mustard beetle. Mycol Res. 103:974-980.

Kumagai H, Kashima N, Seki T, Sakurai H, Ishii K, Ariga T. 1994. Analysis of volatile
components in essential oil of upland wasabi and their inhibitory effects on platelet
aggregation. Biosci Biotech Biochem. 58:2131-2135.

Li Q, Eigenbrode SD, Stringam GR, Thiagarajah MR. 2000. Feeding and growth of

15



353 Plutella xylostella and Spodoptera eridania on Brassica juncea with varying

354 glucosinolate concentrations and myrosinase activities. J Chem Ecol. 26:2401-2419.
355  Liang ZQ, Han YF, Chu HL, Liu AY. 2005. Studies on the genus Paecilomyces in China.
356 I. Fungal Divers. 20:83—101.

357 Louda S, Mole S. 1991. Glucosinolates: chemistry and ecology. In: Rosenthal GA,

358 Berenbaum MR, editors. Herbivores, their interactions with secondary plant
359 metabolites. 2nd edn. Vol. 1. The chemical participants. London: Academic Press: p.
360 123-164.

361  Luangsa-ard JJ, Hywel-Jones NL, Manoch L, Samson RA. 2005. On the relationships of
362 Paecilomyces sect. Isarioidea species. Mycol Res. 109:581-589.

363  Luz C, Fargues J. 1999. Dependence of the entomopathogenic fungus, Beauveria

364 bassiana, on high humidity for infection of Rhodnius prolixus. Mycopathologia.
365 146:33-41.

366  Mattiacci L, Rudelli S, Rocca BA, Genini S, Dorn S. 2001. Systemically-induced

367 response of cabbage plants against a specialist herbivore, Pieris brassicae.

368 Chemoecology. 11:167-173.

369  Mayton HS, Oliver C, Vaughn SF, Loria R. 1996. Correlation of fungicidal activity of
370 Brassica species with allyl isothiocyanate production in macerated leaf tissue.

371 Phytopathology. 86:267-271.

372  Milner RJ, Lutton GG. 1986. Dependence of Verticillium lecanii (Fungi:

373 Hyphomycetes) on high humidities for infection and sporulation using Myzus

374 persicae (Homoptera: Aphididae) as hosts. Environ Entomol. 15:380-382.

375  Nakata M. 1963. Notes on the natural enemies of larvae and pupae of Pieris melete

376 Meénétries injurious to the Japanese horseradish. Jpn J Appl Entomol Zool. 7:348—

16



377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

349 (in Japanese).

Oliver C, Vaughn SF, Mizubuti CSG, Loria R. 1999. Variation in allyl isothiocyanate
production within Brassica species and correlation with fungicidal activity. ] Chem
Ecol. 25:2687-2701.

Rask L, Andréasson E, Ekbom B, Eriksson S, Pontoppidan B, Meijer J. 2000.
Myrosinase: gene family evolution and herbivore defense in Brassicaceae. Plant
Mol Boil. 42:93—-113.

Ratzka A, Vogel H, Kliebenstein DJ, Mitchell-Olds T, Kroymann J. 2002. Disarming the
mustard oil bomb. Proc Natl Acad Sci USA. 99:11223-411228.

Rehner SA, Minnis AM, Sung G-H, Luangsa-ard JJ, Devotto L, Humber RA. 2011.
Phylogeny and systematics of the anamorphic entomopathogenic genus Beauveria.
Mycologia. 103:1055-1073.

Saito T, Yabuta M. 1996. Laboratory studies on effect of pesticides on
entomopathogenic fungus, Verticillium lecanii. Jpn J Appl Entomol Zool. 40:71-76
(in Japanese).

Saito T, Sugiyama Y, Haga H, Sugiyama K. 2010. Integrated pest management in
wasabi. 4. Parasites of the striated white, Pieris melete Ménétriés, in Shizuoka
Prefecture. Ann Rept Kansai Pl Prot. 52:135-137 (in Japanese).

Samson RA. 1974. Paecilomyces and some allied Hyphomycetes. Stud Mycol. 6:1-119.

Shimazu M. 2001. Paecilomyces cateniannulatus Liang, a commonly found, but an
unrecorded entomopathogenic fungus in Japan. Appl Entomol Zool. 36:283-288.

Shinohara S, Fitriana Y, Satoh K, Narumi I, Saito T. 2013. Enhanced fungicide
resistance in Isaria fumosorosea following ionizing radiation-induced mutagenesis.

FEMS Microbiol Lett. 349:54—60.

17



401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

SPSS. 2009. PASW Statistics 18. Chicago: SPSS Inc.

Sultana T, Savage GP, McNeil DL, Porter NG, Clark B. 2003. Comparison of flavor
compounds in wasabi and horseradish. J Food Agr Environ. 1:117-121.

Wittstock U, Halkier A. 2002. Glucosinolate research in the Arabidopsis era. Trends
Plant Sci. 7:263-270.

Wittstock U, Kliebenstein DJ, Lambrix V, Reichelt M, Gershenzon J. 2003.
Glucosinolate hydrolysis and impact on generalist and specialist insect herbivores.
Recent Adv Phytochem. 37:101-125.

Wittstock U, Agerbirk N, Stauber E, Oisen CE, Hippler M, Mitchell-Olds T,
Gershenzon J, Vogel H. 2004. Successful herbivore attack due to metabolic
diversion of a plant chemical defense. Proc Natl Acad Sci USA. 101:4859-4864.

Zare R, Gams W. 2001. A revision of Verticillium section Prostrata. I'V. The genera
Lecanicillium and Simplicillium gen. nov. Nova Hedwigia. 73:1-50.

Zare R, Gams W. 2008. A revision of the Verticillium fungicola species complex and its

affinity with the genus Lecanicillium. Mycol Res. 112:811-824.

18



Table 1. Percent germination of B. bassiana s.I. and I. fumosorosea conidia exposed to

different quantities of macerated wasabi leaves for 24 h in a chamber.

Quantity of macerated Percent germination (mean = SE)

wasabi leaves

B. bassiana s.l. I. fumosorosea
(g L™! chamber)
0 100 100
1.3 100 100
3.8 27+£1.2 45+40
6.3 1.8+0.5 0

13 0 0




Table 2. Percent germination of B. bassiana s.l. or I. fumosorosea conidia exposed to

different quantities of allyl isothiocyanate (AITC) for 24 h in a chamber.

Dose of AITC Percent germination (mean + SE)

(ug L' chamber) B. bassiana s.l. I. fumosorosea
0 100 100

6.3 99.0+0.3 90.5+2.8

63 123+£3.6 15.1+0.6

630 0 0







Figure caption

Figure 1. (a) A wasabi field. (b)—(f) Mycosed pupac of P. melete infected by B.

bassiana s.l., I. fumosorosea, 1. tenuipes, I. cateniannulata, and Lecanicillium sp.,

respectively.
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