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Abstract Recently, the Q biotype of tobacco whitefly has been recognized as the most hazardous strain of Bemisia tabaci
worldwide, because of its increased resistance to some insecticide groups. As an alternative control agent, we selected an Isaria
javanica isolate as a candidate for the development of a mycopesticide against the Q biotype of sweet potato whitefly. To select
optimal mass production media for solid-state fermentation, we compared the production yield and virulence of conidia between
2 substrates (barley and brown rice), and we also compared the effects of various additives on conidia production and virulence.
Barley was a better substrate for conidia production, producing 3.43 x 10" conidia/g, compared with 3.05 x 10" conidia/g for
brown rice. The addition of 2% CaCO, + 2% CaSO, to barley significantly increased conidia production. Addition of yeast
extract, casein, or gluten also improved conidia production on barley. Gluten addition (3% and 1.32%) to brown rice improved
conidia production by 14 and 6 times, respectively, relative to brown rice without additives. Conidia cultivated on barley
produced a mortality rate of 62% in the sweet potato whitefly after 4-day treatment, compared with 53% for conidia cultivated
on brown rice. The amendment of solid substrate cultivation with additives changed the virulence of the conidia produced; the
median lethal time (LT,,) was shorter for conidia produced on barley and brown rice with added yeast extract (1.32% and 3%,
respectively), KNO, (0.6% and 1%), or gluten (1.32% and 3%) compared with conidia produced on substrates without additives.

Keywords Bemisia tabaci, Biological control, Entomopathogenic fungi, Isaria javanica, Mass production, Solid-state fermentation

The sweet potato whitefly, Bemisia tabaci (Gennadius) biotype Q was collected in greenhouses cultivating cucumber,
(Hemiptera: Aleyrodidae) is an important insect pest that can rose, sweet pepper, and tomato in 2005 [5], and pesticide-
cause direct feeding damage and transmit plant pathogenic resistant populations were found in 2007 [6].

viruses. This species has shown fast development of resistance Entomopathogenic fungi are important components of
to some insecticide groups, especially in its Q biotype [1-3]. the biological control of insect pests, and are especially widely

More than 600 plants, including tomato, pepper, beans, employed against sucking type pests such as whitefly and
eggplant, cucumber, and other vegetables have been recorded aphids. Many fungal isolates have been reported as high
worldwide as hosts of B. tabaci [4]. The Q biotype of B. pathogenicity fungi for the control of whitefly, for example:
tabaci has recently attracted international concerns because B. tabaci and Trialeurodes vaporariorum Westwood have
of its unusually rapid dispersal worldwide [2]. In Korea, been reported to be controlled by Beauveria bassiana (Bals.)
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friendly organic agricultural material in Korea.

When fungal entomopathogens are sprayed onto crops
to control foliar insect pests, a high dosage of conidia/spores
is generally used [16]. Therefore, mass production of the
spores of the infective fungi is important, especially for
commercial use of the fungus. There are 3 systems generally
used for the industrial scale production of entomopathogenic
fungi: solid, liquid, and two-phase fermentation. Solid-state
fermentation is the most common method used for the
production of conidia, and this method uses grains such as
barley, rice, and wheat as substrates [16]. Liquid fermentation
is used for the production of blastospores. Increasing spore
production yields is a major concern to researchers and
commercial producers, since this is important for the practical
application of fungi as mycopesticides. One obstacle to the
use of fungal entomopathogens is a generally slow activity
against target pests, and this factor is preventing the wider
application and use of biocontrol agents. Therefore, the
enhancement of virulence or triggering of infectivity during
conidia production is important to improve the efficacy of
entomopathogenic fungi for insect biocontrol.

Many studies have been conducted to simultaneously
improve the spore production and virulence of
entomopathogenic fungi by optimizing the cultivation
conditions used for spore production. Media components
may influence the spore yield, spore virulence, the activity of
virulence-related enzymes such as Pr1, desiccation tolerance,
and other relevant attributes of spores [17]. The addition
of glucose, lecithin, collagen, or calcium chloride to liquid
culture medium has been found to affect the production of
entomopathogenic fungal spores [18-20]. For example,
additives such as lecithin, collagen, or lactic acid into culture
broth increased the production of Metarhizium anisopliae
blastospores, but the virulence of the spores was weaker
than that of spores produced on media without additive
[19]. The addition of casamino acid into culture broth
increased the production yield of M. anisopliae spores and
improved their virulence against Aedes aegypti [21]. Addition
of yeast extract and peptone into liquid media improved
both the production of Beauveria brongniartii spores and
their virulence against T. vaporariorum [22]. The yield of
B. brongniartii spores was found to vary depending on the
combination and doses of additives used for their production,
with the additives investigated including calcium chloride,
chitin, polyethylene glycol, lactic acid, lecithin, molasses,
and nutrient media [20]. Conidia of B. bassiana and M.
anisopliae produced using different medium compositions
or osmotic stress medium showed differences in their
germination rate, Prl activity, and virulence [23, 24]. Most
of these studies were mainly conducted using semi-synthetic
or synthetic media for the production of blastospores or
conidia. To date, few studies have investigated methods to
improve conidia production and virulence on solid substrates
such as grains.

Most of the methods used for the large-scale production
of conidia of fungal entomopathogens involve the use of

grains or other cheap materials. Therefore, this study was
conducted to investigate the mass production of conidia of
I javanica, comparing between barley and brown rice as
substrates and also comparing among the use of different
additives for their effects on conidia yield and the virulence
of conidia against sweet potato whitefly. The addition of
gluten to brown rice improved conidia production and
virulence, and conidia yield on barley was increased by the
addition of CaCO, and CaSO,.

MATERIALS AND METHODS

An I javanica isolate, which was isolated from a fungus-
infected Aleyrodidae adult in Korea and showed high
pathogenicity against the B. tabaci biotype Q [14], was kept
in 10% (v/v) glycerol at —20°C. The isolate was initially
cultivated on potato dextrose agar (PDA) at 25+ 1°C for
14 days. For the mass production of this I. javanica isolate,
brown rice and barley were purchased and stored in a
refrigerator at 4°C until use.

To use grains as a substrate for conidia production, the
2 grains were soaked in tap water for 2 hr and placed into
a plastic basket for 1hr to remove water. One hundred
grams of grain was put into an autoclavable plastic bag and
autoclaved at 121°C for 60 min. To understand the effects
of different additives on conidia production by solid-state
cultivation using grains as a substrate, a carbon or nitrogen
source or trace minerals were added into 15mL conidia
suspension (1 x 10° conidia/mL) and dissolved. The additives
investigated were as follows: 2% (w/v) soluble starch (Daejung
Co., Busan, Korea), 2% (w/v) mannose (Sigma-Aldrich Co.,
St. Louis, MO, USA), 2% (w/v) CaCO, and 2% (w/v) CaSO,
(Sigma-Aldrich Co.), 1.32% and 3% (w/v) of hydrolyzed
casein (Sigma-Aldrich Co.), 1.32% and 3% (w/v) of Difco
yeast extract (Becton Dickinson Co., Franklin Lakes, NJ,
USA), 0.6% and 1% (w/v) of KNO, (Sigma-Aldrich Co.),
and 1.32% and 3% (w/v) of hydrolyzed wheat gluten
protein (Sigma-Aldrich Co.). The conidia suspension was
then inoculated onto barley or brown rice in a plastic bag,
mixed well, and incubated at 25+ 1°C for 15 days. Three
grams of barley or brown rice was randomly taken from
each culture. The grain was added to 27 mL 0.05% sterilized
Tween 80, vortexed for 1min, and then the suspension
was filtered through 4 layers of sterilized cheesecloth. The
number of conidia was counted using an improved Neubauer
haemocytometer (Sigma-Aldrich Co.). In each trial, each
cultivation condition was replicated in 3 different bags, and
the trial was repeated 4 times.

To test the virulence of conidia produced using solid
substrates and different additives, each conidia suspension
was sprayed onto second instar nymphs of tobacco whitefly,
as previously described [14]. Briefly, to prepare synchronized
nymphs, fifteen pairs of adult whiteflies were infested
overnight on a potted eggplant seedling with 1 leaf, which
was prepared by removing the other leaves from a 30-day-
old pruned whole eggplant seedling, and then the adult
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whiteflies were removed. The seedlings were grown in a
Plexiglas cage (35 x 40 x 40 cm) at a constant temperature
of 25+ 1°C with a 16L: 8D lighting schedule for 11 days
until the whiteflies reached their second instar.

For virulence tests, conidia were harvested as described
above from the barley or brown rice cultures amended
with different additives after 15 days cultivation. The
eggplant leaf discs infested with second instar nymphs of
B. tabaci were sprayed with each conidia suspension at 3
different concentrations (10°, 10°, and 10’ conidia/mL).
One milliliter of each suspension was applied to leaf discs
using a spray box (90 x 90 x 90 cm) fitted with a polyvinyl
acetal cone nozzle (@ 1.5mm). The spray tower was a
Plexiglas cylinder and the spray nozzle was installed through
the top layer and connected to a vacuum pump, which was
fixed at the pressure setting of 100 kPA. The number of
conidia applied to each leaf disc was estimated by counting
the spores that landed on a Petri dish (@ 3.5 cm) containing
2mL of 0.05% Tween 80 that was placed beside the
eggplant seedlings during the spore application. The total
number of conidia sprayed within the Petri dish area was
determined using a hemocytometer. The average conidia
deposition on each leaf disc was calculated to be 2.8~3.2
conidia/mm’ for the application of 10°conidia/mL and
10.7~13.6 conidia/mm” for the application of 10" conidia/
mL. Spore viability was determined by germination tests of
the conidia suspensions after 24 hr incubation at 25 + 1°C
on PDA medium. Spore viabilities were 99.2 + 0.4%. This
bioassay was conducted twice. Three replicate dishes were
investigated per treatment in each trial.

One-way analysis of variance [25] was used to compare
conidia production and mortality among the different
additives used for cultivation on each grain substrate. Each
separate trial was considered as a block. Median lethal
time (LT,,) was estimated using the LIFEREG procedure
and data were fitted to a Weibull distribution [25]. The
differences in conidia yield, mortality and LT, at 2 different
time points (4 and 6 days after treatment) among different
additives in each grain were compared using the least
significant difference test (o < 0.05).

RESULTS

The production of I javanica conidia differed among the
substrate and additive combinations investigated after 15
days cultivation (brown rice, F=848; df=11, 47; p<
0.0001 and barley, F=3.78; df= 11, 47; p = 0.0012). Barley
(3.43 x 10" conidia/g) was a higher-yielding solid substrate
for conidia production than brown rice (3.05 x 10" conidia/
g). On barley, the addition of 2% CaCO, and 2% CaSO,
significantly increased conidia production. The addition of
yeast extract, casein, or gluten to barley improved conidia
production compared with cultivation on barley without
additives. When starch or mannose was mixed with barley
as the solid substrate, the number of conidia produced was
lower (2.33x 10" and 2.15 x 10" conidia/g, respectively)

than the number produced by cultivation without additives
(3.43 x 10" conidia/g).

The addition of gluten (3% and 1.32%) to brown rice
improved the conidia production yield by 14 and 6 times,
respectively, compared with that of brown rice without
additives (3.05 x 10" conidia/g). Starch addition to brown
rice increased conidia production, in contrast with barley.
The addition of potassium nitrate (KNO,), yeast extract,
2% CaCO, and 2% CaSO,, or mannose to brown rice did
not increase conidia production compared with cultivation
on brown rice without additives. The addition of gluten
stimulated conidia production on both solid substrates,
but the addition of mannose and KNO, suppressed the
production of conidia of the I javanica isolate following
cultivation on barley and brown rice.

Conidia virulence differed between the solid substrates
(Table 1). The mortality of sweet potato whitefly treated
with the conidia suspension produced on barley was generally
higher (13% at 10’ conidia/mL, 36% at 10° conidia/mL, and
62% at 10" conidia/mL) than that of whitefly treated with
the conidia suspension produced on brown rice (14%, 23%,
and 53%, respectively) at 4 days after treatment (pooled
t tests: 10° conidia/mL, t = 0.16, p = 0.8880; 10° conidia/mL,
t=-0.55, p = 0.6374; 10" conidia/mL, t = —0.84, p = 0.4889).
However, these changes were not significant, and conidia
virulence showed non-significant trends toward differences
between the solid substrates. Differences in mortality at the
sixth day after application showed trends similar to those
on the fourth day, with mortality rates of 57%, 81%, and
100% for barley-cultivated conidia and 46%, 74%, and
100% for brown rice at the 3 concentrations of conidia
applied, respectively.

The inclusion of additives in the solid-state cultivation
procedure changed conidia virulence (Fig. 1), which varied
among the different additive and substrate combinations
investigated. Conidia produced on barley with different
additives did not statistically increase whitefly mortality at
10°, 10%,and 10’ conidia/mL treatment (ANOVA: 10° conidia/
mL, F=041, df=11, 23, p=0.9236; 10° conidia/mL, F =
1.04, df= 11, 23, p = 0.4681; 10 conidia/mL, F =4.19, df =
11, 23, p=0.0103). The median lethal time (LT,) was

Table 1. Mortality of second instar nymphs of sweet potato
whitefly at the fourth and sixth days after treatment with
suspensions of [saria javanica conidia produced by solid state
cultivation on brown rice and barley without additives

Mortality (%)
Days after Concentration of the conidia
Substrates . L
treatment suspension treated (conidia/mL)
10° 10° 10’
Brown rice 4 144 +£50 254+11.0 527+04
6 456 + 1.2 73.6 £10.5 100.0 +0.0
Barley 4 13160 362+164 620=x11.1
6 574 +4.1 81.2+10.3 100.0=x0.0

Values are presented as mean + SE.
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Fig. 1. Conidia production of Isaria javanica on different substrates amended with additives for 15 days at 25 + 1°C. Different
letters at the each grain (brown rice and barley) are significantly different (p < 0.05, least significant difference test).

Table 2. Median lethal time (LT,)) of second instar nymphs of the sweet potato whitefly following treatment with suspensions
of Isaria javanica conidia produced by solid state fermentation on brown rice and barley with comparison between different

additives
LTSU
Additives Brown rice Barley
10° 10° 10’ 10° 10° 10’

No additive 63+00a 47+03a 38+00a 6.2 + 0.6 ab 47 +0.6 a 36+0.1c
2% Starch 69+1.1a 47 +05a 38+0.1a 58+ 0.2 ab 50+04a 3.8+00a
2% Mannose 81+1.1la 49+04a 3.6 +0.0 bc 47+0.7b 49+02a 3.7+ 0.0 bc
2% CaCO, + 2% CaSO, 69+0.1a 51+02a 39+00a 59+ 02ab 49+05a 3.7 £0.0 bc
1.32% Casein 6.2+05a 48 +03a 3.6 £ 0.0 bc 6.2+ 0.7 ab 49+0.7a 3.8 +0.0 ab
39% Casein 64+03a 49+04a 3.6 £0.1 bc 6.5+ 0.7 ab 47 +05a 3.7 £ 0.0 bc
1.32% Yeast extract 6.7+03a 47+03a 3.8 +0.0ab 6.1 +0.2ab 51+x04a 31+£00e
3% Yeast extract 72+01a 50+03a 35+0.1cd 6.8 +1.1ab 50+04a 31+01e
0.6% KNO, 78 +12a 46+03a 35+00cd 6.2 + 0.5 ab 51+03a 33+00d
1% KNO, 74 +05a 44+04a 34+01cd 6.1 0.6 ab 45+03a 32+00e
1.32% Gluten 62+03a 45+03a 31+00e 59+ 02ab 54+0.1a 34+01d
3% Gluten 69+00a 54+05a 33+00d 71+18a 45+03a 34+01d

Different letters in the same column indicate significant differences (p < 0.05, least significant difference test).

shorter for conidia produced with the addition of mannose
and starch at 10" (F=0.58; df=11, 23; p=0.8096), 3%
gluten and 1% KNO, at 10° (F=0.41; df=11, 23; p=
0.9228), and 1.32% and 3% yeast extract, 0.6% and 1%
KNO,, and 1.32% and 3% gluten at 10" conidia/mL treatment
(F=30.80; df =11, 23; p < 0.0001).

Mortality of whitefly treated with conidia that were
cultivated on brown rice with additives was lower than that
of the conidia produced on brown rice without additives
although this difference was not significant (Table 2). The
LT,, differed among additives; at 10’ conidia/mL, the addition
of 1.32% gluten and 1.32% casein resulted in lower LT,
values (6.2 days for both additives, compared with 6.3 days
for substrate without additives) (F=1.00; df=11, 23; p=
0.4962), while at 10° conidia/mL, the addition of 0.6% and

1% KNO,, 1.32% gluten, and 1.32% yeast extract resulted
in LTy, values of 4.6 days, 4.4 days, 4.5 days, and 4.6 days,
respectively, compared with 4.7 days for conidia produced
by cultivation without additives (F=0.50; df=11, 23; p=
0.8716), and at 10’ conidia/mL, the addition of 1.32% and
3% gluten, 0.6% and 1% KNO, and 3% yeast extract led to
LT,, values of 3.1 days, 3.3 days, 3.5 days, 3.4 days, and 3.5
days, which were significantly decreased compared with
the LT, of 3.8 days for conidia produced by cultivation
without additives (F = 11.73; df = 11, 23; p < 0.0001).

DISCUSSION

The production yield and virulence of I. javanica conidia
varied among different combinations of additives and solid
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substrates used for cultivation. Gluten and KNO, addition
commonly increased the conidia production and virulence
of the Korean isolate of I javanica under the different
conditions investigated.

A P. fumosoroseus isolate produced more blastospores in
liquid medium that was supplemented with casein or yeast
extract than in unsupplemented medium [26]. Similarly,
tobacco whitefly pathogenic P. fumosoroseus produced more
blastospores in liquid culture media supplemented with
glucose and casamino acid [27]. The addition of casein,
yeast extract, or corn gluten as nitrogen sources, and of
glucose or casein as carbon sources into liquid culture
media increased the production yield of P fumosoroseus
spores, and the spores also showed enhanced tolerance to
dessication [28]. Casein and yeast extract supplementation
commonly increased the production of P fumosoroseus
blastospores in different liquid media. While many studies
have previously investigated the effects of different liquid
media and additives on the production and virulence of
entomopathogenic fungal spores, few studies have previously
been conducted on solid media.

P. fumosoroseus, which was isolated from the cadavers of
lepidopteran caterpillars in India, showed higher conidia
production when cultivated on sorghum (10.4 x 10" spores/
100 g) than when cultivated on corn, rice, pearl millet, or
wheat [29]. Sporulation of M. anisopliae was stimulated on
agar medium by the addition of starch, mannose, or KNO,
[30]. Soluble starch and mannose were the most effective
stimulators of M. anisopliae sporulation. In this study,
when the I javanica isolate was cultivated on brown rice
or barley with the addition of starch or mannose, conidia
production was decreased. Conidia of M. anisopliae cultured
in Sabouraud dextrose agar with added KCl showed a
decreased germination rate and the strength of spore
attachment onto the host cuticle differed from that of
conidia produced in liquid culture media [31]. Nomuraea
rileyi produced more conidia when cultivated on wheat
with added yeast extract than when cultivated on wheat
with added brewer’s yeast or whole milk powder [32]. Rice
was the best solid substrate for the production of V. lecanii
spores, compared with sorghum, corn, ragi, and wheat.
The sporulation of P lilacinus, which was isolated from
nematodes, was stimulated when it was cultivated on agar
medium containing added mannose, sucrose, or starch.
Different P lilacinus isolates showed varying nutrient
requirements for sporulation [33]. The addition of 2% CaCO,
and 2% CaSO, into grain cultivation bags prevented grains
from sticking together and thus provided an increased
surface area for fungal growth [34]. In our study, the I
javanica isolate showed good sporulation on barley. When
the isolate was cultivated on barley with added CaCO, plus
CaSO, or gluten, conidia production was significantly
increased, but mannose, starch, or KNO, addition inhibited
conidia production. Thus, the use of additives for the solid
phase cultivation of entomopathogenic fungi led to differences
in the yields of conidia production. For the mass production

of fungal conidia, each isolate needs to be studied to determine
the optimal solid substrate and additive ingredient(s).
Spore attachment, germination, and the activity of
enzymes, including proteases such as Prl, are important
factors for fungal virulence. These characteristics may be
influenced by spore production conditions such as nutritional
ingredients in the cultivation media. The influence of
additives such as casamino acid on the spore production
and virulence of various fungal isolates has been reported
to vary among different media. For example, a M. anisopliae
isolate cultured in medium with added casamino acids
showed increased 40% mortality against A. aegypti compared
with the same isolate cultured in medium without added
casamino acids [21]. According to Shah et al. [24], M.
anisopliae produced highly virulent conidia when cultivated
in osmotic stress medium, and the conidia showed higher
Prl enzyme activity. The addition of yeast extract and
peptone to cultivation media also increased the Prl activity
of M. anisopliae conidia, but the relationship between
virulence and Prl activity was not clear in that study [23].
The addition of lecithin, collagen, or lactic acid into
culture broth increased the production of M. anisopliae
blastospores, but the virulence of the spores was similar or
lower than that of spores produced in media without
additives [19]. When conidia of Lecanicillium sp. were
produced by cultivation in media with the addition of 2%
glucose and sprayed at low concentration (10° conidia/mL),
the infection rate of whitefly was higher than that of
conidia produced by cultivation in media with the addition
of maltose and peptone. However, at a higher dosage (10"
conidia/mL), there was no significant difference between
the infection rates of the conidia produced by cultivation
with different additives [22]. The addition of trace minerals
such as KJ, ZnSO,, or KBr to agar medium increased the
pathogenicity of B. bassiana conidia [35]. For I javanica,
which is a sweet potato whitefly pathogen, the virulence of
conidia was increased when the isolate was cultured with
the addition of gluten on both brown rice and barley solid
substrates. Conidia cultivated on barley with added KNO,
or yeast extract also showed improved mortality against
tobacco whitefly, compared with conidia cultivated on
barley without additives. We expected that when the isolate
was cultured with additives, highly virulent conidia would
be produced, allowing us to spray a low concentration of
spores onto crops but still achieve a high control efficacy
against whitefly. However, against our expectations, the
virulence of the conidia was only improved at a high spraying
concentration (10" conidia/mL). At spraying concentrations
of 10’ and 10° conidia/mL, the LT,, did not significantly
differ among the conidia produced by cultivation on solid
substrates with different additives. These results were
different from those of Shi et al. [22], whose study found
that the addition of glucose to cultivation media led to the
production of V. lecanii conidia that produced a higher
mortality rate in their host (T. vaporariorum). We will
conduct future studies to investigate why virulence was
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increased by the addition of gluten, KNO,, or yeast extract
at the highest spraying concentration of conidia. In conclusion,
the production of sweet potato whitefly pathogenic I
javanica conidia was increased on barley by the addition of
CaCO,+ CaSO, and on brown rice by the addition of gluten.
Gluten addition also improved the virulence of conidia
cultivated on both substrates. Compared with conidia
produced on barley without additives, conidia produced on
barley with added KNO, or yeast extract also showed
improved virulence against tobacco whitefly.
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