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Abstract Entomopathogenic fungi and predatory mites can independently contribute to
suppressing the two-spotted spider mite, Tetranychus urticae Koch. It is important to
assess the risk of possible fungal infections in predators when a combination of them are
being considered as a tandem control strategy for suppressing 7. urticae. The first part of
this study tested 12 Beauveria bassiana isolates for virulence in 7. urticae. Strains SCWJ-
2, SDDZ-9, LNSZ-26, GZGY-1-3 and WLMQ-32 were found to be the most potent,
causing 37.6-49.5% adult corrected mortality at a concentration of 1 x 10’ m/L conidia
4 days post-treatment. The second part evaluated the pathogenicity of these five strains in
five species of predatory phytoseiid mites. The bioassay results indicated that all adult
predatory mite mortalities ranged from 7.5 to 9.1% 4 days post-treatment. No viable fungal
hyphae were found on predator cadavers. Observations with scanning electron microscopy
revealed that conidia were attached to the cuticle of predatory mites within 2—12 h after
spraying with strain LNSZ-26, and had germinated within 24-36 h. After 48 h, conidia had
gradually been shed from the mites, after none of the conidia had penetrated the cuticular
surfaces. In contrast, the germinated conidia successfully penetrated the cuticle of 7.
urticae, and within 60 h the fungus colonized the mite’s body. Our study demonstrated that
although several B. bassiana strains displayed a high virulence in 7. urticae there was no
evident pathogenicity to phytoseiid mites. These findings support the potential use of
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entomopathogenic fungus in combination with predatory mites in 7. urticae control
programs.

Keywords Phytoseiidae - Entomopathogenic fungus - Infection - Defense - Scanning
electron microscopy

Introduction

The two-spotted spider mite, Tetranychus urticae Koch (Acari: Tetranychidae), is a major
economically important pest of agricultural and ornamental plants worldwide (Walter and
Proctor 1999; Mondel and Ara 2006; Vergel et al. 2011). This mite species has become a
serious problem due to the large scale use of chemical insecticides. One explanation for
this increase is that widespread insecticide usage has eliminated many of the mites’ natural
enemies, resulting in a reduction in predation pressure on the mite (Choi et al. 2004,
Prischmann et al. 2005). Because of this effect on their natural enemies, coupled with the
fact that increasing insecticide resistance in spider mites has evolved independently
multiple times (Van Leeuwen et al. 2010), there has been an increasing demand for
alternative approaches (Seiedy et al. 2010). Consequently, using biological control agents,
such as entomopathogenic fungi (Maniania et al. 2008) and predatory mites (Zhang 2003)
has become an increasingly popular option in suppressing spider mite populations because
their use is considered to be more environmentally friendly.

Entomopathogenic fungi such as Beauveria bassiana (Balsamo) Vuillemin are widely
distributed in nature (St. Leger et al. 1992). Beauveria bassiana has been tested in the
laboratory and applied in the field to control numerous insect pest species (Legaspi et al.
2000), and has shown potential as an effective agent in controlling pest mite species
(Maniania et al. 2008; Geroh et al. 2015). Although the potential for using some fungal
agents for controlling 7. urticae has been demonstrated under laboratory or greenhouse
conditions (Bugeme et al. 2009; Gatarayiha et al. 2011; Seyed-Talebi et al. 2012), the
control efficacy for T. urticae is somewhat limited because of the mites’ habits of feeding
primarily on the ventral surface of the leaves. In addition, the mites produce silken webs
(Morimoto et al. 2006), which tend to shield them from spray applications of the fungus
(Gatarayiha et al. 2010). In order to increase efficiency in controlling 7. urticae to minimize
economic losses, it has been suggested that using predatory mites accompanied by appli-
cations of B. bassiana may be an alternative to traditional 7. urticae management (Chandler
et al. 2005). Considering the wide range of insect and mite species that are susceptible to B.
bassiana, there is a risk that the fungus may be harmful to predatory mites (Jacobson et al.
2001). Therefore, evaluating the compatibility of B. bassiana and predatory mites may be
critical to the success of potential IPM programs designed to control T. urticae.

Several studies have evaluated the effects of pathogens on predators by investigating the
predator mortality after exposure to spray residues (Flexner et al. 1986). These studies,
however, are commonly laboratory-based with bioassay experiments being conducted in
confined environments (Chang 1996), for example, in Petri dishes covered with parafilm
(Sun et al. 2002) or polyvinyl chloride (PVC) film (Wu et al. 2015). Based on our
observations, these enclosed environments often result in a high humidity situation, with a
layer of condensate on the inside surface of the film during incubation, often leading to a
higher mortality in small arthropods, including predatory mites. The current lack of
information on susceptibility of predatory mites to B. bassiana has restricted their
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combined utilization for controlling pest mite species. In order to determine the effect of
the fungus on predator mites, we first conducted a bioassay of one of the highly virulent
strains of B. bassiana on T. urticae, and then observed and documented the fungal infection
process in five species of predatory mites, Neoseiulus [=Amblyseius] cucumeris (Oude-
mans) (Easterbrook et al. 2001), Neoseiulus californicus (McGregor) (Greco et al. 2005),
Neoseiulus womersleyi (Schicha) (=Amblyseius pseudolongispinosus Xin, Liang and Ke)
(Xin et al. 1984), Phytoseiulus persimilis Athias-Henriot (Opit et al. 2004), Amblyseius
swirskii Athias-Henriot (van Houten et al. 2007), using scanning electron microscopy
(SEM). These five predatory mite species are the subject of ongoing research in China (Xu
et al. 2013, 2015) and have shown potential for use in biological control of T. urticae.

Materials and methods
Entomopathogenic fungi

The origin and source of the 12 fungal isolates are shown in Table 1. All isolates were
stored and conidia were produced on Sabouraud Dextrose Agar (SDA) at 26 £+ 1 °C and
incubated for 7 days. Conidia powder used for the experiments was harvested using an
inoculation loop, and then suspended in sterile 54 g/L Tween-80 and diluted to 1 x 107 m/L
conidia, according to the method described by Goettel and Inglis (1997). Viability of the
conidia was confirmed on SDA medium (Wen et al. 2003), and the percentage germination
of the conidia was determined to be >90% for all strains.

Mite colonies tested
The five species of predatory mite, N. cucumeris, N. californicus, N. womersleyi, P. persimilis,

and A. swirskii, were obtained from colonies maintained in the laboratory at the Institute of
Plant Protection, Chinese Academy of Agricultural Sciences, Beijing, China. The spider mite

Table 1 Origin of Beauveria bassiana isolates screened against the two-spotted spider mite, Tetranychus
urticae

Fungal isolates Original host Site origin (collection year)
SCWJ-2 Ostrinia furnacalis Wenjiang, Sichuan (2012)
(Lepidoptera: Pyralidae)
SCWI-9 0. furnacalis Wenjiang, Sichuan (2012)
SDDZ-9 0. furnacalis Dezhou, Shandong (2012)
LNSZ-26 0. furnacalis Suizhong, Liaoning (2011)
GZGY-1-3 O. furnacalis Guiyang, Guizhou (2012)
NMTL-16 0. furnacalis Tongliao, Inner Mongolia (2011)
HBYQ-3 Trialeurodes vaporariorum Langfang, Hebei (2012)
(Hemiptera: Aleyrodidae)
JLGZL-1 O. furnacalis Gongzhuling, Jilin (2012)
HLJTL-31 O. furnacalis Tailai, Heilongjiang (2012)
SDLZ-8 O. furnacalis Laizhou, Shandong (2011)
HNLY-62 O. furnacalis Luoyang, Henan (2011)
XIWLMQ-32 O. furnacalis Urumchi, Xinjiang (2012)
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T. urticae colony, originally obtained from Nanjing Agriculture University (Nanjing, China),
was lab-reared on kidney beans (Phaseolus vulgaris) in a walk-in growth chamber at
20-30 °C, 60-70% RH and L12:D12 h. To maintain similar age adult 7. urticae mites for the
bioassays, deutonymphs taken from plants were carefully transferred onto detached bean
leaves using a fine paintbrush. The leaves ware placed on petri dishes (7 cm diameter) of 15 g/L.
agar containing rhizocaline (100 mg/mL) and maintained at 26 £ 1 °C and L14:D10 pho-
toperiod until development of the adults (Shi and Feng 2009). The similar age adult predatory
mites were obtained as being consistent with 7. urticae mites, except that deutonymphs were
separately cultured in plastic boxes (15 x 15 x 10 cm) with lids and supplied with T. urticae as
prey. Circular moistened sponges (3 cm thick, 10 cm diameter) were placed on the bottom of the
boxes to prevent the mites from escaping. A hole (12 cm diameter) was cut in the lid and covered
with fine mesh for ventilation. Culture boxes were kept in climatic chambers and maintained at
26 £ 1 °C, 60-70% RH and L14:D10 photoperiod. Newly emerged adult female predatory
mites and 7. urticae mites (no more than 2 days after final ecdysis) were used for experimental
treatments.

Screening of 12 fungal isolates

Twenty T. urticae adults were transferred to a Petri dish (7 cm diameter) lined with a
freshly excised bean leaf, and placed on a moist filter paper. The leaf stalk was wrapped
with moistened cotton to slow leaf desiccation. Fungal conidia were prepared at a con-
centration of 1 x 10’ m/L conidia (the middle concentration recommended for laboratory
bioassays by Shi et al. 2008). Deposits of sprayed conidia on the surface of T. urticae (no.
conidia/mm?) were counted using an optical microscope at 400x magnification in five
random views under a glass coverslip (2 x 2 cm), that had been placed on the dish to
collect the conidia from the spray. Counts of conidia were then averaged as the number of
conidia per mm?.

The effect of the fungal isolates on 7. urticae survival was evaluated by spraying mites
with B. bassiana using a hand-held pressure sprayer (2 mL) producing a wet deposit of
195 £ 13 (mean & SE) conidia/mm?. Untreated control mites were handled in a similar
manner, except sterile 54 g/l Tween-80 was used in place of the conidia spray. The Petri
dishes were sealed with polyvinyl chloride (PVC) film, which was pricked with minute
pins for ventilation (Wu et al. 2014), and then incubated in a climate chamber maintained
at 26 = 1 °C, 60-70% RH and L14:D10 photoperiod. The number of dead mites was
recorded daily by means of a 10x hand magnifier after the PVC cover was temporarily
removed to enable observation. Cadavers were transferred onto a moistened filter paper in
a Petri dish and left undisturbed for 5-6 days. The presence of fungal outgrowths on the
mites visible under an optical microscope (Nikon, SMZ1500, Japan) at 50x magnification
was used as an indication of death due to fungal infection. The bioassays of all fungal
isolates and controls were replicated six times and 20 adult mites were used in each
replicate. Mortality of mites was assessed 4 days after treatment. Every replicate in a
control treatment was <15%.

Effects of five highly virulent Beauveria bassiana strains on predatory mites
Based on previous screening of the 12 fungal strains as reported above, strains SCWIJ-2,
SDDZ-9, LNSZ-26, GZGY-1-3 and WLMQ-32 were further tested against 7. urticae and

the five species of predatory mites using a spray concentration of 1 x 10’ m/L conidia. To
limit the searching behavior of the predatory mites to the leaves and to prevent them from
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escaping from the Petri dishes, the experimental design consisted of two uniform pieces of
Plexiglas (6 x 5 x 0.4 cm). A water-saturated filter paper was placed on the bottom piece,
and a freshly excised kidney bean leaf placed ventral side up on the filter paper surface. A
2.5-cm-diameter hole was cut in the second piece of Plexiglas and was pressed on the leaf.
The circular chamber that was formed between the two outer pieces of Plexiglas served as
the experimental arena (Wu et al. 2016). Each predatory mite species that had been added
to the leaf disc inside the chamber were sprayed and their mortality was assessed as
described above. Ample T. urticae immature prey was supplied daily to the chambers
containing predatory mites. The chamber of the experimental unit was then sealed with a
coverslip. All dead individuals were removed, placed on a moist filter paper in a Petri dish,
and examined under an optical microscope for the presence of fungal mycelia. The
bioassays of five fungal isolates and controls were replicated six times using 20 adults of
mites in each replicate for each of the five mite species. The number of B. bassiana conidia
deposited onto each species of mite was determined as above, and estimated as 206 + 16
(mean =+ SE) conidia/mm?>.

Scanning electron microscope (SEM) observations

A SEM was used to observe and document the micromorphological processes that occurred
due to fungal conidial inoculation in each of the predatory mite species. Mites were first
sprayed with one of highly virulent B. bassiana strains LNSZ-26 (1 x 10" conidia/mL) as
described above. Then 10 individuals of the predatory mite species being observed were
placed into one of the chambers and supplied with ample 7. urticae immatures as prey.
After 2, 12, 24, 36, 48 and 60 h, the B. bassiana-treated mites were removed, fixed in 5%
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Fig. 1 Corrected mean mortality (+SEM) of 12 Beauveria bassiana isolates in Tetranychus urticae at
4 days post-treatment in the laboratory
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Fig. 2 Comparison of the status of cadavers between Tetranychus urticae and phytoseiid mite at 6 days
post-treatment with Beauveria bassiana LNSZ-26 at a concentration of 1 x 107 m/L conidia. a Fungal
hyphae emerging from 7. urticae cadavers; b no fungal hyphae were observable on phytoseiid mite

glutaraldehyde in cacodylate buffer for 24 h, and then dehydrated in an ascending series of
ethyl alcohol solutions (70, 75, 80, 90, 95 and 100%, 6 min each). After dehydration, the
samples were dried using the critical-point method, mounted on SEM stubs, and sputter
coated with gold. The samples were viewed using a Quanta 200 FEG SEM under a high-
vacuum mode at 5-10 kV. To compare the fungal infection process in the predatory mites
and T. urticae, the same procedure for SEM of T. urticae as described above was carried
out.

Statistical analysis

Mortality data were control mortality corrected using Abbott’s formula (Abbott 1925), and
then normalized using square root transformation. Differences in mortality among different
fungal isolates were analyzed by one-way analysis of variance (ANOVA) using SPSS 13.0.
Means were separated using the Tukey—Kramer honestly significant difference (HSD) test
(o = 0.05).

Results
Screening fungal isolates

All test fungal isolates were shown infective to adult 7. urticae (Fig. 1). Correct mortalities
of T. urticae showed significant differences among the different isolates (F;; g0 = 9.09,
P < 0.0001) 4 days after spray application. However, there were no significant differences
among the isolates of SCWJ-2, SDDZ-9, LNSZ-26, GZGY-1-3 and WLMQ-32
(F425 = 2.60, P = 0.06), resulting in mite corrected mortalities of 37.6-49.5% 4 days
post-treatment. Fungal outgrowths were noticeable on 7. urticae cadavers on day five or six
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Fig. 3 Comparison of mean
(+SEM) mortality of five
Beauveria bassiana isolates
(SCW1J-2, SDDZ-9, LNSZ-26,
GZGY-1-3 and WLMQ-32) and
untreated control in each of five
species of phytoseiid mites at
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cucumeris, b N. californicus;

¢ Phytoseiulus persimilis;

d Amblyseius swirskii; e N.
womersleyi

Mortality (%)

Mortality (%)

Mortality (%)

Mortality (%)

Mortality (%)

20

F;,,=0.36; P=0.87

530

F,

20— 0.42; P=0.83

|
il

-+

Fy30=030; P=0.91

=

I
I

F.

20=0.24; P=0.94

- B [ [T

I

- F

|
i

FSJU

I
I

CK

SCWJ-2  SDDZ-9  LNSZ-26 GZGY-1-3 WLMQ-32

Isolates

@ Springer



428 Exp Appl Acarol (2016) 70:421-435

y le

. g A [
7/8/2014 | Mag | HV | WD |Pressure| VacMode | -
10:51:34 AM|1000x6.0 kV.7.8 mm __— __High vacuum

7/8/2014 | Mag | HV | WD |Pressure| VacMode
10:12:47 AM 20000x 6.0 KV.7.9 mm - High vacuum

7/8/2014 |Mag | HV | WD |Pressure| VacMode
.

10:44:58 AM 8000x 6.0 kV 7.8 mm ligh vacuum

< oy ‘
7/8/2014 | Mag | HV | WD |Pressure| VacMode 10.0pm:
04110 AV 2000 807 8 bigh oo

Fig. 4 Inoculation and attachment of Beauveria bassiana isolate LNSZ-26 conidia on the cuticle of
Neoseiulus cucumeris, after a 2 h; b 12 h; ¢ 24-36; d 48 h

(Fig. 2a). These five fungal strains were determined to be the most virulent strains and
were chosen for further evaluation on the predatory mite species.

Effects of five highly virulent Beauveria bassiana strains on predatory mites

The mortalities of five species of predatory mites in the untreated control treatments ranged
from 7.5 to 9.1% 4 days post-treatment (Fig. 3). There were no significant differences of
mortalities between five B. bassiana strains (SCWJ-2, SDDZ-9, LNSZ-26, GZGY-1-3 and
WLMQ-32) and untreated control for each of predatory mites (P > 0.5) 4 days after spray
application. No fungal hyphae were observable under an optical microscope on the
predatory mite cadavers (Fig. 2b).

Scanning electron microscopic (SEM) observations
Conidia adhered to the cuticle of predatory mites within 2-12 h (Figs. 4a, 5a, 6a, 7a, 8a).
Some secretions were detected on the interface of the conidia (Figs. 7b, 8b). Although

conidia germinated within 24-36 h, they apparently did not penetrate the cuticle (Figs. 4c,
Sc¢, 6¢, 7c, 8c). Most conidia were shed from the cuticle, and a number of them had begun
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Fig. 5 Inoculation and attachment of Beauveria bassiana isolate LNSZ-26 conidia on the cuticle of
Neoseiulus californicus, after a 2 h; b 12 h; ¢ 24-36; d 48 h

to shrivel within 48 h (Figs. 4d, 5d, 8d). Few conidia were detected on the cuticular surface
after 48 h. Similarly, conidia adhered to the cuticle of T. urticae within 2-12 h (Fig. 9a)
and germinated within 24-36 h (Fig. 9b). However, Germ tubes of conidia successfully
penetrated the mite cuticle within 48 h (Fig. 9c), with fungal mycelia prolifically growing
from its bodies within 60 h (Fig. 9d).

Discussion

The entomopathogenic fungus B. bassiana has been reported as being capable of infecting
over 100 species of insects from a wide range of insect orders, although many fungal
isolates vary in host range and some isolates have displayed high host specificity (Maurer
et al. 1997; McCoy et al. 1988). The possible effects of pathogens on natural enemies are
particularly relevant to biological control of agricultural pests. If natural enemies are
susceptible to infection by pathogens, applying combinations of these two controls for
suppression of pests would not be compatible. In contrast, applying multiple species may
act synergistically in reducing a pest population if interference between species is minimal
or nonexistent (Roy and Pell 2000). Since many of these evaluation studies, however, have
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Fig. 6 Inoculation and attachment of Beauveria bassiana isolate LNSZ-26 conidia on the cuticle of
Phytoseiulus persimilis, after a 2 h; b 12 h; ¢ 24-36; d 48 h

been conducted in simplified laboratory rearing containers, conclusions from such studies
tend to be limited by the context in which the insects were incubated. Ludwig and Oetting
(2001) indicated that natural enemies were highly susceptible to infection by B. bassiana
under laboratory conditions, while lower infection rates occurred in the greenhouse. Shi
and Feng (2004) reported that they had failed in many of their attempts to conduct
bioassays on the carmine spider mite, Tetranychus cinnabarinus (Boisduval), using a leaf-
dish system for evaluating the lethal effects of fungus on the immobile eggs because high
natural mortalities had occurred. In the present study, although the bean leaf stems were
wrapped with moistened cotton in the Petri dishes, the leaves gradually began to wilt
4 days after inoculation, which necessitated assessing mite mortalities on day four. In the
sealed chambers, the high humidity would increase the natural mortality of mites, with
more than 20% mortality in the untreated control after 5 days.

The bioassays for predatory mites showed that roughly identical mortalities were caused
by B. bassiana and the Tween-80 control. However, no formation of hyphae was observed
on cadavers after being sprayed with B. bassiana, indicating that the predatory mites had
died naturally during the treatment. Our SEM observations further verified that strain
LNSZ-26 was not pathogenic to predatory mites, since the conidial germ tube was not able
to penetrate the cuticle. These results were consistent with our previous study,
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Fig. 7 Inoculation and attachment of Beauveria bassiana isolate LNSZ-26 conidia on the cuticle of
Amblyseius swirskii, after a 2 h; b 12 h; ¢ 24-36; d 48 h

demonstrating that the same fungal species displayed no virulence to the predatory mite
Neoseiulus barkeri (Hughes) (Wu et al. 2014). In contrast, B. bassiana strain LNSZ-26
conidia penetrated 7. urticae cuticle soon after germination. These results do raise ques-
tions why B. bassiana is so virulent to pest mite species, but shows no apparent infectivity
in predatory mite species. Furtado et al. (1996) did report that a strain of the fungal
pathogen, Neozygites acaricida (Petch) S. Keller and Milner was pathogenic to the
predatory mite Euseius citrifolius Denmark and Muma, while many other studies have
indicated that other fungal pathogens displayed no detrimental effects on predatory mites
under both laboratory conditions and field investigations (Jacobson et al. 2001; Wekesa
et al. 2007; Wang et al. 2011). It remains unknown how entomopathogenic fungi can
selectively identify and infect their host species.

The ability of fungal conidia to attach to the insect cuticle is strongly correlated with
virulence (Altre et al. 1999). Insect infection occurs following germination of conidia on
the cuticle, with subsequent penetration of the cuticle by specialized infection structures
(Butt 1990). Insect cuticle constitutes a defensive barrier to fungal penetration (Samuels
and Paterson 1995). In our studies, although conidia were able to germinate, they appar-
ently were not able to penetrate the cuticle of any of the predatory mite species. We
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Fig. 8 Inoculation and attachment of Beauveria bassiana isolate LNSZ-26 conidia on the cuticle of
Neoseiulus womersleyi, after a 2 h; b 12 h; ¢ 24-36; d 48 h

speculated that their proteinaceous outer integument forms an effective barrier against
fungi. Furthermore, the self-grooming behavior of fungal conidia (Wu et al. 2016) prob-
ably reduced the probability of fungal infection in predatory mites. In addition, several
shriveled conidia that remained on the cuticle 48 h after spraying with B. bassiana had
likely lost their viability due to the lack of an appropriate nutrient source from the host
mite. The defense mechanism present in the cuticle of predator mites that is responsible for
this apparent immunity to fungal penetration deserves further study.

Evaluating the compatibility of entomopathogenic fungi and predatory mites is a critical
issue for the successful implementation of IPM programs to control pest mite species
(Vergel et al. 2011). Chandler et al. (2005) reported that a strain of the commercial fungal
pathogen Naturalis-L caused a reduction in the numbers of P. persimilis on greenhouse
tomatoes, but did not know if this was caused directly by the fungal infection. Our study
tested the B. bassiana strains that were virulent to 7. urticae, but were found to be non-
infective to five species of predatory mites under laboratory bioassay and SEM observa-
tion. The findings here support the potential use of B. bassiana in combination with
predatory mites to control 7. urticae.
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