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Abstract Use of the mycopathogen Beauveria bassiana (strain GHA), marketed as
BotaniGard® ES, was evaluated as a plant protection strategy against the spider mite
Tetranychus urticae Koch, which is considered one of the most economically important
and cosmopolitan pests of many crops. Tetranychus urticae were treated with four con-
centrations of conidia (1 x 10°,1 x 10%, 1 x 107, 0or 1 x 108 conidia/ml), and virulence
was assessed on mites held at four relative humidity levels (35, 55, 75, and 95 + 2 % RH)
at25 4+ 1°C. At 1 x 108 spores/ml, the LTsq value was 9.7 h at 95 % RH, which was
significantly lower than values for other RH levels. At 1 x 107 spores/ml, the LT, value
was 43.8 h at 95 % RH, which was significantly different from values at 55 and 35 % RH.
The efficacy of B. bassiana product was also verified on mites infesting potted bean plants
with a concentration of 1 x 10® spores/ml. In double spray treatment where applications
were made 2 x on days 5 and 10 after mite infestation, the nymphal and adult population
of T. urticae were reduced to zero on days 20 and 15, respectively. With a single spray on
day 5, the nymphal population was also greatly reduced, but increased rapidly after day 20.
Single and double sprays with B. bassiana reduced leaf damage as measured by image
analysis by 33 and 94 % compared to no treatment, respectively. These results suggest that
1 x 10® spores/ml was the most effective dose and that two applications, at a 5-day
interval, provided control of T. urticae in our laboratory assay.
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Introduction

Tetranychus urticae Koch (Acari: Tetranychidae) is one of the most polyphagous herbivorous
arthropods, feeding on more than 1,100 plant species in over 140 plant families (Grbic et al.
2011; Migeon and Dorkeld 2014). With global warming, the detrimental effects of spider
mites on agriculture will increase due to their rapid developmental rate at higher temperatures
(Ullah et al. 2012). Chemical pesticides is the most commonly used control tactic for T.
urticae, but this species rapidly and commonly develops pesticide resistance (Van Leeuwen
etal. 2010). Many biological aspects of the spider mite, including its rapid development, high
fecundity, and arrhenotokous reproduction seem to facilitate the rapid evolution of pesticide
resistance, in addition to direct changes in the sensitivity of the target site due to point
mutations or sequestration/metabolism of the pesticide (Van Leeuwen et al. 2010). Therefore,
alternative IPM strategies such as biological control should be developed and applied to
supplement the chemical acaricides that are currently being used.

The entomopathogenic fungus Beauveria bassiana (Balsamo) Vuillemin is a ubiquitous
pathogen of many pest arthropods such as aphids, leathoppers, and whiteflies (Faria and
Wraight 2001; Feng et al. 2004; Hatting et al. 2004; Pu et al. 2005) whose repeated fungal
application has been found to control certain arthropod pests (Groden et al. 2002). In recent
years, interest in using mycoinsecticides, including B. bassiana, for the control of mites has
increased (Alves et al. 2002, 2005; Shi and Feng 2006, 2009; Seiedy et al. 2010). The efficacy
of entomopathogenic fungi is affected by several abiotic factors, such as temperature,
humidity, and solar radiation (Benz 1987; Inglis et al. 2001; Alves et al. 2005; Seiedy et al.
2010), host population level, and the presence of antagonists (James et al. 2003; Toledo et al.
2011). Successful use of mycoinsecticides depends particularly on ambient relative humidity
(RH) conditions and concentration of conidia applied (Ferron et al. 1991; Alves et al. 2005;
Devi and Rao 2006). To optimize control of spider mite by a particular B. bassiana strain,
preliminary evaluation is necessary to determine the effect of both conidial concentration and
relative humidity. However, no reports have revealed the interactive effect of conidial con-
centration of B. bassiana and level of humidity on infection levels in 7. urticae except Shi
et al. (2008) who tested the ovicidal effect of B. bassiana under various temperature and
humidity regimes. In this study, we evaluated the acaricidal effect of a commercial formu-
lation of B. bassiana (BotaniGard® ES) on T. urticae under four conidial concentrations and
four RH conditions. We (1) determined the most effective concentration and RH for maxi-
mizing the virulence of B. bassiana on T. urticae and (2) confirmed the efficacy of the optimal
conidial concentration on potted bean plants.

Materials and methods
Mites
Tetranychus urticae, obtained from Dongbu Farm Ceres Company, Nonsan, Korea, were

reared on leaf discs (ca. 16 cm?) of common bean, Phaseolus vulgaris L., in a growth
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chamber (DS-11BPL, Dasol Scientific, Suwon, Korea) in Andong National University, for
more than 1 year. Bean leaf discs were placed on water-saturated polyurethane mats in
plastic Petri dishes (90 mm diameter, 20 mm depth) at 25 + 1 °C, 60-70 % RH, and a
photoperiod of 16:8 h L:D. To obtain fixed-age females for the bioassay, quiescent deu-
tonymphs were collected from the mite culture and isolated on fresh leaf discs. Newly
emerged females were used for the experiments 3-5 days later.

Fungal pathogen and preparation of conidial suspension

The entomopathogenic fungus tested was BotaniGard® ES (B. bassiana, GHA strain,
Arysta LifeScience, Tokyo, Japan) obtained commercially. For the bioassay, subcultures
were grown on Sabouraud Dextrose Agar (SDA) in Petri dishes and maintained in the dark
at the ambient temperature (25 = 1 °C) for 10-14 days. Conidia were harvested from
surface cultures by scraping and were then suspended in 10 ml of sterile distilled water
containing 0.05 % Triton X-100 using universal bottles containing glass beads. Conidial
suspensions were vortexed for 5 min, and spore concentrations were determined using a
haemocytometer (Neubauer-improved haemocytometer, Lauda-Konigshofen, Germany).
The viability of conidia was determined before the bioassay by spread-plating 0.1 ml of
conidial suspension titrated to 1 x 10* conidia ml™" on SDA plates. Plates were incubated
at 25 £+ 1 °C, and the percentage germination was determined after 24 h from 100-spore
counts by placing a sterile microscope coverslip on each plate under a microscope (Nikon,
Eclipse E200, Japan). Each plate was replicated 4x. Conidia germination >90 % was
observed in all tests. Suspensions were prepared at concentrations of 1 x 10°, 1 x 10°,
1 x 107, and 1 x 10® conidia ml~'. The spore suspensions were used just after
preparation.

Leaf disc assay

LT, LTs0, and LTg, values for adult females of 7. urticae were assessed after application of
B. bassiana. Leaf discs (ca. 16 cm?) were prepared using cotyledonous leaves of common
bean, which were then individually placed on wet cotton pads in a Petri dish (90 mm
diameter). Three to 5 day-old mated females of T. urticae were placed on a new bean leaf
disc (ca. 4 x 4 sz) and incubated for 24 h. There were four replicates for each treatment,
and 15 adult mites were used in each replicate. Dead or injured individuals were then
removed, and the four concentrations of B. bassiana conidial suspension (1 ml/cm?) were
sprayed onto the mite-infested discs using a hand sprayer. In order to calibrate the sprayer,
five consecutive sprays were performed on Petri dishes in triplicate, and the deposits were
quantified before the bioassay—no significant differences were obtained (data not shown).
For a control, just distilled water was sprayed on a subset of leaf discs. After air drying, the
mite-infested discs were held under four RH regimes (35, 55, 75, and 95 £ 2 %), all at
25 4+ 1°C and a 16:8 h L:D photoperiod in an incubator until mite death. The four RH
regimes were achieved by dissolving MgCl,, Mg(NO3),-6H,0, NaCl, and K,SO, in distilled
water in desiccators (140 mm diameter, Scienceware®, Wayne, New Jersey, USA) to prepare
35, 55, 75, and 95 £+ 2 % RH, respectively (Rockland 1960). Temperature and RH were
measured using a data logger (U10-001; Onset Computer Corporation, Cape Cod, MA,
USA). Mites that did not move their appendages when touched with a fine brush were
regarded as dead, and mortality was recorded at 8-h intervals. The dead mites were trans-
ferred autoclaved Petri dishes with a moist filter paper lining to allow the growth of fungus
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on the surface of the cadavers. Mortality caused by B. bassiana was confirmed by
microscopic observation of spores on the surface of the mites.

Potted bean plant assay

This experiment with B. bassiana was conducted with a concentration of 1 x 10® conidia
ml ™" prepared by diluting Botaniguard with distilled water (1 ml 1.6 x 10" conidia ml™"
Botaniguard + 159 ml distilled water) at 20-25 °C and an RH of 33.5-51.0 %. Twenty-
five adult gravid females of T. urticae were released onto each kidney bean plant which
was 2 weeks old from the time of seeding. Tanglefoot (The Tanglefoot Company, Grand
Rapids, MI, USA) was applied at the base of each plant to prevent the mites from moving
down the stem and into the soil. The mite-infested plants were divided into three treatment
groups (double sprays, single spray, and control), and each treatment was conducted with
six plants. After 5 days, an initial count of nymphs and adult spider mites was made the
day before the first spray. Mite-infested leaves of kidney bean were sprayed using a hand
sprayer. All leaves in each plant were examined for the presence of nymphs and adults
using a hand magnifier and microscope. After the first spray (1 ml/cm?), mite densities (the
number of nymphs and adults per plant) were monitored every 5 days using the same
sampling method. In the ‘double spray’ treatment, the second spray was conducted 5 days
after the first. In the control treatment, kidney bean plants were sprayed once with distilled
water only. The efficacy of B. bassiana application was evaluated based on the counts of
live nymphs and adult spider mites under microscope.

Measurement of leaf area damaged by mites

Spider mites live and feed inside silk webs on the underside of leaves (Aponte and
McMurtry 1997). Feeding by mites induces necrosis of leaf tissue below silk mats,
resulting in a pattern of small (ca. 1-5 mm?) white spots located primarily along leaf veins
of kidney bean. In order to study the effect of application frequency of B. bassiana on leaf
damage, we quantified mite feeding damage using image analysis software (SigmaScan
Pro, SPSS, Chicago, IL, USA) by measuring the area of these white spots. Damaged area
was corrected for control leaves where neither mite nor fungus was applied using the
following formula:

100 x (Treated — Control)

Corrected damage (%) = (100 — Control)

Statistical analyses

The percentage of dead mites was corrected using Abbott’s (1925) formula. The LT,
LTso, and LTgg were determined by Probit analysis using POLO-Plus (LeOra software
1987). The correction of overlapping confidence intervals of the LT, LTsg, and LTy was
used to establish whether or not lines were significantly different at the 5 % level (Rob-
ertson et al. 2007). Before analysis, the values were In-transformed (number of nymphs,
number of adults) or arcsine transformed (leaf area damage) to normalize the data. For the
potted plant results, a repeated measure ANOVA was used to compare the temporal
variation in 7. urticae (nymphs and adults) density among treatments and the sampling
dates (SAS Institute 2000). Sigma Plot 8.0 was used for graphical representation of leaf
damage differences using box-plots.
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Results
Observation of fungal infection

Spider mite death caused by mycosis began 3 days after fungal application in the leaf disc
assay. Infected females became sluggish, darker, and slightly swollen before death. The
mycotic cadavars showed inconspicuous fungal out-growth on the bean leaves at 95 and
75 £ 2 % RH (Fig. 1a—d). In high RH conditions, most dead mites became well mycotized
within 3 days of being transferred into SDA media (Fig. le). Dead mites in control did not
produce any mycotic cadavars on SDA media (Fig. 1f). In addition, typical mycelia and
conidia of B. bassiana grew on the mycotic cadavers, indicating the potential for trans-
mission to other individuals.

Laboratory bioassay

Adult mite mortality in response to the various combinations of conidial concentration and
RH is shown in Table 1 and Fig. 2. Morality greatly increased with the conidial concen-
tration of B. bassiana, being highest at a concentration of 1 x 10® and a RH of 95 & 2 %.
At concentrations of 1 x 10® and 1 x 107 conidia/ml, the LTso-values at 95 + 2 % RH
were 9.7 and 43.8 h, respectively. These periods were significantly shorter than those for
lower RHs (Table 1). At lower concentrations of 1 x 10° and 1 x 10° conidia/ml, the
LTs did not differ significantly among the examined RH regimes (Table 1). The effect of
RH was found to be significant only in the treatments with higher conidial concentrations
(Table 1; Fig. 2).

“After 72 hours a b. After 80 hours c. After 88 hours

f. Normal death

Fig. 1 Infection caused by Beauveria bassiana on Tetranychus urticae (a—c), cadavers (d), spore formation
in SDA media (e), normal death caused no spore formation (f)
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Fig. 2 Survivorship of adult female of Tetranychus urticae exposed to four concentrations of Beauveria
bassiana at various RH regimes at 25 &+ 1 °C on bean leaves

Potted bioassay

Initial population levels of adult spider mites were 17.2, 17.0, and 18.0 per plant before the
assay which were subjected to the treatments of double, single, or no fungal spray,
respectively (F,,15 = 0.12, P = 0.88) (Fig. 3). Adult spider mites increased rapidly in the
control treatment, reaching 436 adults per plant 30 days after inoculation (Fig. 3). In the
single spray treatment, mites decreased after the application of B. bassiana on day 5 until
day 15, after which they rebounded, reaching 73.0 per plant on day 35. In the double spray
treatment, adult mite numbers reached zero per plant on day 15 (F;5 = 59.62,
P < 0.001). Repeated measures ANOVA showed significant differences in the adult
population among treatments or sample days from day 15 to 35 (on day 15:
F; 105 = 635.13; on day 20: F, ;05 = 2,138.05; on day 25: F, 195 = 1,939.64; on day 30:
F5 105 = 2,986.06; on day 35: F 1095 = 1,661.49, all P < 0.001). The time x treatment
interaction was also significant in adult of T. urticae (F; 105 = 373.32, P < 0.001).

In the control, nymphal density increased rapidly, reaching about 956 per plant after
30 days of inoculation, and infested leaves became white and wilted. But in fungal
application treatments, nymphal density was greatly reduced on days 10, 15, and 20 after
inoculation (on day 10: F,;5s = 84.88; on day 15: F,;5 =117.56; on day 20:
F, 15 = 237.34, all P < 0.001). In the single spray treatment, nymphs started to rebound on
day 25 and increased rapidly for the rest of the study period. However, in the double spray
treatment, nymphs decreased to zero by day 20 (Fig. 3). Repeated measures ANOVA
revealed that the reduction in the total number of nymphs was maintained in the rest of the
study period (on day 25: F, ;5 = 1,854.39; on day 30: F, ;s = 3,437.72; on day 35:
Fp15 =4,735.78, all P <0.001). The time x treatment interaction was significant in
nymph of T. urticae (F;10s = 234.77, P < 0.001).
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Fig. 3 Daily trends of spider mite densities, nymphs (upper panel) and adults per plant (lower panel) after
applying Beauveria bassiana (single and double sprays) as compared with an untreated control. The arrows
indicate the date of fungal application

Leaf area damage

Piercing and sucking leaf cell contents by 7. urticae resulted in the loss of chlorophyll and
reduced photosynthetic area, leaving the leaf covered with white spots. Analysis of plant
damage 35 days after T. urticae inoculation showed significant differences among the
treatments (F,,; = 207.196, P < 0.001). The control leaves showed the largest area of
leaves damaged (42.8 %), followed by the single fungal spray (28.7 %) and then the
double spray treatment (2.6 %). Leaf damage in the single and double spray treatments was
reduced by 33 and 94 % compared to the control, respectively (Fig. 4).

Discussion

The efficacy of B. bassiana against T. urticae was evaluated both in leaf discs and in potted
plants of Ph. vulgaris. The leaf disc assay suggested a threshold concentration of B.
bassiana of 1 x 10® conidia/ml to be most effective for the management of 7. urticae. A
number of entomopathogenic fungi, including B. bassiana, have been evaluated for the
control of spider mites with varying efficacy. Chandler et al. (2005) tested B. bassiana
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Fig. 4 Corrected damage percentage of leaves with no, single and double sprays of Beauveria bassiana
following 35 days after infestation with Tetranychus urticae

Naturalis-L at a rate of 1 x 10® conidia/ml against T. urticae, and found it reduced mite
populations by 97 % in a tomato greenhouse. However, B. bassiana 432.99 and Naturalis-
L isolates applied at a rate of 1 x 10% conidia/ml caused lower rates of mortality of T.
urticae in the laboratory (46.2-72.2 % and 52.1-95.2 %, respectively). Andreeva and
Shternshis (1995) and Tamai et al. (1999) reported B. bassiana isolate 447 to be ineffective
against T. urticae in a laboratory assay, causing only 51.7 % mortality, even when applied
at 1 x 10° conidia/ml at 70 £+ 5 % RH (Tamai et al. 1999). Other isolates of B. bassiana
also caused only low mortality (16-33 %) against T. urticae when used at the rate of
1 x 10’ conidia/ml by 6 days post-inoculation (Chandler et al. 2005). Several factors may
be responsible for this variation in the efficacy of B. bassiana against spider mites,
including isolate identity, dose, experimental conditions including temperature and
humidity, host species, interval of application, and plant variety. Variable enzymatic and
DNA characteristics among isolates of B. bassiana may also be involved in this fungus’
differential pathogenicity and virulence to various arthropods (Almeida et al. 1997; Moino
et al. 1998).

Our results clearly indicated that infection of T. urticae by B. bassiana was highly
dependent on conidial concentration and, to a lesser extent with an exception at 95 % RH
of 1 x 10® spores/ml. A conidial concentration lower than 1 x 10® conidia/ml caused
similar mortality irrespective of RH. Due to the small size and cryptic habitat of mites,
there might be less possibility of contact for concentrations below this threshold. When
invaded by fewer conidia, the insect immune system may be successful in suppressing
them through phagocytosis, melanization, or encapsulation responses. Thus, no infection
would be apparent if the conidial dose were lower than such a threshold (Devi and Rao
2006). Several studies with other entomopathogenic fungi showed that a certain minimum
pathogen load is often required for successful infection, such as 107 conidia/ml of B.
bassiana against Mylabris pustulata (Devi and Rao 2006), 1.6 x 10® conidia/m® of M.
anisopliae against Anopheles gambiae s s and Culex quinquefasciatus (Scholte et al. 2003),
and 1 x 10° conidia/ml of M. anisopliae isolate Qu-M984 against Pseudococcus viburni
(Pereira et al. 2011). Furthermore, higher concentrations of B. bassiana have been known

@ Springer



316 Exp Appl Acarol (2015) 65:307-318

to infect Lygus hesperus successfully even at low humidity (Dunn and Mechalas 1963).
Ambient humidity has also been found to have little impact on B. bassiana (Moore 1973;
Ferron 1977). Ramoska (1984) reported that B. bassiana isolate RS 792 was infective
against the chinch bug, Blissus leucopterus (Say), at relative humidities of 30—100 %. No
significant effect of relative humidities of 12—-100 % was found on grasshopper mortality
related to B. bassiana isolate Bd GK 2016 (Marcandier and Khachatourians1987).

To simulate the potential effectiveness of B. bassiana under semi-field conditions, a
bioassay was also conducted on potted bean plants with two treatments of application
frequency. Double sprays of formulated B. bassiana at 1 x 10° conidia/ml at 5 day
intervals successfully suppressed 7. urticae infesting bean plants. The 5 day interval
between the two applications was determined by the duration of the egg stage of the two-
spotted spider mite is about 4 days at 25 °C (Kavousi et al. 2009). Thus, nymphs hatched
from the surviving eggs could be further infected from the second spray, although the
ovicidal effect of B. bassiana has also been demonstrated (Shi et al. 2008). In a similar
study by Gatarayiha et al. (2011), 2 x applications of B. bassiana R444 (1.6 x 10"
conidia/ha) at 1 or 2-week intervals showed better control of T. urticae than applications at
3 or 4-week intervals in eggplant. Nevertheless, in the same study, even repeated appli-
cations with the higher dose of B. bassiana did not cause higher mortality, which was only
40.7-56.3 % at 49 days after the initial spray. Feeding damage on the bean leaves in this
study was also reduced by 94 %, while Gatarayiha et al. (2011) found only a 60-66 %
reduction in eggplant damage from the repeated application of B. bassiana. It was inter-
esting to see that B. bassiana reduced the T. urticae population well even under low RH
condition (33.5-51.0 %) in the laboratory, although it took 72 h to cause 96 % adult
mortality, similar to that shown in this study’s leaf disc assay at 55 £ 2 % RH. This is
probably due to the fact that the microhabitat on the leaf surface retains moisture (Ferron
1977, Shipp et al. 2003) and thus a higher RH than ambient conditions (Willmer 1986).

In conclusion, B. bassiana in concentrations of 1 x 10® spores/ml caused the highest
mortality of T. urticae, with the infection rate reaching 100 % within 88 h, irrespective of
RH. In addition, double sprays of B. bassiana (1 x 108 spores/ml) at 5-day intervals
successfully suppressed 7. urticae populations on potted bean plants. Incorporating
entomopathogenic fungi into integrated mite management programs could reduce the
dependence on synthetic acaricides and increase the levels of control, especially in the
early season. However, field application of B. bassiana needs to be evaluated.
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