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Simple Summary: The accidental introduction of the ambrosia beetle Euwallacea fornicatus and its
fungal symbiont, Fusarium euwallaceae, into Israel, the United States and South Africa has had a
devastating impact on many economically and ornamentally important tree species. Currently, there
is no effective control measure in place to control this beetle pest and its symbiont. As a first step
towards controlling this beetle in South Africa, this study investigated the efficacy of commercialized
entomopathogenic products against the beetle. Results showed that although effective under lab
conditions, currently recommended field application methods of these products to the outer bark of
trees have limited effects on beetle survival and reproduction.

Abstract: The invasive ambrosia beetle, Euwallacea fornicatus, was first reported in South Africa in
2018. The beetle has now spread to eight provinces of the country and has had a devastating impact
on both native and non-native tree species. This is especially true for trees located in urban and
peri-urban environments. Recent predictions are that the South African E. fornicatus invasion will
cost an estimated ZAR 275 billion (approx. USD 16 billion) if it continues to spread uncontrollably,
justifying an urgent need for its effective management in the country. One option is biological control,
which is preferred over the use of chemicals due to its lower environmental impact. We tested two
broad-spectrum fungal entomopathogenic agents, Eco-Bb® and Bio-Insek, which are commercially
available in South Africa, for efficacy against E. fornicatus. Initial laboratory assays yielded promising
results. However, beetle infestation trials using treated pieces of woody castor bean stems showed
little effect on beetle survival and reproduction.

Keywords: Bacillus thuringiensis; Beauveria bassiana; biological control; Euwallacea fornicatus; Metarhizium
anisopliae

1. Introduction

Euwallacea fornicatus (Eichhoff, 1868), commonly known as the polyphagous shot hole
borer (PSHB), is a small ambrosia beetle (Coleoptera: Curculionidae: Scolytinae) residing in
the Xyleborini [1]. Ambrosia beetles such as the PSHB live in tunnel systems (galleries) deep
in the sapwood of trees in association with obligate nutritional symbiotic ambrosia fungi [2].
Despite often being benign in the native ranges of their beetle hosts, ambrosia fungi can be
plant pathogens, as is true for the symbiont of the PSHB, Fusarium euwallaceae [3,4]. The
accidental introduction of the PSHB and its symbiont into Israel, the USA and South Africa
has garnered considerable attention due to the extensive losses that they are causing to
trees of economic and ornamental importance [5].

The first official report of PSHB in South Africa was published in 2018, although
there is evidence that the beetle has been in the country since at least 2012 [5,6]. It has
subsequently spread to all but one province (Limpopo) in the country and has been con-
firmed to infest more than 100 tree species [5,7]. Although the beetle has been reported
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on some commercially valuable tree species, its effect in these situations has thus far been
minimal [8-11]. In contrast, the beetle has been causing massive devastation in some
urban settings. This is especially true in areas such as Johannesburg where the PSHB,
together with its symbiont F. euwallaceae, is killing many old and well-established trees. If
left unchecked, it is estimated that PSHB will result in economic losses of approximately
ZAR 275 billion (approx. USD 16 billion) in the next 10 years, much of this necessitated by
the responsible removal of some 65 million infested trees in urban environments [7].

The unique lifestyle of ambrosia beetles deep within trees makes these insects notori-
ously difficult to control [12-14]. In recent years, biological control options have become
a promising alternative to chemical control strategies for ambrosia beetle management.
Various studies have considered the use of entomopathogenic microbes as a means of
control with varying degrees of success [12,13,15-19]. However, the development and
registration of new biological control agents can be a costly and time-consuming process.
Therefore, as the focus of this study, we decided to investigate potential biological control
agents already registered for use in South Africa, speeding up the process of their imple-
mentation. As an initial step in PSHB management in South Africa, we tested two available
broad-spectrum commercial entomopathogenic agents to determine whether they might
be used as a preventative measure against PSHB, specifically to protect high-value trees
in urban environments. Despite initial lab trials showing promising results, infestation
trials were less promising. However, performing these trials allowed us to identify flaws in
current methods of biological control application that are potentially problematic in the
PSHB system.

2. Materials and Methods
2.1. Rearing of PSHB

Beetles were reared on a sawdust-based artificial diet as described by Cooperband et al. [20].
Ingredients were mixed in a 1 L glass Schott bottle and consisted of 75 g London plane
(Platanus xacerifolia) sawdust, 20 g agar, 10 g sucrose, 5 g casein, 5 g corn starch, 5 g yeast,
1 g Wesson’s salt mix, 0.35 g streptomycin, 2.5 mL wheat germ oil, 5 mL 96% ethanol and
500 mL ddH2O. Dry ingredients were mixed first before adding the wet ingredients and
autoclaving for 25 min at 121 °C. Approximately 20 mL of diet was then poured into 50 mL
polyethylene centrifuge tubes. The tubes were loosely capped and allowed to dry in a flow
hood for 7-14 days, allowing all condensation to evaporate. The tubes were sealed and
maintained at 4 °C until use.

Initial foundress beetles for rearing were collected from naturally infested oak logs
(Quercus sp., Rietondale, Pretoria, South Africa, 2021). Logs were maintained in emergence
chambers, and the emerging beetles were collected. Foundress beetles were surface disin-
fested in 70% ethanol for 10 s and allowed to air dry before being transferred to individual
rearing tubes. Each rearing tube was capped with a ventilated lid and maintained in a
plastic container in the laboratory. Following the establishment of the beetle colonies, the
adult female progeny was transferred to fresh diet tubes every 8-10 weeks to maintain
the population.

2.2. Entomopathogenic Agents and Laboratory Assays

Six different entomopathogenic fungal products were considered for screening against
PSHB. Three of these products (Nomu-Protec (Andermatt group, Grossdietwil, Switzer-
land), Lecatech ® WP and Mytech ® WP(Both Dudutech, Naivasha, Kenya))) were excluded
due to their limited host range. A fourth product, BroadBand ® (BASF, Ludwigshafen,
Germany), was further excluded due to it only being available for purchase at commer-
cial scale and not quantities suitable for laboratory testing. The two remaining products,
Bio-Insek (Agro-Organics, Somerset West. South Africa) and Eco-Bb ®(Andermatt group,
Grossdietwil, Switzerland), were selected for screening against PSHB (Table 1) based on
their broad host specificity, being registered for commercial application in South Africa and
being easily accessible to members of the public.
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Table 1. Commercial entomopathogenic agents and the concentrations at which they were used in
this study.

Registration ) ) Concentration Concentrations Used in Infestation Assays
%older Product Active Organism Used in Lab Recommended 10x Recommended
Assays Concentration Concentration
Beauveria bassiana 1.6 x 10°
Agro- Bio-Insek (Bb) and spores/mL Bb 1.6 x 10* spores/mL Bb 1.6 x 10° spores/mL Bb
Organics Metarhizium 2.8 x 10° 2.8 x 10* spores/mL Ma 2.8 x 10° spores/mL Ma
anisopliae (Ma) spores/mL Ma
Plant Health ® . . 6 6 7
Products Eco-Bb Beauveria bassiana 4 x 10° spores/ml 4 x 10° spores/ml 4 x 107 spores/ml

Two laboratory assays were performed to assess the efficacy of these agents against
the PSHB: (1) direct application of entomopathogen fungal suspension to beetles, and
(2) application of entomopathogen fungal suspension to filter paper on which the bee-
tles were maintained. Assays were incubated for 10 days in darkness at 23 °C without
providing food.

In the first assay, 8-week-old female beetles were excavated from their rearing tubes.
Female beetles were selected to be used in the assays as they are the dispersing sex and
would be most likely to encounter the biological control agents. Fecundity of the female
beetles was not determined prior to use in the assays. Each trial replicate consisted of eight
beetles that were exposed to one of the entomopathogenic agents or a control treatment
of sterile distilled water, and three replicates were performed per agent (n = 24 beetles
per treatment). A suspension was prepared for each of the entomopathogenic agents
(Table 1) by mixing 10 mL autoclaved ddH,O with 0.2 g Eco-Bb® or 0.4 g Bio-Insek spore
powder, respectively, scaled down from the instructions given on the product packaging.
Suspensions were mixed thoroughly by vortexing for 1 min. From these suspensions, 1
mL was pipetted to evenly cover the surface of individual 35 mm Petri dishes. The beetles
were then individually exposed to one of the treatments (Eco-Bb®, Bio-Insek, or control) for
1 min by allowing them to walk in the suspension [15]. Each of the eight beetles making up
a single treatment replicate was then transferred to a 65 mm Petri dish containing a filter
paper disk moistened with sterile water to maintain humidity. Beetles were inspected daily,
and mortality was recorded.

In the second assay, spore suspensions of the entomopathogenic agents or sterile
water to serve as a control were prepared as described previously, and 1 mL was used
to impregnate 55 mm (o) filter paper disks. Nine 65 mm Petri dishes were lined with
the impregnated filter paper discs (3x Eco-Bb®, 3x Bio-Insek, and 3x control) and eight
beetles were added per Petri dish (n = 24 beetles per treatment). Beetles were inspected
daily, and mortality was recorded.

2.3. Beetle Infestation Assay

To assess the efficacy of the entomopathogenic agents during beetle boring, an infesta-
tion assay was performed using woody stem pieces of castor bean (Ricinus cummunis), a
common reproductive host of the beetle in South Africa. Collected stems were sectioned
into 40 pieces (12.1 cm X 3.3 cm (average length by diameter)) and were used within 24 h
of collection. Both the Eco-Bb® and Bio-Insek products were tested at two concentrations
in the infestation assay. These included (1) the recommended dose as indicated by the
manufacturer, and (2) 10 times (10x) the recommended concentration (Table 1). Eight
pieces were inoculated per treatment with the entomopathogenic agents and eight were
dipped in sterile water as a control ((8 x 4) + 8 = n40), using the method described by
Carrillo et al. [15]. Briefly, 2 L of spore suspension was prepared in individual sterile
containers following the manufacturer instructions on the product packaging to obtain
the correct concentrations. Stem pieces were then dipped and swirled in the prepared
spore suspensions for 10 s to ensure an even coating of spores. The stem pieces were
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allowed to air dry for four hours at 21 °C. Two pieces per treatment were then placed in
plastic containers with ventilated lids, with four replications per treatment. Six beetles
were released per container (n = 24 beetles per treatment). Containers were maintained in a
walk-in incubator at 25 °C for two weeks after which destructive sampling was performed
to recover the beetles.

2.4. Spore Viability Assay

To confirm viability of the spores contained within the product packaging throughout
the time of the study, a viability assay was performed for each assay. After spore sus-
pensions were prepared, 100 pL of suspension was pipetted onto the surface of a clean
malt extract agar plate (MEA: 2% malt extract, 2% BD™™Djifco™ Agar, Biolab, Midrand,
South Africa). The suspension was spread evenly over the surface of the agar plate using
a sterilized spreader, and plates were incubated at 23 °C in the dark for 24 h. After 24 h,
germinating spores were counted within a 1 cm? block on the agar surface. Spores were
considered viable if a germ tube longer than the spores” width had emerged. Five replicates
were prepared for each suspension for each assay.

2.5. Observation for Mycosis

Throughout the incubation periods of both the direct and indirect application assays,
dead beetles were removed and transferred to individual moisture chambers to observe for
mycosis. Cadavers were removed immediately upon discovery from the trial replicates to
prevent transmission between specimens. Moisture chambers used for incubation were
constructed using 2 mL Eppendorf tubes that contained a plug of cotton wool at the bottom
and a plastic platform to support the insect cadaver [21]. Moisture chambers containing
individual beetles were incubated at 23 °C in the dark, and humidity was maintained by
adding autoclaved ddH,O to the cotton wool at the bottom of the tubes every couple of
days. Once mycosis was observed, representative individuals from each trial replicate were
selected for isolation of the emerging fungi onto MEA plates to confirm identity using
morphological characters.

2.6. Data Analyses

For both laboratory assays, a Kaplan-Meier estimator [22] was used on cumulative
data of replicates to determine differences in median survival time (or the time point at
which the probability of survival is estimated to be 50%) for the beetles treated with the
different entomopathogenic agents using the package ‘survival” in R [23]. To determine if
there were significant differences between the different entomopathogenic agents at the
different concentrations tested in the infestation assay, various statistical analyses were
performed using R (R Core Team 2017; https:/ /www.R-project.org/, accessed on 28 January
2023). Initially, Shapiro-Wilk and Levene’s tests were performed to determine if the data
were normally distributed and homogenous. Two of the three parameters (i.e., the number
of beetles that had infested the castor bean stems per treatment and the number of beetles
recovered alive per treatment) passed these tests and were found to be normally distributed
and homogenous, whereas one parameter (i.e., the number of beetles recovered from each
treatment) did not pass these tests. Where the parameters were normally distributed and
homogenous, both a one-way ANOVA and a Kruskal-Wallis rank sum test [24] with an ad
hoc Dunn multiple comparison test [25] were performed to assess the significance, and for
the non-normally distributed parameter, only the latter test was performed.

3. Results
3.1. Pathogenicity in Laboratory Assays

Direct application of spore suspensions of the products Eco-Bb® and Bio-Insek both
resulted in a reduced median survival time (MST) of PSHB beetles compared to the control
treatments (Figure 1A). Both products had an MST of 7 days. MST was not reached by
beetles treated with sterile water at 10 days post-inoculation. The indirect application
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assay again resulted in reduced MST of the beetles for both fungal products. Beetles
incubated in the presence of filter paper disks treated with Eco-Bb® reached MST 5 days
post-introduction, and beetles incubated in the presence of filter paper disks treated with
Bio-Insek reached MST 6 days post-introduction (Figure 1B). Beetles incubated on the
control filter paper disks inoculated with sterile water did not reach MST before the end of
the trial. Continued incubation of beetle cadavers from both trials in individual moisture
chambers resulted in the emergence of mycosis resembling that of the inoculated EPFs
(Figure 2). For beetles inoculated with suspensions of Eco-Bb®, typical Beauveria bassiana
growth was observed on beetle cadavers (Figure 2A) and in culture. For beetles inoculated
with suspensions of Bio-Insek, mycosis resembling Metarhizium anisopliae was seen on
beetle cadavers (Figure 2B) and in culture.

A Direct application of entomopathogenic B Indirect application of entomopathogenic
agents to PSHB beetles agents to PSHB beetles
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Figure 1. Kaplan-Meier survivorship curves reflecting time until death of PSHB beetles for the
laboratory applications assays where (A) spore suspensions were applied directly to the beetles, and
(B) spore suspensions were applied to the filter papers on which beetles were incubated. Beetles
used in trial replicates were used as individual units to determine median survival time. Error bars
indicate standard error, circles indicate the percentage of live beetles remaining at a given time point.

Figure 2. Mycosis observed in individual beetles from the direct application assay after continued
incubation in moist chambers: (A) beetle inoculated with Eco-Bb® showing Beauvaria bassiana growth,
and (B) beetle inoculated with Bio-Insek showing Metarhizium anisopliae growth. Scale = 0.5 mm.
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3.2. Pathogenicity in Infestation Assays

For each of the four respective fungal treatments and control treatment, comparable
numbers of beetles were recovered/harvested from the castor bean stems (Figure 3A,
x2 =0.54114, df = 4, p-value = 0.9694). Of the 24 initially introduced beetles, 19 beetles
(79%) were recovered from the control treatment replicates, 21 beetles (88%) were recovered
from the recommended dose Eco-Bb® treatment replicates and 20 beetles (83%) were
recovered for each of the three remaining treatments, i.e., Bio-Insek at recommended and
10x doses and the 10x dose of Eco-Bb®. The presence of the entomopathogenic fungi had
no significant effect on the boring activities of the beetles, and similar numbers were found
to have had infested the castor bean stems in all trial replicates (Figure 3B, x> = 0.80098,
df = 4, p-value = 0.9383). The application of the entomopathogens to the castor bean stems
also had little effect on beetle mortality, with similar numbers of living and dead beetles
recovered from the different trials (Figure 3C, x% =2.599, df =4, p-value = 0.627).
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Figure 3. Bar charts showing (A) the average total number of beetles recovered, (B) the number of
beetles that infested into the castor bean stems, and (C) the average number of beetles recovered alive
from the trial replicates of the beetle boring assay. Error bars show plus or minus the standard error
or the mean.

No consistent patterns of mycoses (i.e., visible outward fungal growth of the ento-
mopathogen on the beetle cadavers) were observed for beetles recovered from the infesta-
tion assay. Mycosis matching that of the inoculated fungal agents was observed for only
four of the beetles recovered from the infested castor bean pieces. Two of the beetles were
recovered from different Bio-Insek applications, one from a recommended dose replicate
and one from a 10x dose replicate, each showing signs of M. anisopliae growth. Two addi-
tional beetles were recovered from different replications of the 10x Eco-Bb® application
showing signs of B. bassiana growth. However, none of these four beetles had infested the
woody material. They had died in the container where they were exposed to high levels
of inoculum present on the surface of the castor bean stems for the duration of the experi-
ment. Living female beetles tending eggs and larvae were observed in several replicates,
including those treated with 10 x the recommended dose of the entomopathogenic agents
(Figure 4). This suggested that neither of the entomopathogenic products had an effect on
beetle reproduction.
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Figure 4. Beetles were able to infest (A,C,E) and reproduce (B,D,F) in castor bean stems treated with
various doses of the entomopathogenic agents. Larvae (arrows) were found present in replicates of
all treatments, excluding those of the recommended dose application of Bio-Insek. Shown here are
replicates of control (A,B), 10x Eco-Bb® (C,D) and 10x Bio-Insek (E,F) treatments.

4. Discussion

Laboratory assays investigating the efficacy of two entomopathogenic products that
are commercially available in South Africa, Bio-Insek and Eco-Bb®, showed promise as
preventative agents of PSHB. These products were able to reduce the survival of the beetles
in both direct and indirect application assays compared to control treatments.

The MST values of the indirect application assays were lower in both products com-
pared to the direct application assays. This is similar to results observed by Davis et al.
2018 [26], who also saw an increased MST on contact-treated surfaces. This is likely a result
of the beetles being continuously exposed to high levels of viable inoculum, present on
the surface of the filter paper disks, for the duration of incubation yielding higher rates
of infection.

Despite initial success in the laboratory assays using the two fungal products, wood
boring assays using woody castor bean stems treated with both the recommended dose
of the products and 10 times this amount, had no significant effects on the survival of the
beetles. There were no statistically significant differences between treatments for the beetles
that infested the treated castor bean stems or the number of live beetles recovered. Signs of
beetle reproduction were also seen in trial replicates, except those of the castor bean stems
treated using the recommended dose of Bio-Insek. However, the recovery of living beetles
from the material treated with both the recommended and 10x doses of Bio-Insek, and
the presence of eggs and larvae seen in the 10X treated material, suggests that the beetles
would be able to reproduce in this material after a longer incubation period.
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In vitro application of fungal entomopathogens against infestation by bark and am-
brosia beetles using application methods such as dipping [15,18,27], direct inoculation of
the cuticle [26,28,29] and spraying [16,30,31] have all shown promising results. However,
this initial success is often difficult to replicate under field conditions [32-34]. This is usually
due to the sensitivity of these biological control agents to environmental conditions such as
humidity, temperature and UV exposure [26,34]. The life strategy of ambrosia beetles adds
an additional layer of complexity in their exposure to entomopathogenic agents. In the case
of PSHB, females are the dispersing sex and will mate with their male siblings in the natal
gallery before emerging in search of a new host [3]. Males will rarely venture outside their
natal gallery. Therefore, the only opportunity to target the beetles for entomopathogen
application is during the short dispersal period of the females. Unless a dispersing female
is contaminated sufficiently before constructing her gallery, there is little chance of an
entomopathogenic agent affecting her or her future brood. The environmental sensitivity
of entomopathogenic fungi, coupled with their application to the outer bark of a host and
short window of contamination opportunity, currently limits the use of these products
to temporary preventatives for PSHB and would require continuous re-application to
high-value trees.

5. Conclusions

Biological control has been used against invasive pests for more than a century.
This is largely due to the lowered environmental risk offered and the potential for self-
sustainability of pest management without a need for continued re-application. In this
study, we tested two entomopathogenic agents commercially available in South Africa for
their efficacy against the invasive ambrosia beetle PSHB. Despite promising initial results,
infestation assays to determine their usefulness as preventative agents under more natural
conditions showed little effect on beetle survival. To use entomopathogenic agents as a
management strategy for PSHB, further work on the identification of more specific fungal
strains adapted to the PSHB’s environment would be required, which could reduce the
number of spores required to establish infection. Additionally, other modes of application
should be considered, i.e., using spore dispersal traps, which could obtain higher rates of
beetle exposure during the limited window of opportunity of a dispersing female. However,
if these agents are to be used as more than just a preventative measure against the PSHB
or other invasive ambrosia beetles, a method to actively deliver the agents into already
established gallery systems will also be required.

Author Contributions: Conceptualization, W.J.N., B.S., M.J.W,, N.Y. and B.PH.; formal analysis,
W.J.N.; funding acquisition, B.S. and B.P.H.; methodology, W.].N.; project administration, W.J.N. and
B.P.H.; writing—original draft, W.J.N.; writing—review and editing, W.J.N., B.S., M.J.W,, N.Y. and
B.PH. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by South African Department of Forestry, Fisheries and Environ-
ment (DFFE).

Data Availability Statement: Data is available from the authors upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

1. Smith, SM.; Gomez, D.E; Beaver, R.A.; Hulcr, J.; Cognato, A. Reassessment of the species in the Euwallacea fornicatus (Coleoptera:
Curculionidae: Scolytinae) complex after the rediscovery of the “lost” type specimen. Insects 2019, 10, 261. [CrossRef] [PubMed]

2. Farrell, B.D,; Sequeira, A.S.; O'Meara, B.C.; Normark, B.B.; Chung, ].H.; Jordal, B.H. The evolution of agriculture in beetles
(Curculionidae: Scolytinae and Platypodinae). Evolution 2001, 55, 2011-2027. [CrossRef]

3.  Freeman, S.; Sharon, M.; Maymon, M.; Mendel, Z.; Protasov, A.; Aoki, T.; Eskalen, A.; O'Donnell, K. Fusarium euwallaceae sp.
nov. a symbiotic fungus of Euwallacea sp., an invasive ambrosia beetle in Israel and California. Mycologia 2013, 105, 1595-1606.

[CrossRef]

4.  Carrillo, D.; Duncan, R.E; Ploetz, ].N.; Campbell, A.F; Ploetz, R.C.; Pefia, ].E. Lateral transfer of a phytopathogenic symbiont
among native and exotic ambrosia beetles. Plant Pathol. 2014, 63, 54-62. [CrossRef]


http://doi.org/10.3390/insects10090261
http://www.ncbi.nlm.nih.gov/pubmed/31443370
http://doi.org/10.1111/j.0014-3820.2001.tb01318.x
http://doi.org/10.3852/13-066
http://doi.org/10.1111/ppa.12073

Insects 2023, 14, 361 10 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.
24.
25.
26.

27.

28.

Van Rooyen, E.; Paap, T.; De Beer, ZW.; Townsend, G.; Fell, S.; Nel, W.J.; Morgan, S.W.; Hill, M.; Roets, F. The polyphagous shot
hole borer beetle: Current status of a perfect invader in South Africa. S. Afr. J. Sci. 2021, 117, 32—41. [CrossRef] [PubMed]

Paap, T.; De Beer, Z.W.; Migliorini, D.; Nel, W.J.; Wingfield, M.]. The Polyphagous Shot Hole Borer (PSHB) and its fungal symbiont
Fusarium euwallaceae: A new invasion in South Africa. Australas. Plant Pathol. 2018, 47, 231-237. [CrossRef]

De Wit, M.P,; Crookes, D.J.; Blignaut, ].N.; De Beer, Z.W.; Paap, T.; Roets, F.; Van Der Merwe, C.; Van Wilgen, B.W.; Richardson,
D.M. An assessment of the potential economic impacts of the invasive Polyphagous Shot Hole Borer (Coleoptera: Curculionidae)
in South Africa. J. Econ. Entomol. 2022, 115, 1076-1086. [CrossRef]

Fell, S.; De Beer, Z.W. The impact of the Polyphagous Shot Hole Borer on pecan trees in South Africa. SA Pecan 2019, 82, 11-13.
Van Den Berg, N.; Du Toit, M.; Morgan, S.W.; Fourie, G.; De Beer, Z.W. First report of Fusarium euwallaceae causing necrotic lesions
on Persea americana in South Africa. Plant Dis. 2019, 103, 1774. [CrossRef]

Twiddy, D.; Fell, S.; De Beer, Z.W.; Fourie, G. Screening for susceptibility of macadamia to Euwallacea fornicatus and its fungal
symbiont Fusarium euwallaceae. Plant Dis. 2021, 105, 739-742. [CrossRef]

De Jager, M.; Roets, F. Pathogenicity of Fusarium euwallaceae towards apple (Malus domestica) and grapevine (Vitis vinifera).
Australas. Plant Dis. Notes 2022, 17, 8. [CrossRef]

Castrillo, L.A.; Griggs, M.H.; Vandenberg, ].D. Competition between biological control fungi and fungal symbionts of ambrosia
beetles Xylosandrus crassiusculus and X. germanus (Coleoptera: Curculionidae): Mycelial interactions and impact on beetle brood
production. Biol. Control 2016, 103, 138-146. [CrossRef]

Tuncer, C.; Kushiyev, R.; Erper, I.; Ozdemir, 1.O.; Saruhan, I. Efficacy of native isolates of Metarhizium anisopliae and Beau-
veria bassiana against the invasive ambrosia beetle, Xylosandrus germanus Blandford (Coleoptera: Curculionidae: Scolytinae).
Egypt. ]. Biol. Pest Control 2019, 29, 28. [CrossRef]

Gugliuzzo, A.; Biedermann, PH.W.; Carrillo, D.; Castrillo, L.A.; Egonyu, J.P.; Gallego, D.; Haddi, K.; Hulcr, J.; Jactel, H,;
Kajimura, H.; et al. Recent advances toward the sustainable management of invasive Xylosandrus ambrosia beetles. J. Pest Sci.
2021, 94, 615-637. [CrossRef]

Carrillo, D.; Dunlap, C.A.; Avery, P.B.; Navarrete, J.; Duncan, R.E.; Jackson, M.A ; Behle, RW.; Cave, R.D.; Crane, J.; Rooney, A.P;
et al. Entomopathogenic fungi as biological control agents for the vector of the laurel wilt disease, the redbay ambrosia beetle,
Xyleborus glabratus (Coleoptera: Curculionidae). Biol. Control 2015, 81, 44-50. [CrossRef]

Kushiyev, R.; Tuncer, C.; Erper, I.; Ozdemir, 1.O.; Saruhan, I. Efficacy of native entomopathogenic fungus, Isaria fumosorosea,
against bark and ambrosia beetles, Anisandrus dispar Fabricius and Xylosandrus germanus Blandford (Coleoptera: Curculionidae:
Scolytinae). Egypt. ]. Biol. Pest Control 2018, 28, 55. [CrossRef]

Toksoz, S.; Oksal, E.; Saruhan, I.; Kepenekci, I. Pathogenicity of the entomopathogenic fungus, Purpureocillium lilacinum
TR1 against ambrosia beetles, Xylosandrus germanus (Blandford) and Xyleborus dispar (Fabricius)(Coleoptera: Curculionidae:
Scolytinae). Mun. Ent. Zool. 2018, 13, 471-481.

Reynoso-Lopez, E.; Méndez-Herndndez, J.; Ek-Ramos, J.; Montesinos-Matias, R.; Loera, O. Metarhizium robertsii in combination
with Trichoderma asperellum reduce the malathion doses used to control ambrosia beetles: The case of Xyleborus affinis. Biocontrol
Sci. Technol. 2021, 31, 1080-1097. [CrossRef]

Reverchon, F; Contreras-Ramos, S.M.; Eskalen, A.; Guerrero-Analco, J.A.; Quifiones-Aguilar, E.E.; Rios-Velasco, C.; Velazquez-
Fernandez, ].B. Microbial biocontrol strategies for ambrosia beetles and their associated phytopathogenic fungi. Front. Sustain.
Food. Syst. 2021, 5, 737977. [CrossRef]

Cooperband, M.E; Stouthamer, R.; Carrillo, D.; Eskalen, A.; Thibault, T.; Cossé, A.A.; Castrillo, L.A.; Vandenberg, ].D.; Rugman-
Jones, PF. Biology of two members of the Euwallacea fornicatus species complex (Coleoptera: Curculionidae: Scolytinae), recently
invasive in the USA, reared on an ambrosia beetle artificial diet. Agric. For. Entomol. 2016, 18, 223-237. [CrossRef]

Corallo, B.; Simeto, S.; Martinez, G.; Gémez, D.; Abreo, E.; Altier, N.; Lupo, S. Entomopathogenic fungi naturally infecting the
eucalypt bronze bug, Thaumastocoris peregrinus (Heteroptera: Thaumastocoridae), in Uruguay. J. Appl. Entomol. 2019, 143, 542-555.
[CrossRef]

Kaplan, E.L.; Meier, P. Nonparametric estimation from incomplete observations. |. Am. Stat. Assoc. 1958, 53, 457—-481. [CrossRef]
Therneau, T.M.; Lumley, T.; Atkinson, E.; Crowson, C. Package ‘survival’. R Topics Documented 2022, 128, 28-33.

Kruskal, W.H.; Wallis, W.A. Use of ranks in one-criterion variance analysis. ]. Am. Stat. Assoc. 1952, 47, 583-621. [CrossRef]
Dunn, O.]. Multiple comparisons using rank sums. Technometrics 1964, 6, 241-252. [CrossRef]

Davis, T.S.; Mann, A.].; Malesky, D.; Jankowski, E.; Bradley, C. Laboratory and field evaluation of the entomopathogenic fungus
Beauveria bassiana (Deuteromycotina: Hyphomycetes) for population management of spruce beetle, Dendroctonus rufipennis
(Coleoptera: Scolytinae), in felled trees and factors limiting pathogen success. Environ. Entomol. 2018, 47, 594-602. [CrossRef]
[PubMed]

Kreutz, J.; Vaupel, O.; Zimmermann, G. Efficacy of Beauveria bassiana (Bals.) Vuill. against the spruce bark beetle, Ips typographus
L., in the laboratory under various conditions. J. Appl. Entomol. 2004, 128, 384-389. [CrossRef]

Ansari, M.A.; Butt, TM. Susceptibility of different developmental stages of large pine weevil Hylobius abietis (Coleoptera:
Curculionidae) to entomopathogenic fungi and effect of fungal infection to adult weevils by formulation and application methods.
J. Invertebr. Pathol. 2012, 111, 33—40. [CrossRef]


http://doi.org/10.17159/sajs.2021/9736
http://www.ncbi.nlm.nih.gov/pubmed/36777191
http://doi.org/10.1007/s13313-018-0545-0
http://doi.org/10.1093/jee/toac061
http://doi.org/10.1094/PDIS-10-18-1818-PDN
http://doi.org/10.1094/PDIS-07-20-1555-SC
http://doi.org/10.1007/s13314-022-00456-0
http://doi.org/10.1016/j.biocontrol.2016.09.005
http://doi.org/10.1186/s41938-019-0132-x
http://doi.org/10.1007/s10340-021-01382-3
http://doi.org/10.1016/j.biocontrol.2014.10.009
http://doi.org/10.1186/s41938-018-0062-z
http://doi.org/10.1080/09583157.2021.1923656
http://doi.org/10.3389/fsufs.2021.737977
http://doi.org/10.1111/afe.12155
http://doi.org/10.1111/jen.12624
http://doi.org/10.1080/01621459.1958.10501452
http://doi.org/10.1080/01621459.1952.10483441
http://doi.org/10.1080/00401706.1964.10490181
http://doi.org/10.1093/ee/nvy036
http://www.ncbi.nlm.nih.gov/pubmed/29590351
http://doi.org/10.1111/j.1439-0418.2004.00813.x
http://doi.org/10.1016/j.jip.2012.05.006

Insects 2023, 14, 361 11 of 11

29.

30.

31.

32.

33.

34.

Rosana, A.R.R.; Pokorny, S.; Klutsch, J.G.; Ibarra-Romero, C.; Sanichar, R.; Engelhardt, D.; Van Belkum, M.J.; Erbilgin, N.;
Bohlmann, J.; Carroll, A.L. Selection of entomopathogenic fungus Beauveria bassiana (Deuteromycotina: Hyphomycetes) for the
biocontrol of Dendroctonus ponderosae (Coleoptera: Curculionidae, Scolytinae) in Western Canada. Appl. Microbiol. Biotechnol. 2021,
105, 2541-2557. [CrossRef] [PubMed]

Castrillo, L.A.; Griggs, M.H.; Ranger, C.M.; Reding, M.E.; Vandenberg, J.D. Virulence of commercial strains of Beauveria bassiana
and Metarhizium brunneum (Ascomycota: Hypocreales) against adult Xylosandrus germanus (Coleoptera: Curculionidae) and
impact on brood. Biol. Control 2011, 58, 121-126. [CrossRef]

Castrillo, L.A.; Griggs, M.H.; Vandenberg, ].D. Granulate ambrosia beetle, Xylosandrus crassiusculus (Coleoptera: Curculionidae),
survival and brood production following exposure to entomopathogenic and mycoparasitic fungi. Biol. Control 2013, 67, 220-226.
[CrossRef]

Damon, A. A review of the biology and control of the coffee berry borer, Hypothenemus hampei (Coleoptera: Scolytidae).
Bull. Entomol. Res. 2000, 90, 453—-465. [CrossRef]

Grodzki, W.; Kosibowicz, M. An attempt to use the fungus Beauveria bassiana (Bals.) Vuill. in forest protection against the bark
beetle Ips typographus (L.) in the field. For. Res. Pap. 2015, 76, 5-17. [CrossRef]

Mann, AJ.; Davis, T.S. Entomopathogenic fungi to control bark beetles: A review of ecological recommendations. Pest Manag. Sci.
2021, 77, 3841-3846. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1007/s00253-021-11172-7
http://www.ncbi.nlm.nih.gov/pubmed/33590267
http://doi.org/10.1016/j.biocontrol.2011.04.010
http://doi.org/10.1016/j.biocontrol.2013.07.015
http://doi.org/10.1017/S0007485300000584
http://doi.org/10.1515/frp-2015-0001
http://doi.org/10.1002/ps.6364
http://www.ncbi.nlm.nih.gov/pubmed/33728813

	Introduction 
	Materials and Methods 
	Rearing of PSHB 
	Entomopathogenic Agents and Laboratory Assays 
	Beetle Infestation Assay 
	Spore Viability Assay 
	Observation for Mycosis 
	Data Analyses 

	Results 
	Pathogenicity in Laboratory Assays 
	Pathogenicity in Infestation Assays 

	Discussion 
	Conclusions 
	References

