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Abstract
Efficacy of entomopathogenic fungus Metarhizium pemphigi was evaluated
against Ips typographus adults in a laboratory bioassay for the first time. A
series of four conidial concentrations (2×104 –2×107 conidia/ml) were used. The
cumulative mortality caused by M. pemphigi varied between 75% and 100% ten
days post-treatment, with LC50 value of 2.9 × 103 conidia/ml and LC90 value of
6.4×104 conidia/ml. The median lethal time (LT50 ) of treated beetles depended
on conidial concentrations and ranged from 1.78 to 5.98 days. Pathogenicity
of M. pemphigi was reported for the first time and the tested strain was found
to be promising for further evaluation in terms of management options against
the spruce bark beetle.
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Introduction. The European spruce bark beetle, Ips typographus (Linnaeus,
1758), (Coleoptera: Curculionidae), is the most destructive pest of Norway spruce
(Picea abies (L.) H. Karst.) in Europe with great economic impact to timber
production [1 ]. Due to the specific features of bark beetle life cycle, namely its
hidden lifestyle under the bark, effective control measures are quite limited and
often reduced to the sanitary felling of infested trees [2 ]. During the past decades, a
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number of researchers have studied natural enemies of bark beetles, with emphasis
on pathogens causing infectious diseases in natural populations [3–6 ]. In particular,
hypocrealean entomopathogenic fungi (Ascomycota: Hypocreales) are considered
promising control agents [4 ] with no adverse effects on trees, forest vertebrates or
humans [7 ].
The genus Metarhizium Sorokin represents a diverse group of fungi belonging
to the Clavicipitaceae family (Ascomycota: Hypocreales). It has a broad geographic distribution and belongs to the most important groups of entomopathogenic fungi for commercially produced microbial pesticides [8 ]. These species are
known as “green muscardine fungi” [9 ] due to production of green conidia on the
surface of infected insects. They have been isolated from more than 200 arthropod species [7, 9 ], but only few studies report about finding Metarhizium species
on I. typographus [3 ] or testing their efficacy against this pest [10, 11 ]. Metarhizium pemphigi (Driver and R. J. Milner) Kepler, S. A. Rehner and Humber has not
been found so far on spruce bark beetles. The aim of the present study was to
test the effectiveness of M. pemphigi against I. typographus adults and to evaluate
its pathogenicity and potential for control.
Material and methods. Adults of I. typographus were collected on August
6, 2021 from a fallen Norway spruce tree in Vitosha Mt (Zlatnite mostove area).
The locality was situated at 1450 m a.s.l., 42◦ 36′ 50.6′′ N, 23◦ 14′ 21.4′′ E. The
beetles were stored in a cool place (1–5 ◦ C) in plastic containers (500 ml) with
ventilation holes until used in virulence bioassays that was no longer than one
week.
The strain of M. pemphigi (AMEP28) tested in this study was isolated from an
unidentified carabid beetle collected in a spruce forest in central Slovakia in June,
2015. It was identified by sequencing of internal transcribed spacer (ITS) region
of ribosomal DNA (ITS1-5.8S-ITS2) and a partial sequence of the translation
elongation factor (TEF1-α) gene [5 ]. Conidia of M. pemphigi were produced on
Sabouraud-dextrose agar and stored at 4 ◦ C until use in the virulence bioassay,
but not longer than one month [5 ]. Conidia viability was determined prior to the
bioassay by a germination test on agar plates at 25 ◦ C for 12 h and exceeded 95%.
Four different conidia suspensions in distilled water with 0.01% (w/v) Tween 80
were prepared for the virulence tests: 2 × 104 , 2 × 105 , 2 × 106 and 2 × 107
conidia/ml. Groups of 21–22 bark beetle individuals were placed inside 10-cm
Petri dishes on filter paper discs treated with 1 ml of conidia suspensions, each
conidia concentration with three replicates, or treated with 1 ml of distilled water
without conidia as controls. The treated beetles were kept at 26 ± 1 ◦ C for 10 days
and a piece of fresh spruce bark was provided in each Petri dish as food 24 h posttreatment. Mortality was recorded daily and dead beetles were separated into
new Petri dishes with filter paper soaked with distilled water (1 ml) with an aim
to monitor development of external symptoms of mycosis. Mean mortality in
the control reached 18.18% (standard error: ±2.62%). The cumulative mortality
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data from the bioassay were corrected by eliminating the natural mortality in the
control according to the Schneider-Orelli’s formula:


% treatment mortality − % control mortality
100.
% corrected mortality =
100 − % control mortality
Probit analysis was used to calculate LC50 and LC90 (lethal concentrations
that kill 50% and 90% of tested individuals, respectively). Median lethal time
LT50 (the time required for 50% of the tested individuals to die at a particular
concentration) values were also calculated. The effect of conidial concentration on
I. typographus adult mortality was analyzed with one-way ANOVA and LSD test
was applied to test for pairwise differences. Data were previously transformed to
log(x + 1) to obtain homogeneous data and normal variance. The statistical analysis was performed using the software package STATISTICA 7.0. The significant
difference was set at P < 0.05.
Results and discussion. All
cadavers from the treatments with
the fungal strain showed typical
symptoms of Metarhizium infection
that started to be visible within 24 h
after the host’s death and included
white mycelium appearing especially
in the regions of the intersegmental
membranes followed by a formation
of green-gray layer of conidia (Fig. 1).
Fig. 1. A dead specimen of I. typographus infected
No cadavers in control showed sympwith M. pemphigi
toms of M. pemphigi mycosis. Representative samples of cadavers were used for fungal DNA isolation and confirmation of species identity through analyses of the ITS region and the partial
TEF1-α gene. The molecular analyses identified infection by M. pemphigi in the
cadavers that was the first confirmed pathogenicity of this fungus against I. typographus. Although M. pemphigi was originally known from root aphids [12 ],
its pathogenicity has also been reported against coleopteran hosts [13 ]. Metarhizium flavoviride var. pemphigi (= M. pemphigi) was reported from New Zealand
in 2010 [14 ] that was probably the first report from bark beetles and was later
confirmed from Hylastes ater Paykull samples [15 ]. Latest research has shown
that its host specificity is broader and includes ticks and mites in addition to
insects [16, 17 ]. Natural infection of spruce bark beetles by this fungus has not yet
been observed, but the relative species, M. anisopliae (Metschn.) Sorokin, was
found to attack I. typographus in Switzerland in 2003 at a low prevalence level.
Unspecified Metarhizium sp. was also found on I. typographus in Georgia during
a survey performed in 2000–2004 [3 ]. Many species of this genus possess a low
degree of substrate specificity and susceptibility of I. typographus to Metarhizium
556

D. Takov, M. Barta, T. Toshova et al.

infection has been documented in several laboratory bioassays [10, 11, 18 ]. It was
found that Metarhizium is not randomly distributed in the soil, but shows preferential association with the plant rhizosphere [19 ]. The rhizosphere was identified
as a potential reservoir for Metarhizium in the soil. Recent studies indicate that
different species of Metarhizium associate with the rhizosphere of specific plant
types [20 ]. M. flavoviride var. pemphigi was identified in the rhizosphere of Picea
engelmannii Parry ex Engelm [21 ] suggesting its possible association with plant
roots, including spruce trees. If the association of M. pemphigi and spruce tree
rhizosphere exists, then it makes sense to use the fungus as a biological control
agent against the spruce bark beetles in forest stands and the rhizosphere might
serve as a reservoir of the agent for prolonged time.
The fungal strain tested in this study demonstrated significant pathogenicity
against bark beetle adults under laboratory conditions and mortality of treated
adults considerably increased with conidia concentration and time of exposure.
Ten days post-treatment, the mean cumulative mortality of bark beetles caused
by M. pemphigi varied from 75% at the lowest conidia concentration (2 × 104
conidia/ml) to 100% at concentrations ≥ 2 × 106 conidia/ml. At conidia concentrations ≥ 2 × 105 conidia/ml mortality of individuals was significantly higher
(ANOVA followed by LSD test: P < 0.05) than mortality of beetles exposed to the
lowest concentration. General patterns of mycosis progress in the treated groups
of beetles with different concentrations were depicted by a mean daily mortality
(Fig. 2). First mortality due to fungal infection occurred yet 24 h after the treatment and varied between 0.33% and 1.00% depending on conidia concentrations
while no mortality was recorded in the control variant. The most rapid increase in
mortality was recorded between two and four days post-treatment for the concentrations of 2 × 107 and 2 × 106 conidia/ml, respectively. At these concentrations
all treated beetles had died by the days five and six, respectively. At the highest
conidial concentration mortality increased significantly until the third day and
reached 100% as early as the fourth day after treatment. In similar bioassay with
M. anisopliae a mortality rate of I. typographus reached 100% at the fourth day
after treatment with conidial concentration of 1×106 conidia/cm2 [18 ]. In another
laboratory bioassay, M. anisopliae demonstrated 90% mortality of the spruce bark
beetles 14 days after treatment with a suspension of 1 × 108 conidia/ml [11 ].
The median lethal concentration of conidia (LC50 ) was 2.9 × 103 conidia/ml
(95% confidence intervals: 2.8×102 –3.7×104 conidia/ml) and LC90 was estimated
6.4 × 104 conidia/ml (95% confidence intervals: 5.1 × 103 –8.2 × 105 conidia/ml).
The estimated median lethal time LT50 of I. typographus adults after treatments
with different concentration of M. pemphigi conidia ranged between 1.78 days
in the treatment with 2 × 107 conidia/ml to 5.98 days in the treatment with
2 × 104 conidia/ml (Fig. 3). The results are comparable with those of [18 ] when
estimated LT50 of I. typographus reached 2.9 days after treatment with 1.57 × 106
conidia/cm2 .
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Fig. 2. Patterns of daily mortality of I. typographus treated with different conidial concentrations (conidia/ml) of M. pemphigi

Fig. 3. Probit analysis graphs showing median lethal time LT50 of I. typographus adults after
treatment with M. pemphigi conidia at different concentrations (2 × 104 –2 × 107 conidia/ml) in
laboratory bioassay. Dashed lines show the 95% confidence intervals
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Worldwide, Metarhizium spp. have been used extensively to control a broad
range of coleopteran pests. In the present research, M. pemphigi showed ability
to cause high mortality of spruce bark beetles in the range of conidial concentrations tested. The high virulence of tested strain under laboratory conditions is
optimistic, however, field trials are necessary to confirm performance of the strain
under real ecological conditions of bark beetles. The current results offer a base
for further investigations focused on practical application of the fungus in the
European spruce bark beetle control.
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