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ABSTRACT
Entomopathogenic fungi (EPF) can be applied directly to strawberry
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canopies as biopesticides, while many EPF strains also display a plant-
associated lifestyle as root colonisers and endophytes. Fungal root
colonisation can affect aboveground herbivores indirectly,
potentially providing an additional beneficial effect of biocontrol
fungi applied to plant growth substrates. Here, we applied two
strains of the EPF Metarhizium brunneum (KVL16-36 and KIS1868)
and a biocontrol fungus used against plant pathogens,
Clonostachys rosea (KIS1881) to strawberry plants in two different
ways; either by immersion of leaf discs in conidial suspension
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(aboveground application) or as drench inoculation to the growth
substrate (belowground application). Three strawberry cultivars
(‘Clery’, ‘Faith’, ‘Rumba’) were tested. We evaluated the effects of
fungal strains and cultivars on individual development of the two-
spotted spider mite Tetranychus urticae eggs on leaf discs and on T.
urticae population growth on leaves of whole plants, respectively.
In experiments with immersed leaf discs, both M. brunneum strains
significantly ~decreased egg survival and prolonged the
development time of hatched T. urticae compared to the control
treatment, while C. rosea only had a significant effect on
developmental time on the cultivars ‘Clery’ and ‘Rumba’. However,
using drench inoculation in whole plant experiments, M. brunneum
KIS1868 increased mite population size on strawberry leaves
compared to M. brunneum KVL16-36 and C. rosea, although this
increase was not significantly higher compared to the control.
Individual fungal biocontrol agents may therefore differently affect
the same pest organisms depending on the application method,
which must be considered in biocontrol programmes.

1. Introduction

The two-spotted spider mite, Tetranychus urticae Koch (Acari: Tetranychidae), is one of
the most serious pests on strawberry plants (Liburd & Rhodes, 2019). The spider mites
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feed on the adaxial side of leaves, causing foliar chlorosis which negatively affects fruit
production (Attia et al.,, 2013; Sances et al.,, 1982), leading to extensive annual yield
reductions (Walsh et al., 2002). Owing to the wide host range and high reproduction
rate (Sousa et al., 2019), resistance towards commonly used chemical acaricides develops
frequently in T. urticae populations (Dermauw et al., 2013; Piraneo et al., 2015). There-
fore, alternative sustainable methods are needed to control this ubiquitous pest species
(Agut et al,, 2018).

Entomopathogenic fungi (EPF) can infect and kill diverse taxa of insects and mites
(Vega et al., 2012), and EPF are therefore often developed and applied as biocontrol
agents against arthropod pests in various crops (Smagghe et al,, 2023). It has been
demonstrated that different EPF strains have the ability to kill T. urticae thus showing
potential for biocontrol (Chandler et al., 2005; Maniania et al., 2009; Zhang et al,,
2018), while it is reported that some EPF strains have limited negative effects towards
predatory mites (Canassa et al., 2019; Dogan et al., 2017; Wu et al., 2016). However,
the effect of leaf sprays with EPF against T. urticae may be hampered by the preferred
location of the spider mites at the abaxial surface of leaves (Park & Lee, 2002; Sudo &
Osakabe, 2011), thus foliar spraying methods may prove insufficient to target the
mites. Novel strategies for targeting spider mites using EPF may therefore be necessary.

It is well-established that many EPF species within the ascomycete order Hypocreales
can form intimate associations with plants as endophytes and root colonisers (Gange et
al., 2019; Hu & Bidochka, 2021). Root colonisation by EPF can have effects on plant
growth (Greenfield et al., 2016; Gupta et al., 2022; Zheng et al,, 2023), and the EPF-
plant interaction can also cause negative effects against aboveground herbivorous arthro-
pods (Gange et al., 2019), including T. urticae (Ahmad et al., 2020; Canassa et al., 2020b;
Dash et al., 2018).

Species within the EPF genus Metarhizium Sorokin (Hypocreales: Clavicipitaceae) can
be used for biocontrol of a wide spectrum of stages of belowground insects (Brandl et al.,
2017; Brunner et al., 2024; Reinbacher et al., 2021) and aboveground arthropod herbi-
vores (Arthurs et al., 2013; Gupta et al., 2022; Rasool et al., 2023). Several commercial
biocontrol products have also been developed based on strains of Metarhizium spp.
(Faria & Wraight, 2007; Smagghe et al., 2023). Metarhizium spp. can colonise root
systems of different plants, causing effects on above-ground spider mite populations in
bean (Canassa et al., 2019; Dash et al., 2018), tomato (Rasool et al., 2021a, 2023) and
strawberry plants (Canassa et al., 2020a, 2020b), likely mediated by modulation of the
defense responses of the host plants. Strains of Metarhizium spp. may therefore target
spider mites through both above- and belowground applications.

The fungal species Clonostachys rosea (Hypocreales: Bionectriaceae) (Schroers et al.,
1999) represents strains with biocontrol potential against fungal plant pathogens (Cota
et al., 2008; Jensen et al., 2022; Koch et al., 2020; Sun et al., 2020), but there is also evi-
dence that some strains of C. rosea have entomopathogenic properties (Anwar et al.,
2018; Mohammed et al., 2021). Strains of Metarhizium spp. and C. rosea may therefore
overlap in their niches and hence represent wider potential for pest management (Keyser
et al., 2016), particularly in strawberry production systems which are challenged by com-
plexes of arthropod pests and plant pathogens (Parikka & Tuovinen, 2014).

Application of M. brunneum to the growth substrate of strawberry plants can target
soil-dwelling insect pest stages (Ansari & Butt, 2013; Klingen et al., 2015; Moorhouse
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et al., 1992), which may also negatively affect aboveground pests (Canassa et al., 2020b).
Similarly, root pathogens in strawberry could be targeted by belowground applications of
C. rosea (Parikka et al., 2017), which potentially also affects arthropods aboveground in a
similar manner as shown for EPF (Gange et al., 2019). Combination of different biocon-
trol strategies with different targets, e.g. against arthropod pests or plant pathogens, may
thus have broader effects on different organisms (Jaber & Ownley, 2018; Keyser et al.,
2016), but these broader interactions have received limited attention.

Here we evaluated effects on two spotted spider mites T. urticae of M. brunneum and
C. rosea strains by applying conidial suspensions to leaf surfaces by immersing leaf discs
(aboveground application) or to root systems of strawberry plants by drenching (below-
ground application), using three different strawberry cultivars. Assessments of spider
mites were related to direct effects on individual development in leaf discs assays or
potential indirect effects on spider mite population increase in whole plant experiments.

2. Materials and methods
2.1. Organisms used in the experiments

2.1.1 Strawberry plants

Three commercial strawberry (Fragaria x ananassa Duchesne ex Rozier) cultivars,
‘Rumba’, ‘Faith’, ‘Clery’, were cultured in 420 ml pots (TEKU® VCG 10) containing
coir substrate (Legro®©, the Netherlands), which is used in commercial strawberry table-
top production in tunnels in Denmark. The strawberry plants used in the experiments
were developed from runners and had been grown in the greenhouse for up to 9
months at 18 £ 2°C, 50-70% relative humidity (RH), with 16:8 h light:dark (LD) cycle.

2.1.2 Spider mites

Populations of the two-spotted spider mite Tetranychus urticae Koch were cultured on bean
(Phaseolus vulgaris) seedlings within a controlled incubator maintained at 23 + 1°C, 70 + 5%
RH, and a 16:8 h LD cycle. To generate egg cohorts, approximately 70 female adults were
assembled on a bean leaf for a 24-hour period to facilitate egg laying. For production of
female adult cohorts, approx. 100 female mites were transferred and grouped on a single
leaf of a new bean seedling for 48 h to lay eggs; subsequently, the adult mites were
removed, and the eggs were left undisturbed for 10 days to develop into adults.

2.1.3 Fungal isolates
Two isolates of Metarhizium brunneum (KVL16-36 and KIS1868) were cultured on
quarter strength Sabouraud Dextrose Agar Yeast extract (SDAY/4) solid media, while
Clonostachys rosea (KIS1881) was cultured on quarter strength Potato Dextrose Agar
(PDA/4). The cultures were kept in darkness at 23 + 2°C for 3-4 weeks before used in
experiments.

The isolates originated from the commercial biocontrol product Met52G (KVL16-36),
a natural infection of an adult click beetle Agriotes sp. collected in Slovenia (KIS1868)
with biocontrol potential against soil-borne insect pests (Razinger et al., 2017; 2020).
The strain of C. rosea (KIS1881) was obtained from agricultural soil in Slovenia and
has demonstrated potential against soil-borne plant pathogens (Koch et al., 2020).
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2.2. Preparation of conidial suspensions

Conidia were harvested from the culture plate with a sterile drigalski spatula and sus-
pended in ca. 10 ml sterile 0.05% Triton X-100 (Sigma-Aldrich, Darmstadt, Germany).
Each crude suspension was then transferred to a 50 ml centrifuge tube, vortexed for 5
s and centrifuged (Sigma 2-16KL, Germany) at 956xg for 3 min at room temperature.
The conidial concentrations were estimated by observation in a Fuchs-Rosenthal hemo-
cytometer (Assistent, Sondheim von der Rhon, Germany). All experimental conidial sus-
pensions were diluted to a concentration of 1 x 10” conidia ml~" by adding sterile 0.05%
Triton X-100. Conidial viability was checked prior to experiments by transferring 100 pl
of each suspension onto SDA and conidia germination was counted after 24 h at 23°C in
darkness. Suspensions were only used if germination rates were higher than 95%.

2.3. Design of strawberry leaf inoculation experiment

To assess the development of individual spider mites on leaves of the three strawberry cul-
tivars treated with each of the three fungal suspensions, leaves were collected from plants
and excised into smaller sections (ca. 20 x 20 mm) to fit the experimental arena, which is
graphically described in detail by Zhang et al. (2015). In brief, the arena is comprised of a
10 mm diameter hole in the centre of a transparent acrylic board (30 x 20 x 3 mm?), which
is placed on the leaf disc and covered with a glass slide. After cleaning the leaf surfaces by
rinsing in sterile distilled water, individual leaf sections were dipped in one of the conidia
suspensions (1 x 107 conidia ml™) or in 0.05% Triton X-100 (i.e. control) for 1 min and
then air-dried on filter paper under a fume hood. Each leaf section was placed in an
arena and a single spider mite egg from an egg cohort was placed on the abaxial leaf
surface. The arenas representing the treatment combinations (3 cultivars x 4 suspensions)
were prepared in 10 replicates and placed in a randomised order onto water saturated
sponge pads in a tray inside an incubator at 25 + 1°C, 70 + 5% RH, 16:8 h (L:D). The hatch-
ing of eggs, developmental time of each mite stage, and mite mortality were recorded daily
for 15 days to cover the full life cycle from egg to adult. During this timeframe, the leaf
pieces kept turgor and colour. The experiment was repeated on three separate occasions
with preparation of new conidial suspensions and egg cohorts.

Deceased individuals were photographed during the observation period using a Leica
M125 stereo microscope. Spider mite stages (egg or juvenile) were categorised into one or
more of five groups based on their death status. For hatched mites, the categories
included ‘Failed molting’ signifying instances where the larva or protonymph failed to
progress to the next mite stage and perished due to an inability to break free from the
exuviae; ‘Mycelium’ indicating the presence of fungal mycelium emerging from the
cadaver. For eggs, ‘Tawny denoted dead or unhatched eggs after 15 days that transi-
tioned to a tawny colour; ‘Malformation’ representing dead or 15-day unhatched eggs
that exhibited irregular shapes, dents, or shrinkage; or ‘Asymptomatic’ reflecting cases
where spider mite eggs perished without displaying any of the symptoms (Figure S1).

2.4. Design of strawberry root inoculation experiment

To evaluate the population development of spider mites on strawberry plants after fungal
root inoculation, 120 plants (40 Clery, 40 Faith and 40 Rumba) were moved from the
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greenhouse to a temperature-controlled laboratory (22 £ 1°C, 16:8 h L:D) and trimmed
down to three leaves. The leaf surfaces were cleaned twice with tap water to ensure
that no arthropods remained on plants.

A volume of 20 mL of fungal conidia suspension (1 x 107 conidia. ml™") or the same
volume of 0.05% Triton X-100 solution (i.e. control) was drenched into the substrate
2 cm below the surface under the strawberry plant using an electronic pipette (np
Pipet-Jet, nerbe plus, Germany). After one week of incubation, three newly emerged
female spider mites, which had mating opportunity for 24 h, were introduced on a leaf
enclosed inside a ventilated zip-lock bag. The zipped area around the petiole was
sealed with cotton wool to maintain breathability and prevent spider mites from escap-
ing. Each zip-lock bag (15 x 10 cm?) (GRIPPIE) was made by low-density polyethylene,
and one side (12 x 8 cm?) was cut and replaced by 300-um nylon-mesh attached with hot
melt glue. Plants with spider mites were incubated for 15 days on a steel table with six
LED grow lights (Valoya, Finland, 130 umol/s, 65W, 70 cm height). Every 3 days, the
zip-lock bags were carefully removed from the leaves, and the numbers of spider mites
in different developmental stages were counted under a dissection stereomicroscope
(16-40x magnification). The experiment consisted of five replicate plants of each con-
dition (3 cultivars X 4 treatments) distributed among five blocks. Plant position was ran-
domised within each block and the blocks were reshuffled on the tables at each
assessment time. The experiment was repeated on two separate occasions using new
fungal suspensions.

2.5. Sampling of plant tissues and spider mites

At the final recording day (day 15), the infested leaf with petiole of each plant was cut off
for counting all spider mites, and the remaining plant was used for evaluation of fungal
colonisation. The root system was extracted from the pot and washed under tap water.
Plant tissues (leaf, stem and root) were excised and surface sterilised with 70% ethanol
for 30 s and 0.5% sodium hypochlorite solution for 30 s before being rinsed 3 times in
sterile water for another 30 s. All tissue samples were individually cut into 6 segments
of 1 cm and pressed into selective media agar suitable for growth of fungi [as described
by Rasool et al. (2021b)]. Ten spider mites from each treatment were collected in a 1.5 ml
Eppendorf tube, applied to a similar surface sterilisation procedure as above, then
grinded and smeared onto the agar surface of a selective media plate. In addition, 100
ul of the third rinsing water was inoculated on PDA media to assess if plant tissues
and mites were thoroughly cleaned. All plates were incubated in darkness at 23 +2°C
and checked one and two weeks later for presence of fungal structures growing from
the edge of plant tissue segments of similar morphology to the inoculated strain.

2.6. Statistical analysis

All data analyses were performed in R software version 3.02.3 (RCoreTeam, 2022), using
a=0.05 as threshold value to indicate significant effects. The effects of the fungal treat-
ments and cultivar (and their interaction) on hatching rate of spider mite eggs and sur-
vival rate of developing nymphs in the arena experiment were analysed with mixed
effects Cox models, using the ‘coxme’ and ‘survival’ packages (Therneau, 2022; Therneau
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et al,, 2022). The ‘ggplot2’ and ‘survminer’ packages (Kassambara et al., 2022; Wickham
et al., 2022) were used to plot hatching rates and survival curves.

Spider mite symptoms were visualised using the UpSet plot to evaluate whether these
symptoms appear in all fungal treatments; here, we displayed the intersections between
the symptoms of mortality of four treatments, which were constructed using the ‘UpSetR’
package (Conway & Gehlenborg, 2019). The effects of the fungal treatment, of the culti-
var, and their interaction on the number of symptomatic deaths were analysed using a
linear model. For the analysis of developmental time of emerged spider mite nymphs,
we used a generalised linear mixed model with a Gamma distribution and inverse link
function to examine the differences in development time for each stage due to the
fungal treatment, the cultivar and their interaction.

For the analysis of population development of spider mites on enclosed leaves of the
root inoculated strawberry plants among fungal treatments and cultivars (and their inter-
action), imputation by the median was performed on the missing values, and a general-
ised linear mixed-effects model was used with quasi-Poisson distribution and log link
function [‘glmmPQL’ function, ‘MASS’ package (Ripley & Venables, 2022)] to test for
differences in the total number of individuals at 15 days. Additionally, the growth
curve of the number of spider mites on each strawberry plant was plotted and the corre-
sponding linear line slope, intercept, and R-squared were recorded.

A linear mixed-effect model was used to test the slope, representing the growth rate,
against the fungal treatments, the cultivars and their interaction. In all models, ‘Rep-
etition” (i.e. corresponding to the experimental repetition of the setup) was first
tested as a fixed factor, and if no significant effect was found, this factor was
removed from the model; if the factor did have a significant effect, it was kept in
the model as a random factor (i.e. for all models except for the number of symptomatic
deaths). Models were validated either by testing the proportional hazards assumption
(i.e. Cox models); plotting residuals of the models to check normality, homoscedasti-
city and independence of the data (i.e. linear mixed-effect model and generalised linear
model); assessing overdispersion (i.e. generalised linear mixed-effects model). The sig-
nificance of each term of the models was tested by the Wald chi-square test as a type II
analysis of variance [‘Anova’ function, ‘car’ package (Fox et al., 2024)]. Multiple com-
parisons were performed by computing estimated marginal means [‘emmeans’ function
and package (Lenth et al., 2022)] and by correcting p-value with the false discovery rate
method.

3. Results
3.1. Effects of leaf application of M. brunneum and C. rosea on T. urticae

3.1.1 Hatching rate

Using inoculated strawberry leaf discs, we found that the hatching rate of spider mite
eggs was significantly affected by fungal treatments (x* = 9.4, df=3, P=0.02), but not
by the strawberry cultivar (x> =2.7, df =2, P=0.26) nor the interaction between treat-
ment and cultivar (x*=2.0, df=6, P=0.92). The hatching rate of spider mite eggs
placed on M. brunneum KVL16-36 treated leaves was 70.0% (63/90), while the hatching
rate in the control treatment was 84.4% (76/90). Hatching rates of C. rosea KIS1881 and
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M. brunneum KIS1868 were 83.3% (75/90) and 74.4% (67/90), respectively. However, fol-
lowing pairwise comparisons, no significant differences between the four treatments
could be identified (Figure 1(A)).

3.1.2 Survival rate

The survival rate was significantly influenced by the fungal treatments (x* = 8.6, df = 3, P
=0.04), but not by the cultivars (x* = 2.4, df =2, P=0.31), nor the interaction between
treatment and cultivar ()(2 =423, df =6, P=0.63). Spider mites from the control group
had the highest survival rate of 82.0% (73/89), which was significantly higher (P <
0.05) than the survival rates of both M. brunneum-treated groups, 61.4% (54/88) for
M. brunneum KVL16-36 and 66.7% (60/90) for M. brunneum KIS1868. The survival
rate of spider mites in the C. rosea treatment was intermediate at 71.1% (64/90)
(Figure 1(B)).

3.1.3 Symptoms of spider mite eggs and nymphs

We observed morphological characteristics of the dead spider mite eggs and nymphs in
the leaf bioassays (Figure 2). Most cadavers from the control group were classified in
‘Malformation’ and ‘Asymptomatic’ categories compared to those of the fungal-treated
groups, which were mainly classified as ‘Failed molting’, ‘Mycelium’ or ‘Tawny’ cat-
egories, or a combination of symptoms (Figure 2(A)). The occurrences of the latter
three categories were considered as fungal related symptoms (Figure 2(A)). The
number of dead individuals of these three categories were significantly influenced by
fungal treatments (F=8.9, df=3, P<0.001), but not by the cultivars (F=0.07, df=2,
P =0.92), nor the interaction between the cultivars and the treatments (F=1.3, df =6,
P=0.28). Both M. brunneum treatments significantly induced more dead individuals
with symptoms than the control treatment while the effect of C. rosea KIS 1881 was
similar to that of the control (Figure 2(B)).

3.1.4 Developmental time

The full developmental time of the spider mites from egg to adult was significantly
affected by the fungal treatment (x°=34.1, df=3, P<0.001) and the interaction
between strawberry cultivar and fungal treatment (x° = 15.7, df =6, P=0.02), but not
by the cultivars ()(2 =1.8, df =2, P=0.41). The developmental times of spider mites on
leaves treated with C. rosea KIS1881 or M. brunneum KIS1868 were longer than in the
control treatment on the cultivars ‘Clery’ and ‘Rumba’, but not in ‘Faith’; on the latter
cultivar, no differences in development times were found (Figure 3). Development
times on leaves treated with M. brunneum KVL16-36 were no longer than in control
treatments irrespective of cultivar, while on ‘Rumba’ leaves treated with M. brunneum
KIS1868 the development took longer than on ‘Rumba’ leaves with M. brunneum KVL
16-36 (Figure 3).

Focusing on the developmental times from one spider mite stage to the next, time
from eggs until hatching was significantly affected by fungal treatment (x> = 13.3, df =
3, P=0.004), but not by strawberry cultivars (x* = 2.1, df = 2, P = 0.35) nor the interaction
between treatment and cultivars (X2 =74, df =6, P=0.29), with spider mite eggs on M.
brunneum KIS1868 treated leaves having the longest hatching time (Figure S2). As for the
developmental time from larva to protonymph, both cultivars (X2 =73,df=2, P=0.02)
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Figure 1. Hatching rate (A) and survival rate (B) of eggs of Tetranychus urticae placed individually on
strawberry leaf discs previously dipped into conidial suspensions (1 x 107 conidia mI™") of either Clo-
nostachys rosea (C. rosea KIS1881), Metarhizium brunneum (M. brunneum KVL16-36 or M. brunneum
KIS1868) or 0.05% Triton X-100 (Control). Different letters on curves indicate significant differences
(P <0.05).
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(Control). Plots in (A) represent distribution of morphological groups of symptoms between treat-
ments. Representative symptoms corresponding to horizontal bar labels (a) Failed moulting, (b)
Mycelium, (c) Tawny, (d) Malformation, (e) Asymptomatic. Scale bars: 100 um. Horizontal black bars
indicate the total number of T. urticae with a certain symptom. Vertical bars indicate which symptoms
are included in each intersection. Plots in (B) represent the mean and standard error values, with
observations indicated. Different letters indicate significant differences between treatments (P < 0.05).
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Figure 3. Total developmental time in days from egg to adult of Tetranychus urticae on strawberry leaf
discs of three cultivars (top panel). Each leaf disc was dipped in conidial suspension of either Clonos-
tachys rosea KIS1881(C.r), Metarhizium brunneum KVL16-36 or KIS1868 (M.b KVL or M.b KIS) or 0.05%
Triton X-100 (Control). Different letters indicate significant differences among cultivar x treatment
combinations (P < 0.05). The box indicates the interquartile range (IQR, Q1-Q3) with the horizontal
line representing the median value. The small black diamonds represent the average value, and
the gray scattered points represent the specific value of the individual. Whiskers extend to the smallest
and largest values within 1.5xIQR, and black points beyond the whiskers represent outliers.

and fungal treatments (x° = 13.9, df = 3, P=0.002) had significant effects, which was not
the case for their interaction (x*=9.3, df=6, P=0.15), and larvae on M. brunneum
KIS1868 and C. rosea KIS1881 treated leaves showed the longest developmental
time (2.1+0.2 days; Figure S2). Development from protonymph to deutonymph was
also significantly affected by fungal treatments (x* = 13.3, df =3, P=0.004), as well as
the interaction of cultivar and treatments ()(2 =15.0, df =6, P=0.02), with protonymphs
on M. brunneum KIS1868 treated leaves having longer developmental time than in
control treatment (Figure S2). Here, the cultivar had no significant effect (XZ: 0.14,
df =2, P=0.93). Finally, the developmental time from deutonymph to adult was not
significantly impacted by cultivars (x> = 4.0, df = 2, P = 0.13) or fungal treatments (x* =
4.6, df =3, P=0.20) nor the interaction between cultivars and treatments (X2=7.1,
df=6, P=0.31).

3.2. Effects of drench application of M. brunneum and C. rosea on T. urticae

3.2.1 Population size of spider mites

The population sizes of the spider mites at day 15 after introduction of three adult
females on individual leaves of whole strawberry plants receiving root drenching
are presented in Figure 4. The final numbers of spider mites per leaf were significantly
affected by the cultivars (x> =25.3, df=2, P<0.001) and fungal treatments (x* = 10.6,
df =3, P=0.01), but not the interaction between cultivars and treatments (X2 =2.6, df
=6, P=0.86). When comparing the final numbers of spider mites at day 15, the popu-
lation size on ‘Clery’ was significantly smaller (Mean + SE: 54.5 + 4.8 mites/leaf) than
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Figure 4. Number of Tetranychus urticae individuals per leaf of three cultivars of strawberry plants
(Clery, Faith, Rumba) receiving drench application of 20 ml conidial suspensions of either Clonostachys
rosea KIS1881 (C.r), Metarhizium brunneum KVL16-36 (M.b KVL), M. brunneum KIS1868 (M.b KIS) or
0.05% Triton X-100 (Control). Different letters indicate significant differences (P < 0.05) between the
cultivars (upper case) or between fungal treatments (lower case).

those on ‘Faith’ (87.6 + 7.0 mites/leaf) and ‘Rumba’ (93.0 + 6.6 mites/leaf). In addition,
strawberry plants with drench application of M. brunneum KIS1868 carried the largest
populations of spider mites (96.7 + 8.5 mites/leaf), which was not significantly different
from plants in the control treatment carrying an intermediate population size (75.6 +
8.0 mites/leaf), but significantly higher than those on plants inoculated with C. rosea
KIS1881 (72.4 +6.7 mites/leaf) and M. brunneum KVL16-36 (68.6+ 7.1 mites/leaf;
Figure 4).

3.2.2 Population growth rates of spider mites

Each spider mite population was initiated with three adult females per plant, hence most
of the individuals of the mite populations on final recording day (day 15) had not yet
matured and commenced oviposition. Plotting spider mite numbers over time revealed
that the populations increased linearly with time (overall mean R*=0.928, see Table S1
for each treatment combination), and the slope of a linear growth curve was therefore
used to approximate the growth rate of each population per plant as a new response
variable.

The growth rates were significantly affected by the cultivars (x*=20.3, df =2, P<
0.001) and fungal treatments (X2 =109, df=3, P=0.01), but not the interaction
between cultivars and treatments (x° = 1.9, df =6, P=0.93). Consequently, the growth
rate on the cultivar ‘Clery’ was lowest (Mean Slope + SE: 3.6 £ 0.3) compared to ‘Faith’
(Slope =5.6 £ 0.5) and ‘Rumba’ (Slope = 6.1 + 0.5; Figure S3A). Comparison of growth
rates of the fungal treatments showed that spider mite populations on strawberry
plants inoculated with M. brunneum KVL16-36 (Slope=4.3+0.5) and C. rosea
KIS1881 (Slope = 4.7 + 0.4) had lower growth rates than populations on plants inoculated
with M. brunneum KIS1868 (Slope = 6.4 + 0.6) whilst the growth rate on control plants
was intermediate (Slope = 5.0 £ 0.5; Figure S3B).
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3.2.3 Death symptoms and fungal colonisation

No symptoms consistent with those outlined in section 3.1.3 were observed in any spider
mites of the whole plant experiment, and in the plate test of surface sterilised mites, no
fungal growth appeared on the selective medium. Among the plant tissue pieces exam-
ined, fungal growth corresponding to those isolates inoculated was predominantly
detected in the roots of strawberry plants treated with fungal inoculants; only few
stem samples per plant showed emergence of M. brunneum or C. rosea, while no leaf
samples gave rise to fungal growth (Figure S4).

4, Discussion

In the present study, we found that eggs of the spider mite T. urticae developing on
strawberry leaves immersed in conidia suspensions of two strains of the EPF M. brun-
neum had reduced survival rate, with dead individuals showing symptoms of fungal
infections. Particularly, inoculating leaves with M. brunneum strain KIS1868 also pro-
longed developmental time, although this effect depended on strawberry cultivar
tested. Hence, this M. brunneum strain showed most consistent effects against T.
urticae by direct exposure on strawberry leaf surfaces. Strawberry plants are attacked
by a community of arthropod pests and plant pathogens (Parikka & Tuovinen, 2014),
where biocontrol strategies require application of different agents, which potentially
affect other targets. Application of C. rosea KIS1881 to strawberry leaf discs exhibited
limited effects against spider mites, although developmental time was prolonged on
two cultivars and fungal related symptoms could be observed on dead individuals.
Although this strain of C. rosea has effects on plant pathogens (Koch et al., 2020),
it exhibited marginal entomopathogenic properties based on the present results,
although other strains of C. rosea were previously reported as entomopathogens
(Anwar et al., 2018; Mohammed et al., 2021). Thus, limited additional pest manage-
ment benefits would be obtained by applying C. rosea for control of leaf pathogens in
strawberry crops.

The use of EPF as biocontrol agents against T. urticae has been extensively researched
in horticultural crops (Maniania et al., 2009; Smagghe et al., 2023). Strains of M. brun-
neum have demonstrated effective control of spider mites (Castro et al., 2018; Gupta et
al., 2022; Zélé et al., 2020), and M. brunneum was developed as a commercial product,
Met52° (Smagghe et al, 2023), which was also demonstrated to be efficient against
black vine weevil (Otiorhynchus sulcatus) by drench application in strawberry (Ansari
& Butt, 2013). Dogan et al. (2017) evaluated two strains of M. brunneum, including
Met52°, for their effects on T. urticae on bean plants via foliar application; both strains
exhibited significant mortality towards spider mites, particularly in the adult stage. In
the present study, M. brunneum KVL16-36 represented a culture isolated from the
product Met52°. During exposure on leaf surfaces, this strain showed similar effects as
M. brunneum KIS1868 on mortality and infection symptoms, but no increase in spider
mite development time. Hence, M. brunneum KIS1868 may have more potential as a bio-
control agent of spider mites in strawberry crops; the strain has been shown to be virulent
against other arthropod pests (larvae of cabbage root fly Delia radicum and wireworms
Agriotes sp.; Razinger et al., 2014; 2017; 2020), while there are so far no reports on its use
for control of spider mites.
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In contrast to direct exposure effects, entomopathogenic and other fungi may colonise
host plants after inoculation with potential impact on arthropod herbivore populations
through indirect effects (Jaber & Ownley, 2018; Rasool et al., 2021b), which were
shown to be general phenomena reported in the literature based on a meta-analytical
approach (Gange et al., 2019). Here, we inoculated the same strains of biocontrol
fungi by drench application to the growth substrate of the three strawberry cultivars to
evaluate if potential indirect effects could be observed, which have been shown against
spider mites on strawberry (Canassa et al., 2020a) and other plants (Canassa et al.,
2019; Rasool et al., 2021a) using different fungal species. Surprisingly, we found that
the M. brunneum strain KIS1868, which reduced T. urticae development the most by
direct exposure on leaves, increased the number of spider mites compared to the other
M. brunneum strain KVL16-36 and C. rosea KIS1881, irrespective of strawberry cultivar.
Although drench applications with the two latter fungal strains showed slightly reduced
spider mite population sizes on strawberry plants, the numbers were not significantly
lower than on control plants.

Using strains of B. bassiana as root drenches, Mantzoukas et al. (2022) reported of
reductions in incidence of thrips and aphids in the canopies of strawberry plants
(‘Fortuna’), while negative or no effects on T. urticae oviposition were observed in
strawberry plants receiving root inoculations of several EPF strains (Canassa et al.,
2020a). In line with the present results, Rasool et al. (2021a) reported that M. brun-
neum strain KVL04-57 as seed inoculant increased the number of spider mites on
tomato plants compared to two other EPF strains. The strain KVL04-57 also increased
aphid numbers as seed inoculations of wheat and bean (Rasool et al., 2021b). It was
further demonstrated that wheat plants grown from seeds inoculated with those EPF
strains showed differential enzymatic activities related to either investment in biomass
or plant defense, correlating with increase or decrease of aphid populations, respect-
ively (Rasool et al., 2024). The M. brunneum strain KVL04-57 thus increased growth
of wheat plants that carried more aphids than in control treatment (Rasool et al.,
2024), indicating that EPF seed inoculation does not always have negative effects on
insect herbivores.

Clifton et al. (2018) further reported that a M. brunneum isolate obtained from the
biocontrol agent F52 (same active ingredient as Met52) increased aphid numbers on
soybean plants following seed inoculation. Although it is generally accepted that
different species of EPF belonging to the same genus have variable ability to infect
hosts (Sheng & St. Leger, 2024), the negative effect of an EPF strain on a specific pest
when exposed directly as e.g. leaf spray may have another effect against the same pest
species when the EPF strain is colonising the host plant, which was also reported here
for M. brunneum KIS1868.

In the drench inoculation experiments, no dead individuals with fungal infection
symptoms were observed, indicating no detrimental conditions of the setup. No coloni-
sation of the inoculated fungi were observed in the strawberry leaf tissues, while C. rosea
and M. brunneum were emerging from root and stem tissues, suggesting lack of contact
between fungus and spider mites. Similarly, the C. rosea isolate IK726 internally colo-
nised the lower part of the stem of strawberry plants after root application with
conidia suspensions (Heyer et al., 2016). For Metarhizium spp., several studies have
reported consistent occurrence only in roots, whereas the EPF Beauveria bassiana
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were frequently found throughout the plant (Behie et al., 2015; Ramos et al., 2020). Thus,
effects on aboveground herbivores of root colonising C. rosea or Metarhizium spp. are
most likely caused by indirect interactions.

Although the mechanisms for such indirect effects of plant colonising fungi against
above-ground herbivores remain unclear (Gange et al., 2019), we expect effects on
spider mite populations in the present study to be mediated by the strawberry
plant. Currently, it has been demonstrated that arthropod population sizes in canopies
of EPF inoculated plants were related to levels of plant specialised metabolites in
tissues (Rasool et al., 2021a, 2021b), to the production of volatile organic compounds
(VOCQC) (Li et al., 2014; Zhu et al., 2022), and to alterations of microbial environmental
communities (Rasool et al., 2023). Similarly, although many plant-colonising EPF are
reported to cause negative effects against arthropod herbivores (Gange et al., 2019),
limited reports of mycosis of insects feeding on EPF colonised plants are available
(Vega, 2018; Vega et al., 2008), which supports the notion of mainly indirect effects
through plant colonisation.

In the present study, the strawberry cultivar was a significant factor contributing to
spider mite population growth on whole plant experiments after fungal drench appli-
cations, and for some response variables in direct exposure on leaf disc assays the cul-
tivar had interactive effects with the inoculated biocontrol fungus. We found that
spider mites on ‘Clery’ increased population size most slowly, significantly slower
than on the other two cultivars. Trait variation between plant cultivars may result
in different resistance to pests (Goggin et al., 2015; Tooker & Frank, 2012). In
terms of morphology, resistance may be related to trichome density or cell wall thick-
ness of leaves (Amil-Ruiz et al., 2011; Schneeberger et al., 2025), which were also
characteristics of the ‘Clery’ cultivar of the present study (Z. Xie, pers. obs.). Concern-
ing physiological trait variation, each strawberry cultivar could exhibit different sec-
ondary metabolite contents (Vallarino et al, 2018), composition of microbial
communities (Wei et al., 2022), or VOC profile (Li et al., 2022; Whyle et al., 2022),
resulting in variation of pest and pathogen resistance. Gong et al. (2018) studied
the host plant preference, population growth, developmental duration and fecundity
of T. urticae in 14 different strawberry cultivars. They found that the mite population
on the most attractive cultivar was up to 6-7 times larger than the least attractive cul-
tivar (Gong et al., 2018). Hence, cultivar is an important factor for spider mite per-
formance on strawberry plants. In the present study, the tested cultivars only
affected spider mite performance interactively with fungal treatments during direct
exposure on leaves.

Our study suggests that biocontrol fungi can affect the two-spotted spider mite T.
urticae on strawberry leaves both through mortality and developmental features follow-
ing leaf immersion in conidial suspensions and by strain-specific effects on population
size after conidial drench application to the growth substrate. However, the effects are
variable, not only depending on the fungal strains, but also on strawberry cultivars
and application method. Hence, the results emphasise the need to consider both direct
and potential indirect effects of fungal application in pest management strategies. The
study highlights the need to understand the mechanisms behind effects of plant colonis-
ing fungi in biocontrol scenarios, including potential interactions with other biological
control agents.
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