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This study investigated the behavioural responses of two wireworm species to three selected treatments: compost
teas (16 and 19), synthetic 3-octanone, and Metarhizium brunneum (strain 1868). Behavioural assays were con-
ducted under controlled conditions using rhizotrons and olfactometers. Results showed that compost tea 16 acted
as an attractant, compost tea 19 had no significant effect, while both 3-octanone and M. brunneum exhibited
consistent repellence in both species. These responses were consistent across experimental systems, indicating
robust behavioural patterns. The findings suggest that wireworm behaviour is influenced by chemically mediated

belowground cues, with contrasting responses depending on cue origin. These results highlight the potential of
these treatments as alternatives for sustainable pest management, including push—pull approaches. Further field
validation is required to confirm their effectiveness under practical conditions.

1. Introduction

The functioning of terrestrial ecosystems depends on complex in-
teractions between aboveground and belowground organisms. Wire-
worms (Coleoptera: Elateridae), the soil-dwelling larvae of click beetles,
are among the most damaging agricultural pests worldwide (Veres et al.,
2020).In Europe, several Agriotes species cause damage to crops,
including A. sordidus Illiger, A. ustulatus Schaller, A. litigiosus Rossi,
A. brevis Candeze, A. lineatus Linnaeus, A. sputator L., A. obscurus L., A.
proximus Schwarz., and A. rufipalpis Brullé (Furlan et al., 2021; Platia,
1994).

Elaterids have a long-life cycle, are polyphagous, capable of bur-
rowing deep into the soil, and are highly fecund; combined with over-
lapping generations and strong adaptability to soil conditions, these
traits make them particularly challenging to control (Sufyan et al., 2014;
Furlan, 2005). Wireworms feed on the roots and tubers of numerous
crops, including cereals, legumes, potatoes, and sugar cane, and many
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other economically important crops causing damage that leads to sig-
nificant yield losses (Vernon and van Herk, 2022; Saguez et al., 2017;
Furlan, 2005). Moreover, their impact on plants can influence in-
teractions across multiple trophic levels (Kostenko et al., 2013), from
altering the dynamic interplay between belowground and aboveground
herbivores, to modifying plant responses to herbivores (Anderson et al.,
2011). These changes carry significant consequences for both plants and
higher-trophic-level organisms (Johnson et al., 2009). Wireworms are
able to move vertically, horizontally, or between crops in search of food
when soil conditions are favourable (Sonnemann et al., 2014; Barsics
et al., 2013).

Wireworms locate host plants using a behavioural mechanism called
klinotaxis, which involves the activation of clusters of sensilla on the
maxillary and labial palps (Doane and Klingler, 1978; Klingler, 1957).
They use multiple strategies to identify their suitable hosts: they may
randomly encounter root signals while foraging (Doane et al., 1975),
detect chemosensory cues on the root surface upon direct contact
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(Johnson and Gregory, 2006), or perceive volatile organic compounds
(VOCs), as well as COz, emitted by plant roots, indicating the presence of
living plant tissue (Arce et al., 2021; Johnson and Nielsen, 2012).
Several studies have demonstrated wireworms' attraction to CO2 sour-
ces, for instance through the use of baker's yeast (Saccharomyces cer-
evisiae) as a COy generator in attract-and-kill strategy (Brandl et al.,
2017).

To mitigate elaterid damage in annual crops, a range of management
strategies has been developed, including adult mass trapping (Sufyan
et al., 2013), crop rotation (Willis et al., 2010), biofumigation and crop
residue removal (Furlan et al., 2010), bioaugmentation with entomo-
pathogenic fungi (EPF) (Razinger et al., 2020), cover crop use
(Reinbacher et al., 2021; Rogge et al., 2017), mechanical soil distur-
bance and biological control (La Forgia and Verheggen, 2019; Reddy
et al., 2014), as well as other agricultural practices and insecticides
(Furlan et al., 2020). However, the negative environmental and health
impacts of insecticides, along with their limited efficacy, have driven the
search for sustainable pest management strategies. The introduction of
the European Directive 2009/128/EC, made Integrated Pest Manage-
ment (IPM) mandatory, progressively restricting the use of several
synthetic pesticides and encouraging the adoption of agronomic and
biological control measures (Pisa et al., 2021; Barzman et al., 2015;
Furlan, 2014). Farmers are therefore encouraged to maximize the use of
agronomic solutions, while researchers must investigate the most
effective and sustainable alternative strategies and equipment (Civolani
et al., 2023).

Understanding wireworm behaviour using natural substances (NS),
VOCs, and EPF can lead to the development of promising alternative
control measures that are environmentally friendly, biodegradable, and
nearly residue-free (Civolani et al., 2023; Poggi et al., 2021; Brandl
et al., 2017). Compost tea is one such promising natural product. It is a
liquid extract derived from high-quality compost of green waste
(Zaccardelli et al., 2012), known to suppress plant pathogens and
enhance plant growth through enriching microbial diversity and
nutrient profile (Gonzalez-Hernandez et al., 2022; Mahnert et al., 2018;
[langumaran and Smith, 2017). To date, the effects of compost tea on
insects remain largely unexplored, particularly with respect to species of
Agriotes.

Volatile organic compounds, produced naturally by plant roots and
microorganisms, can attract or repel wireworms and even promote ag-
gregation behaviour. Several VOCs, such as 2-pentylfuran, hexanal, 1-
octen-3-ol, and 3-octanone, have been reported as behaviourally
active compounds (La Forgia et al., 2023; La Forgia et al., 2020; Hum-
madi et al., 2021; Barsics et al., 2017; Barsics et al., 2013). Notably, 3-
octanone is also known to possess toxic and defensive properties
against nematode infestations (Lee et al., 2023), suggesting potential
roles in soil pest management.

Entomopathogenic fungi, particularly Metarhizium spp. (Ascomy-
cota: Hypocreales), have shown promising results in infesting wire-
worms as naturally occurring soil fungi (Kabaluk et al., 2005). Beyond
their pathogenic action, EPF also have other beneficial functions as they
enhance plant growth and mineral nutrition and exclude phytopatho-
gens from rhizosphere niches (Bourdon et al., 2023; Wood et al., 2023;
Ahmad et al., 2020; Razinger et al., 2020; Faria and Wraight, 2007;
Rivas-Franco et al., 2019; Herbst et al., 2017). These effects are largely
attributed to the VOCs, secondary metabolites, and antimicrobial com-
pounds produced by EPF, many of which possess insecticidal and sem-
iochemical properties (Hummadi et al., 2021; Gibson et al., 2014; Oller-
Lopez et al., 2005; Isaka et al., 2003). Beyond their relevance as agri-
cultural pests, wireworms are key soil-dwelling herbivores whose spatial
behaviour is shaped by chemical cues produced by plants and soil mi-
croorganisms. Understanding how belowground insects perceive and
respond to such cues is central to soil ecology, as it influences organism
distribution and soil-mediated interactions.

We hypothesize that wireworm behaviour is driven by chemically
mediated belowground cues, with compost-derived signals acting as
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attractants, likely due to microbial activity and associated emissions,
whereas fungal and synthetic volatile compounds induce repellence. To
test this hypothesis, we evaluated the behavioural responses of two
wireworm species, Agriotes litigiosus and A. lineatus, to compost teas,
synthetic 3-octanone, and the entomopathogenic fungus Metarhizium
brunneum (strain KIS/HJS 1868), previously shown to be pathogenic
(Razinger et al., 2018) and potential repellent to wireworms (Razinger
et al., 2020), using dual-choice olfactometers and rhizotrons.

2. Materials and methods
2.1. Insect source

Larvae of Agriotes lineatus were obtained from a laboratory colony
established from adult elaterid beetles collected from field located in
Jablje, north of Ljubljana, Slovenia (46°0829.2°N 14°33'25.0"E;
46°08'31.9"N 14°33'16.1"E) in the early summer of 2023 and reared at
the Agricultural Institute of Slovenia according to Kolliker et al. (2009).
In February 2024, the larvae reached a suitable size for experimental use
(1.6 £ 0.23 cm). They were then transferred to smaller pots containing
soil, fed with carrot, and kept at 5 °C to slow development until the start
of the experiment. Larvae of Agriotes litigiosus were collected using traps
filled with vermiculite, wheat, and maize according to Furlan (2014)
and Drahun et al. (2022) from fields located in Macerata province, Italy
(43°16'30”N 13°32'03"E; 43°16'08”N 13°33'38'E) in September 2024.
They were kept in 1 L pots filled with medium loam soil and vermiculite
and fed with maize or barley seeds. Seven days prior to the experiments,
each larva of both Agriotes species was starved and isolated in a single
80 mL plastic rearing cup filled only with commercial planting soil
(Potgrond H, Klasmann-Deilmann GmbH, Geeste, Germany). This pro-
cedure was applied to avoid cannibalism. The boxes were maintained in
glasshouse at controlled temperature (20 + 5 °C), humidity (58 + 7%),
and natural light condition. Germinated barley or maize was provided as
food.

2.2. Larval selection

The larvae undergo three phases in each instar: hardening, feeding,
and pre-moulting. The feeding phase is the most active and damaging
and represents only approximately 21% of the total larval stage (Furlan,
2004). Starved larvae underwent a mobility test to select individuals
10-15 mm in length that were healthy, and actively foraging, corre-
sponding to the most damaging feeding phase. Only these individuals
were used (Furlan, 2004). Larvae in the hardening and pre-moulting
phases were discarded, due to their reduced feeding activities (Furlan,
2004).

2.3. Plant material

Seeds of both maize (Zea mays L.) and barley (Hordeum vulgare L.)
were sown in pots and maintained under the same controlled conditions
as above. To promote germination, the seeds were soaked daily and
thereafter every two days until their use in the experiments.

2.4. Compost tea production and characterization

In this study we used two compost teas, namely Compost 16 (CT16)
and Compost 19 (CT19). Each of the two compost teas was prepared
using a 1-1 airtight glass jar, to produce anaerobic compost teas. The jar
was filled with 300 mL of sterile distilled water, to which 75 cc of loose
compost was added, resulting in a compost-to-water ratio of 1:5 (v/v).
The mixture was incubated for six days at 28 °C in a thermostat incu-
bator. After incubation, the liquid was filtered through gauze to remove
compost residues. The filtrate was stored at 4 °C until analysis.

The two composts used were both derived from the organic fraction
of municipal solid waste (OFMSW), collected through urban waste
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sorting. CT16 originated from a treatment facility located in Anzio
(Rome, Lazio, Italy), while CT19 was obtained from a composting plant
in Lovadina di Spresiano (Treviso, Veneto, Italy). Both were supplied by
CREA of Pontecagnano (Salerno, Italy).

Moreover, chemical and physical analyses included measurements of
pH, electrical conductivity, and C/N ratio, while microbiological ana-
lyses comprised total counts of bacteria, fungi, yeasts, and actinomy-
cetes, as well as the detection of Escherichia coli.

2.5. Fungal culture and VOCs analysis

Fungal strain Metarhizium brunneum (KIS/HJS 1868) was sub-
cultured on Potato Dextrose agar (PDA; Biolife, Italy) in Petri dishes and
incubated in a cooled incubator (IPPP500, Memmert) at 22 °C for 14
days to obtain sporulating structures (aerial conidia). Three agar plugs
(9 mm diameter) were extracted with a cork borer, and each was sus-
pended in 1 mL of 0.1% Tween 80 solution. Conidia were counted using
a Neubauer chamber grid, yielding an average of 83.6 + 4.1 x 10°
conidia per plug, and this value was used to standardize inoculum across
assays.

VOCs released by EPF were subsequently analysed by gas chroma-
tography - mass spectrometry (GC-MS), as described below. Analysis of
microbial volatile organic compounds (VOCs) produced by fungal iso-
lates was performed by headspace-solid phase microextraction (HS-
SPME) gas chromatography - mass spectrometry (GC-MS) (Cernava
et al., 2015; Verginer et al., 2010). Briefly, pure fungal isolates were
transferred with an inoculating loop on potato dextrose slope agar (PDA)
in 20 mL headspace vials (75.5 x 22.5 mm; Chromtech, Idstein, Ger-
many). The isolate streaked out in 3 parallel lines to ensure similar
microbial growth density after incubation. Three replicates of each
isolate were processed during the analysis. After 48 h of incubation at
room temperature, vials were sealed and incubated for an additional 2 h
before analysis. Solid phase microextraction (SPME) was performed
with an automated sampler and 50/30 pm Divinylbenzene (DVB)/Car-
boxenTM/Polydimethylsiloxane (PDMS)/2 cm Stableflex/SS fibre
(Supelco, Bellefonte, PA, USA). Volatile compounds were enriched for
30 min at 35 °C and then separated and detected on a GC 7890 A system
coupled to a quadrupole MS 5975C (Agilent Technologies, Waldbronn,
Germany). Samples were run through a (5%-phenyl) methylpolysilox-
ane column, 30 m x 0.25 mm i.d., 0.25 pm film thickness (HP-Column:
HP-5MS, 30 m x 250 pm x 0.25 pm MS; Agilent Technologies, Wald-
bronn, Germany), followed by electron ionization (EI; 70 eV) and
detection (mass range 25-350 Da). The inlet temperature was adjusted
to 250 °C. For the temperature gradient the GC column was kept at 40 °C
for 2 min, raised to 100 °C at a rate of 5 °C min !, then to 280 °C at 10 °C
min~! and finally maintained at 280 °C for 3 min. The helium flow rate
was set to 1.2 mL min~'. Obtained spectra were compared with NIST
Mass Spectra Database 14 entries. Specific compounds were identified
based on the relative match of their spectra and the matching of their
retention indices.

2.6. Chemicals

Preliminary screening experiments involving four chemical com-
pounds selected from the literature, hexanal (Barsics et al., 2017; La
Forgia et al., 2020), 2-pentylfuran (La Forgia et al., 2023; Barsics et al.,
2013), 1-octen-3-ol, and 3-octanone (Bourdon et al., 2023; Wood et al.,
2023) were performed to assess potential effects on wireworm behav-
iour (data not shown in the manuscript). 3-octanone demonstrated the
strongest and most consistent repellent responses and was consequently
selected as a positive control for the main experiments. Synthetic 3-
Octanone with a purity of >98%, was purchased from Sigma-Aldrich
(Italy) and used in the experiments, similar to Bourdon et al. (2023)
who reported that 3-octanone is also produced by the entomopathogenic
fungus Metarhizium brunneum.
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2.7. Olfactometer assays

Olfactometers were constructed based on designs of Gfeller et al.
(2013) and Barsics et al. (2017). Each olfactometer consisted of a plastic
T-shaped connector with two lateral pipes (Bauhaus, Slovenia) attached
at an 87° angle. The entire system measured 30 cm in length, with pipes
63 mm in diameter. Olfactometers were filled with 300 g commercial
planting soil (Potgrond H, Klasmann-Deilmann GmbH, Geeste, Ger-
many), adjusted to 70 + 5% moisture content, and divided into three
areas: treated, central (i.e., the wireworm release area), and untreated
(Fig. 1). The distance between the wireworm release point and the
treatment was 15 cm. Three treatments were tested for behavioural re-
sponses of A. litigiosus and A. lineatus:

(i) Compost teas: 10 mL of compost tea (CT16 or CT19) was injected
directly into the treated area to ensure distribution within the
targeted area, while 10 mL of tap water was injected into the
untreated area as the negative control (Civolani et al., 2023).

(ii) Synthetic 3-octanone: 10 pL (0.1 pL g! soil) was applied to a
dental cotton roll placed beneath maize seedlings in the treated
zone; an identical cotton roll with 10 pL of tap water was placed
in the untreated area as the negative control (Bourdon et al.,
2023).

(iii) Entomopathogenic fungus (Metarhizium brunneum, strain KIS/
HJS 1868): One agar plug (9 mm) of 14 d old M. brunneum PDA
culture was placed beneath the seedling in the treated area, while
a sterile PDA plug of the same size and age, prepared under
identical conditions, was placed in the untreated area as a
negative control.

Once prepared, olfactometers were transferred to a dark growth
chamber under controlled conditions, temperature (23 + 3 °C) and
humidity (60 + 5_%), and left for one hour before larval release. Larvae
were then placed into the central area, a few centimetres below the soil
surface and left for two hours (La Forgia et al., 2023). For each treatment
and species, ten replicate experiments were conducted. The number of
larvae per replicate (n) varied among treatments due to the limited
availability of larvae in the feeding phase at the time of the experiments,
with 4-6 larvae per replicate for compost tea and 3-octanone assays, and
6-10 larvae per replicate for M. brunneum assays. Consequently, the total
number of larvae tested (N) differed among treatments, resulting in N =
40 for Agriotes lineatus and N = 60 for Agriotes litigiosus. After two hours,
each area was separated and emptied into a plastic box, and the location
of the wireworms was determined. The wireworms were counted and
classified as responding (those entering the treated or untreated area) or
non-responding (those remaining in the central area). To verify the
absence of positional bias, control assays were conducted in which both
arms of the olfactometer were treated with the negative control (water
or PDA plug, depending on the treatment).

2.8. Rhizotron assays

The rhizotron consisted of a vertical window made of two non-
reflective museum-grade glass panes held together by a wooden
frame, enclosing a thin layer of soil (290 x 400 x 4 mm), filled with
commercial planting soil (Potgrond H, Klasmann-Deilmann GmbH,
Geeste, Germany). Two barley seedlings were positioned 10 cm from the
top and the left and right lateral edges. Treatments were applied beneath
one of the seedlings, while the other seedling served as an untreated
control. A single larva was placed 20 cm from the treatment at the lower
central part of the rhizotron before sealing it with the second glass pane,
forming the complete sandwich structure (Fig. 1). Rhizotrons were then
transferred to a dark growth chamber and maintained under controlled
conditions, temperature (23 + 3 °C) and humidity (57 + 5%). Larval
position was recorded every hour for 8 h by marking their location on a
290 x 400 mm grid sheet.
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Fig. 1. Olfactometer and Rhizotron designs used for experiments with maize (left) and barley (right), showing the location of wireworms. The figures also indicate
the site where treatments were applied on the treated side: Metarhizium brunneum 1868 (a), 3-octanone (b) or compost teas (c). CT16 and CT19 - two tested

compost teas.

Two treatments were tested for behavioural responses of A. litigiosus
and A. lineatus:

(i) Synthetic 3-octanone: 10 pL (0.1 pL g’1 soil) was applied to a
dental cotton roll placed beneath barley seedlings in the treated
zone; an identical cotton roll with 10 pL of water was placed in
the untreated area as the negative control (Bourdon et al., 2023).

(ii) Entomopathogenic fungus (Metarhizium brunneum, strain KIS/
HJS 1868): One agar plug (9 mm) of M. brunneum PDA culture
was placed beneath the seedling in the treated area, while a
sterile PDA plug of the same size and age, prepared under iden-
tical conditions, was placed in the untreated area as a negative
control.

There were ten separate replicate experiments for each treatment
and species, during which an individual larva was observed per replicate
(n = 1). Therefore, the total number of larvae tested (N) for each
treatment and species was 10. To verify the absence of positional bias,
control assays were conducted with rhizotrons containing only barley
seedlings.

All rhizotron and olfactometer experimental assays were designed to
investigate behavioural responses (attraction/repellence) under
controlled conditions, rather than to assess control efficacy.

2.9. Statistical analysis

All analyses were carried out using R 4.3.2 (R Core Team, 2023)
using the packages Ime4 (Bates et al., 2015) and rstatix (Kassambara,
2023). Dual choice olfactometer assays were assessed by counting the
number of wireworms on each area of the olfactometer and then ana-
lysed using generalized linear models (GLM) with a Poisson distribution,
having treatment (control vs. test compound) and species as fixed ef-
fects. In case of overdispersion, a quasi-Poisson model was used for this
treatment. The fit of the model was tested with the DHARMa package
(Hartig, 2024). The effects of factors and possible interactions were
determined from Anova tables from the car package (Fox and Weisberg,
2019). In case of significant terms, we performed pairwise comparisons
using estimated marginal means with Tukey-adjusted post-hoc con-
trasts, with the emmeans package (Lenth, 2025).

As an additional measure of larval preference, a Response Index (RI)
was calculated for each olfactometer experiment as in Usseglio et al.
(2017). An RI of 0 indicates no preference, while positive or negative
values indicate attraction or repellence. Shapiro-Wilk tests were per-
formed for each treatment to assess the normality of the RI. If normality
was confirmed, one-sample t-tests were used to test whether the RI was
significantly different from 0. If normality was not met, the Wilcoxon
signed-rank test was used. Additionally, it was tested whether the RI
differs between species; linear models were used for normally

distributed RI data and Wilcoxon rank-sum tests were used for non-
normally distributed data.

For rhizotron assays, three spatial models were applied to charac-
terize wireworm preferences and activity patterns in response to treat-
ments, offering complementary perspectives on movement within the
rhizotron (please see Fig. 5 for a schematic diagram of the models):

(i) Model A (two-zone model): The rhizotron was divided vertically
into untreated and treated zone. The number of hours spent on
each side was recorded, providing a basic measure of attraction or
repellence.

(ii) Model B (four-zone model): The rhizotron was divided both
vertically and horizontally into four quadrants: upper untreated,
upper treated, lower untreated, and lower treated. Hours spent in
each quadrant zone were recorded, allowing assessment of ver-
tical differences in wireworm behaviour, distinguishing between
areas with seedlings and bare soil.

(iii) Model C (bull's-eye model): Three concentric zones were defined
around each seedling, with Zone 1 covering a 1 cm radius around
the roots and treatment area, Zone 2 extending 1 cm beyond Zone
1, and Zone 3 extending 1 cm beyond Zone 2. Hours spent in each
zone around treated and untreated seedling were recorded. This
model focused on areas directly associated with roots and treat-
ments, excluding bare soil, and provided the most spatially pre-
cise measure of wireworm behaviour.

Rhizotron experiments data were analysed using generalized linear
models (GLMs) with a Poisson distribution or linear models (LMs),
depending on the type of the response variable. The models assessed the
effects of treatment, species, and rhizotron zone (as defined in Models
A-C) on two response variables: (i) total time (in hours) spent in each
zone of the rhizotron, and (ii) total distance travelled. In cases of over-
dispersion or zero-inflation, negative binomial models were fitted using
the gimmTMB package (Brooks et al., 2017). Where appropriate, zero-
inflated models were specified with a constant zero-inflation probabil-
ity to account for excess zeros in the data. The effects of factors and
possible interactions were determined from Anova tables from the car
package (Fox and Weisberg, 2019). In case of significant terms, we
performed pairwise comparisons using estimated marginal means with
Tukey-adjusted post-hoc contrasts, with the emmeans package (Lenth,
2025). To visualize the spatial distribution of wireworms during rhizo-
tron assays, point density heatmaps were generated using the python-
based tool Rhizotron Heatmap Generation (Lapajne, 2025).
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3. Results
3.1. Compost tea analytical assessments

Compost tea 16 (CT16) showed a slightly acidic pH and higher
electrical conductivity (EC) compared to Compost tea 19 (CT19). The C/
N ratio was also higher in CT16, indicating slightly different levels of
organic matter decomposition and nutrient availability. Moreover, CT16
showed notably higher microbial activity, particularly with a greater
presence of actinomycetes compared to CT19. Escherichia coli was absent
of in both compost teas (Table 1).

3.2. Volatile organic compounds produced by Metarhizium brunneum

Volatiles produced by fungal isolate Metarhizium brunneum KIS/HJS
1868 were classified as amines and arenes. A total of three different
molecules were found for Metarhizium brunneum KIS/HJS 1868: Ethyl-
enimine (amine), 2-epi-alpha-Funebrene and [3,3']-Paracyclophane
(arenes).

3.3. Olfactometer assays

All models in the dual choice olfactometer assays, except for CT19,
showed a significant effect of treatment (Table 2; Fig. 2). 3-octanone
(ratio = 3.24, SE = 0.74, z = 5.12, p < 0.001) and EPF (ratio = 2.15,
SE =0.3,z=5.49, p < 0.001) -treated areas attracted significantly fewer
wireworms compared to control areas. On the other hand, CT16-treated
area attracted significantly more wireworms compared to the control
(ratio = 0.33, SE = 0.1, z = —3.647, p < 0.001). There was no effect of
CT19 on wireworm choice. Additionally, species significantly influenced
the response in EPF and CT19 assays, i.e., A. lineatus responded less
strongly to the treatment than A. litigiosus, with a significantly lower
mean count overall (EPF ratio = 0.55, SE = 0.075, z = —4.38, p < 0.001;
CT19 ratio = 0.53, SE = 0.14, z = —2.49, p = 0.013). The equal distri-
bution of wireworms when both areas were treated with the control (tap
water or PDA plug, depending on the treatment), demonstrated that
there was no positional bias (not shown in the figure).

Analysis of the Response Index (RI) further supported our results
(Table 2; Fig. 3). 3-octanone and EPF showed a significant repellence
effect, with a mean RI of —33.7 for 3-octanone and — 23.75 for EPF,
indicating a preference for the control area. Contrastingly, CT16 showed
a significant attraction effect, with a mean RI of 28.3, indicating a
preference for the CT16 side. Furthermore, results showed no significant
difference between A. lineatus and A. litigiosus, suggesting the response of
all treatments was consistent in both wireworm species.

3.4. Rhizotron assays

All models analysing the time wireworms spent in each zone of the
rhizotron revealed a significant effect of zone (Table 3). In Model A,
wireworms spent significantly more time on the untreated zone
compared to zones treated with either 3-octanone or EPF (ratio = 0.51,
SE = 0.06, z = —6.05, p < 0.001). In Model B, pairwise comparisons
showed that wireworms spent significantly more time in the untreated
zone compared to the other three zones, regardless of treatment (treated
vs. untreated: ratio = 0.32, SE = 0.06, z = —5.76, p < 0.001; treated low

Table 1
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vs. untreated: ratio = 0.469, SE = 0.0813, z = —4.37, p < 0.001; un-
treated vs. untreated low: ratio = 1.63, SE = 0.26, z = 3.02, p = 0.014).
Additionally, wireworms spent significantly more time in the untreated
low zone compared to the treated zone (ratio = 0.52, SE = 0.11, z =
—3.14, p = 0.009). In Model C, pairwise comparisons showed that
wireworms spent significantly more time in untreated zone 1 compared
to all other zones, except treated zone 2 in both 3-octanone or EPF assays
(treated zone 1 vs. untreated zone 1: ratio=0.11,SE=0,z=—-3.89,p =
0.001; treated zone 3 vs. untreated zone 1: ratio = 0.09, SE = 0, z =
—5.65, p < 0.001; untreated zone 1 vs. untreated zone 2: ratio = 8.42,
SE =3,z =5.52, p < 0.001; untreated zone 1 vs. untreated zone 3: ratio
=7.05, SE =2,z =5.56, p < 0.001) (Fig. 4). The equal distribution of
wireworms when both seedlings were untreated or mock treated
(negative control), demonstrated that there was no positional bias (not
shown in the figure).

4. Discussion

The results of our study showed that compost tea CT16 attracted
wireworms of both A. litigiosus and A. lineatus, whereas CT19 had no
significant effect on their behaviour. In contrast, 3-octanone and
M. brunneum exhibited a significant repellent effect on both Agriotes
species in both olfactometer and rhizotron assays. These findings reveal
that wireworm behaviour is highly sensitive to microbially derived
volatiles and to the biochemical complexity of compost-based amend-
ments, supporting the concept that soil chemical communication net-
works strongly influence pest activity and distribution.

The key difference between the CTs used in our experiments is the
notably higher presence of actinomycetes in CT16 compared to CT19.
Thus, the attraction to CT16 may be linked to enhanced microbial
respiration, which could increase local CO2 emissions and modify the
VOC blend in the rhizosphere (Bonanomi et al., 2018). This hypothesis is
consistent with evidence that wireworms are attracted to COz-rich mi-
croenvironments (Johnson and Nielsen, 2012). Such attraction to
compost-derived volatiles may suggest that microbial activity within
organic amendments indirectly influences pest location behaviour
through soil-gas gradients and volatiles emissions. Compost-based ma-
terial such as CT could, therefore, affect the distribution of soil herbi-
vores beyond their nutritional and physical effects, by altering
belowground semiochemical signals. To our knowledge, this is the first
study to report the potential use of CTs to modify belowground plant
pests' behaviour.

In nature, VOCs and CO5 emitted by living organisms can influence
the behaviour of subterranean insects, either repelling or attracting
them (Nikoukar et al., 2025; Arce et al., 2021; Johnson and Nielsen,
2012). Additionally, wireworm responses to VOCs can depend on con-
centration or mixtures of individual VOCs. Bourdon et al. (2023)
demonstrated that A. lineatus was attracted to a low dose of 3-octanone
(0.05 pL g~ ! of soil) but was repelled at a higher dose (0.1 pL g~ of soil).
The dose-dependent repellence of 3-octanone supports its potential role
in push—pull strategies, as previously demonstrated in other pest systems
where repellent VOCs are used to divert pests away from target crops
(Khan et al., 2010; Cook et al., 2007). Repellent cues may deter larvae
from colonizing newly sown crops, thereby protecting emerging seed-
lings at critical growth stages. This mechanism could be exploited to
spatially displace wireworms toward trap crops or buffer strips, reducing

Summary of chemical, physical, and microbiological results. Data are the average of three replicates + standard deviation.

Sample pH EC C/N (%ss) Actinomycetes (CFU mL) Yeasts Fungi Bacteria (CFU mL) Escherichia coli
(ps cm) (CFU mL) (CFU mL)
CT16 ~6.71 ~ 7038 + 74.00 15 20 x 10° 0.01 x 10° 0.04 x 10° 10 x 10° Absent
+0.04
CT19 ~ 6.93 + 0.06 ~ 2403 11.3 0.01 x 10° 0.03 x 10° 0.13 x 10° 1.0 x 10° Absent

+ 20.00
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Model parameters of count and response index (RI) data, with Wald Chi squared test (x2) value, t value from One sample t-test, F value from linear regression, V value
from Wilcoxon signed rank test, W value from Wilcoxon rank sum test, degrees of freedom (df, if applicable) and p values. The bold text represents the statistically

significant results (p < 0.05).

COUNTS RESPONSE INDEX
Distribution Fixed 12 df p Test Effect t/E/ V/W df P
effect
EPF quasi-Poisson Treatment 32.38 1 <0.001 One sample t-test Treatment —3.93 19 <0.001
quasi-Poisson Species 20 1 <0.001 Linear model Species 0.90 1 0.354
CT16 Poisson Treatment 15.47 1 <0.001 Wilcoxon signed rank Treatment 170 Na 0.003
Poisson Species 2.14 1 0.144 Wilcoxon rank sum Species 41.5 Na 0.538
CT19 Poisson Treatment 0.01 1 0.904 One sample t-test Treatment 0.32 19 0.624
Poisson Species 6.49 1 0.011 Linear model Species 0.07 1 0.8
3-octanone Poisson Treatment 31.14 1 <0.001 One sample t-test Treatment —-6.27 29 <0.001
Poisson Species 3.80 1 0.051 Linear model Species 0.11 1 0.741
76.4%

24.6%

50.7% 49.3%

31.7%

xR% H

68.3%

-100

n
o

0
Percentage of wireworms

50 100

A lineatus  A. litigiosus

[ ] control [l cT16 Il ct19  epr [l octanone

Fig. 2. Percentage (mean + SE) of wireworms choosing each treatment compared to untreated soil (control) after 2 h in an olfactometer bioassay (n = 20). Asterisks

(*) indicate significant differences in wireworm response (* p < 0.05, ** p < 0.01,

**% p < 0.001). Dashed lines indicate the 50% threshold. Donut charts show the

percentage of responding (yellow) and nonresponding (grey) wireworms of each species. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

early-season root damage and contributing to integrated, ecologically
based soil pest management. Similarly, Barsics et al. (2017) tested a
four-aldehyde VOC blend, and it attracted Agriotes sordidus. Three fungal
VOCs, 1-octene, 3-octanone and 1-octen-3-ol, have been shown to cause
mortality in Cornu aspersum (O.F.Miiller, 1774) and Deroceras retic-
ulatum (O.F.Miiller, 1774) at high doses, as well as repellent effects at
low doses (Khoja et al., 2019). Our findings indicate that, even in the
presence of CO5 emitted by seedlings used in our experiments, 3-octa-
none at a dose of 0.1 pL g~ of soil repelled both wireworm species,
consistent with the repellent effect observed by Bourdon et al. (2023).
Results of gas chromatography-mass spectrometry (GC-MS) analysis
of VOCs emitted by M. brunneum strain 1868 revealed the presence of
three major compounds including Ethylenimine, 2-epi-alpha-Funebrene
and [3,3']-Paracyclophane. These VOCs may be potential candidates
with repellent activity against wireworms and could play a defensive
ecological role within the rhizosphere. The repellence observed might
represent an adaptive mechanism whereby M. brunneum VOCs deter root
herbivores, indirectly benefiting plants, harbouring Metarhizium in their
rhizospheres. Such plant-fungus-insect interactions have been reported

for other endophytic (Barelli et al., 2020) or rhizosphere competent
(Razinger et al., 2020) EPF. In addition to ethylenimine, a compound
known for its high reactivity and potential toxicity, the presence of 2-
epi-alpha-Funebrene, a sesquiterpenoid structurally related to plant-
derived semiochemicals (Gugliuzzo et al., 2023), suggests that it could
contribute to below-ground chemical signalling affecting insect behav-
iour, as sesquiterpenes and other volatile organic compounds are well-
established mediators of plant-insect interactions and defence re-
sponses (Ali et al., 2023; Zhou and Jander, 2022).

Similarly, although [3,3']-Paracyclophane is primarily known from
synthetic chemistry, related naturally occurring paracyclophane de-
rivatives such as cylindrocyclophane A have demonstrated biological
activity in cyanobacterial metabolites (Yamakoshi et al., 2009), indi-
cating that this scaffold could potentially interact with biological sys-
tems. Given the detection of ethylenimine and the uncharacterized
biological effects of 2-epi-alpha-Funebrene and [3,3']-Paracyclophane,
further characterization of their biological effects and assessment of
their ecological safety and functional roles are required before field
applications. Other belowground pest studies show that potato tubers
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Fig. 3. Response index (mean + SE) of Agriotes lineatus (blank) and Agriotes litigiosus (dotted) to different treatments.

Table 3

Model parameters for total time spent by wireworms in each zone of the rhi-
zotron. The table includes model type and distribution, fixed effects, Wald Chi-
squared (X2) or F-statistics, degrees of freedom (df) and p values. The bold text
represents the statistically significant results (p < 0.05). ZINB - zero inflated
negative binomial distribution.

MODEL TOTAL TIME SPENT IN EACH ZONE
Distribution Fixed effect %2 df p

A Poisson Zone 39.40 1 <0.001
Poisson Treatment 0.00 1 1.00
Poisson Species 0.00 1 1.00
Poisson Zone*Treatment*Species 230 1 0.13

B Negative Zone 36.58 3 <0.001
binomial
Negative Treatment 0.00 1 0.977
binomial
Negative Species 0.01 1 0.91
binomial
Negative Zone*Treatment*Species 716 3 0.067
binomial

C Negative Zone 70.11 5 <0.001
binomial (ZINB)
Negative Treatment 0.01 1 0.905
binomial (ZINB)
Negative Species 015 1 0.696

binomial (ZINB)

colonized by M. brunneum are protected from Agriotes obscurus larvae
(Mayerhofer et al., 2017), while roots of Picea abies (L.) H.Karst. treated
with Metarhizium anisopliae (Metchnikoff) can control nearly 80% of
Otiorhynchus sulcatus (Fabricius, 1775) larvae (Bruck, 2005). The pro-
tective effect, together with the absence of fungal outgrowth, is hy-
pothesized to result from the production and accumulation of fungal
metabolites within plant tissues (Gurulingappa et al., 2011).

Both, two-choice olfactometer, and rhizotron assays are valuable
tools for studying the behaviour of soil-dwelling insects in response to
treatments such as VOCs and EPF. Our results, consistent with previous
rhizotron and olfactometer studies (La Forgia et al., 2023; Brandl et al.,
2017), confirm that such bioassays can effectively reveal belowground
behavioural modulation caused by fungal or microbial volatiles. These

experimental approaches have been widely employed to assess insect
behavioural changes in soil environments. Previous studies demon-
strated that wireworms avoid soil inoculated with Beauveria bassiana
(Bals.-Criv.) Vuill. and exhibit reduced feeding activity in both olfac-
tometer and rhizotron assays, suggesting that the fungus can influence
host behaviour through mechanisms beyond direct infection (Poon,
2023). Similar behavioural alterations have been reported in other in-
sect taxa exposed to B. bassiana or Metarhizium species, including
reduced feeding and avoidance in Rhynchophorus ferrugineus (A.G.Oliv-
ier, 1791) (Jalinas, 2016), Coccinella septempunctata Linnaeus, 1758
(Ormond et al., 2011), and Dendrolimus pini (Linnaeus, 1767) (Kovac
et al., 2020). Comparable effects were also observed by Kabaluk and
Ericsson (2007), who found that wireworms were repelled by M. ani-
sopliae-contaminated soil, with repellence intensity increasing alongside
fungal spore concentration.

Field applications further support these behavioural observations.
For instance, Razinger et al. (2020) demonstrated that maize plants
inoculated with M. brunneum strain 1868 experienced significantly less
wireworm damage at emergence, resulting in a higher proportion of
undamaged plants in spring. The authors proposed that Agriotes her-
bivory reduction by M. brunneum 1868 could be attributed to larval
repellence or other indirect mechanisms mediated by the fungus, an
interpretation that aligns with and is further supported by the results of
our study. However, one has to keep in mind, that the present study was
conducted under controlled conditions. Thus its primary contribution
lies in elucidating behaviourally mediated soil interactions, while im-
plications for pest management should be considered prospective rather
than immediately applicable.

All these findings support the hypothesis that EPF act not only as
pathogens but also as chemical mediators of insect behaviour through
the release of VOCs and other semiochemicals (Bourdon et al., 2023; La
Forgia et al., 2023; La Forgia et al., 2020; Reddy et al., 2014). This
additional role has important ecological implications, as EPF-derived
volatiles may actively shape the distribution of soil herbivores and the
microbial community structure surrounding plant roots. In line with
this, the present study demonstrated that M. brunneum strain 1868 and
3-octanone exerted a significant repellent effect on both A. litigiosus and
A. lineatus. From an ecological standpoint, these results suggest that EPF-
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Fig. 4. Heatmaps showing the time-point density of wireworm (Agriotes spp.) locations during rhizotron assays, with warmer colours indicating higher locational and
temporal densities. In the graphical representation above, the plant on the left side was untreated, while the plant on the right side was treated with either 3-octanone
(a, b) or Metarhizium brunneum strain 1868 (c, d). Responses to treatments were tested on two wireworm species: A. lineatus (a, ¢) and A. litigiosus (b, d). Coloured dots
represent individual wireworm positions across different experimental replicates. The “X” indicates the wireworm release point, where initial aggregation

was expected.

driven repellence could represent an adaptive interaction where fungi
and plants mutually benefit through reduced root herbivory and
enhanced rhizosphere stability. This behavioural response indicates that
EPF may provide a dual mechanism of pest suppression, combining
pathogenic activity with repellence mediated by fungal volatiles. Rather
than focusing solely on pest suppression, these findings highlight the
functional role of EPF in regulating soil organism interactions and pro-
moting ecologically based approaches to soil health and crop resilience.

Although Metarhizium brunneum1868 showed consistent repellent
effects at the tested dose, fungal dose may influence behavioural re-
sponses (Bourdon et al., 2023; Kabaluk and Ericsson, 2007), and dose
dependency therefore warrants further investigation. In addition, the
use of a non-sterile commercial substrate was intended to better
approximate natural soil conditions; nevertheless, future studies should
evaluate how soil texture and resident microbiota could influence VOC
diffusion, fungal performance, and wireworm behaviour. These factors

should be systematically evaluated across different soil types and under
sterile versus non-sterile conditions, particularly in relation to their
intended use in plant protection or behavioural-based strategies such as
push-pull strategies. Moreover, incorporating multiple wireworm co-
horts and repeated assays would further improve the robustness and
ecological relevance of behavioural responses. Future studies should
assess potential interactions among treatments, as combined applica-
tions may result in synergistic or antagonistic effects relevant for
push-pull strategies.

5. Conclusion

Taken together, our results provide a novel conceptual framework
for integrating attractants and repellents into ecologically based and
sustainable wireworm management. CT16 could be exploited as a trap
crop stimulant or bait enhancer, whereas 3-octanone and M. brunneum-
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Fig. 5. Schematic representation of the three models (A-C) used to analyse the time spent by A. lineatus and A. litigiosus wireworms in different zones (left) and the

time spent in each zone (right).

derived VOCs could serve as repellent barriers, together forming a
push-pull system that reduces reliance on synthetic insecticides. Beyond
pest control, these findings highlight the ecological role of microbial
volatiles and entomopathogenic fungi as drivers of soil organism in-
teractions and chemical communication in the rhizosphere.

Future research should also focus on field-scale validation, formu-
lation development, and the potential use of microbial consortia that, in
addition to pest deterrence, also act as plant biostimulants and modu-
lators of soil microbiome dynamics. Moreover, future studies should
include multiple Metarhizium strains and species, as well as other ento-
mopathogenic fungi such as Beauveria, to assess whether the observed
effects are strain-specific or more broadly generalizable. Extending the
study to plants from other families, such as Solanaceae (e.g. potato),
would further strengthen the ecological and agronomic relevance of this
approach. Such strategies could contribute to organic agriculture by
simultaneously improving soil health, reducing pesticide inputs, and
enhancing crop resilience against subterranean pests.
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