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Abstract: Lycoriella ingenua (Dufour) is a major pest in mushroom facilities in Serbia and
worldwide. The study aimed to determine the virulence (in vitro) and effectiveness (in vivo)
of three Serbian native populations of entomopathogenic nematodes (EPNs) Steinernema
feltiae (Filipjev), P9, K2, and 78T, compared to a commercial population of S. feltine against
L. ingenua, and their impact on mushroom yield. In vitro bioassays showed that seven days
after exposure to a series of nematode suspensions (If cm~2), two of the three native (P9 and
K2) populations and the commercial population of S. feltize caused significant mortality
of L4 instar larvae of L. ingenua. The following LCss were estimated: 18.47, 15.77, and
11.48 I] cm 2 for P9, K2, and the commercial populations, respectively. These populations
were further used for in vivo bioassays, where their IJs were applied as drench treatment
twice (at the rate of 75 I cm~2) during casing time and seven days later. Control of L.
ingenua larvae with the commercial population of S. feltiae was 85%, while the effectiveness
of the native populations was 70%. The lack of adequate pest control measures emphasizes
a need to promote local EPNs as biologically based and ecotoxicologically safe products.

Keywords: fungus gnat; Entomopathogenic nematodes; biological control; mushrooms

1. Introduction

The mushroom sciarid fly, also known as the fungus gnat, Lycoriella ingenua (Dufour)
(Diptera: Sciaridae), is a major pest in white button mushroom [Agaricus bisporus (Lange)
Imbach], the most cultivated and best-selling species of all edible mushrooms in Serbia and
worldwide [1-5]. The fly causes crop damage and mushroom yield reduction either through
direct larval feeding on developing mushroom mycelia [6] or through competition for compost
nutrients [1,2,7]. Additionally, both adults and larvae of L. ingenua are vectors of the most
devastating mushroom pathogen, Trichoderma aggressivum (Samuels & Gams) (Hypocreales:
Hypocreaceae), which leads to severe outbreaks of “green mold” and further crop losses [8].
Chemical control of mushroom sciarids is necessary even at very low larval densities, as the
economic threshold for sciarid larvae is practically zero [9,10]. However, varying results have
been published regarding the effectiveness of chemical treatments against sciarids, and reports
of resistance to certain chemicals have been documented [11-15]. On the other hand, the
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synthetic insecticide diflubenzuron has been withdrawn from use in Serbia and the European
Union [16,17]. Additionally, none of the EPPO-recommended bioinsecticides intended for
the control of fungus gnat (based on pyrethrins and entomopathogenic nematodes) are
available in Serbia, which limits the possibilities for pest control [4]. Application of chemical
pesticides results in damage to the mycelium, decreased yield, and the presence of residues in
harvested mushrooms [8,18]. Furthermore, some environmental issues and negative effects
on mushroom yield and non-target species require sustainable alternatives to the use of
pesticides [3,19].

The use of biocontrol agents and biopesticides has been considered a rational, safe, and
viable alternative to synthetic chemical pesticides in edible mushroom production [3,20,21].
Since their first applications in the mid-1990s, entomopathogenic nematodes (EPNs) have
become one of the most frequently used biocontrol agents in the management of harmful
mushroom flies [21,22], due to the ability of EPN infective juveniles (IJs) to kill susceptible
insects mainly owing their gut symbiotic bacteria [3].

EPN infective juveniles naturally occur in a warm and moist environment, such
as soil, which makes them suitable for use under controlled conditions in mushroom-
growing substrates [3,23]. Infective juveniles of several EPN species actively seek out
and attack harmful insects in their environment, which provides an additional advantage
over other biological control methods [3]. Another advantage of EPNs, compared to
some chemical insecticides, is their relatively long persistence in optimal numbers for
several weeks [24]. Additionally, it has been shown that many EPN species, including
Steinernema feltiae (Filipjev), may reproduce in infected host cadavers of Lycoriella spp.,
including L. ingenua [14-26], thus enabling the production of a new generation of IJs,
which further increases their persistence in mushroom casing [27]. Although EPNs have
been proven to be generally safe for mushrooms at recommended application rates [21],
some reports have shown that the application of EPNs, including S. feltiae, can result in
a reduction in mycelium growth on the substrate surface and impact on yield [28,29].
However, that happens only during early flushes and after inadequate rates were applied,
usually considerably higher than required for effective and economically justified sciarid
control [21].

Several main factors affect the efficacy of EPNs against fungus gnats, such as the
fly and nematode species and isolates and EPN application time and rate [21,24]. The
most important factors affecting EPN success in controlling the pest depend on different
host-finding strategies, EPN infectivity, and virulence, both varying between and within
species [21]. Virulence of EPN species, e.g., Steinernema feltiae, Steinernema affinae, Stein-
ernema kraussei, Steinernema carpocapsae, were tested against L. ingenua larvae in laboratory
conditions [25,30], and only a few (namely H. bacteriophora and S. carpocapsae) were tested
against this species in mushroom growing conditions [18,29,31]. Several EPN species have
been commercialized, including S. feltine, which is one of the most frequently used and most
successful in sciarid control in many countries [29,32-34]. Although commercialized EPNs
are available, several reports showed the potential of locally isolated EPN species against
sciarid, i.e., their better adaptation to local environments [35-38]. Additionally, several
native populations of S. feltiae have been isolated and identified recently in Serbia [39-41],
some of which have demonstrated virulence similar to the commercial population of S.

feltiae against several insect species [42,43]. The aim of the present study was to compare
the biocontrol potential of several native populations with the commercial S. feltize popula-
tion against the fungus gnat. The first objective was to determine their virulence in vitro,
subsequently followed by an evaluation of their effectiveness against L. ingenua and their
impact on mushroom production in vivo.
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The results of this study were ultimately expected to contribute to the promotion
of EPN use for solving the problem of pest insects in mushroom industries worldwide,
ensuring high-quality food products and reduction in chemical pesticide pollution of
the environment.

2. Materials and Methods
2.1. Production of Entomopathogenic nematodes

Test populations of S. feltiae were produced in vivo using the last larval instar of the
greater wax moth, Galleria mellonella (Lepidoptera: Pyralidae). The wax moth larvae were
continuously reared from eggs (previously collected on Parafilm strips free of all possible
parasites and culture contaminants) in glass containers and on an artificial diet [44]. To
secure constant and certain availability of wax moths, and consequently nematodes, they
were grown continuously at several places simultaneously in Cooled Incubators FOC
Connect (VELP Scientifica, Usmate Velate, Italy) at variable temperatures. In order to
multiply EPN populations, wax moth larvae were infected by placing them on filter paper
soaked in a suspension of each S. feltiae population (at a concentration of 200 IJ cm~2) in
Petri dishes. Ten wax moth larvae were used for in vitro bioassays, and 100 wax moth
larvae were used for in vivo bioassays for EPN production. After nematodes completed
their life cycle of the IJs new generation (8-9 days after inoculation), EPNs were extracted
from cadavers with modified White traps [45]. Infective EPN juveniles emerging from
White traps were collected over the first several days only to avoid other possible S. feltiae
developmental stages emerging from disrupted cadavers and preserved in water at 7 °C.
Up to two weeks-old IJs were used for in vitro experiments, while fresh IJs, not older than
4-5 days, were used in in vivo experiments. Their viability was checked on the treatment
day and was above 99%.

2.2. Rearing of Lycoriella ingenua

Natural mushroom infestation by L. ingenua was simulated to provide the fungus gnat
larvae for experiments. Commercially produced phase I mushroom substrate was spawned
with A. bisporus mycelia (1%) and placed into plastic containers inside insect-rearing cages.
After 2 weeks of spawn-run at 25°C, the substrate was covered with a layer of mushroom
casing soil (black peat, 1.4% limestone, 0.02% peracetic acid). The ambient temperature
gradually decreased from 22°C to 17°C, and the substrate was incubated for one week
(case-run). At the beginning of fructification (three weeks after casing), each rearing cage
with mushroom substrate was inoculated with 50 adults of L. ingenua (collected from a
commercial mushroom farm Fungi SS, Vranovo, Serbia, 44.360276° N, 20.595625° E) to lay
eggs. Approximately four weeks after inoculation with adults, an F; generation of the pest
began to appear. New adults were collected and transferred to new containers with fruiting
bodies for oviposition. The procedure was repeated to obtain the fifth generation of adult
pests. When the fifth generation of L. ingenua larvae reached their early fourth instars in
the casing layer, they were isolated with a fine brush and used in experiments.

2.3. Bioassays

Two types of bioassays (in vitro and in vivo) were carried out. The in vitro bioassay
aimed at testing the virulence of three Serbian native populations of S. feltiae (K2, P9, and
757, collection of the Faculty of Agriculture, University of Belgrade) [39—41] to L. ingenua lar-
vae, compared to the commercial population (Nemaplus, E-nema GmbH, Schwentinental,
Germany). Subsequently, the efficacy of the two most virulent native S. feltiae populations
(K2 and P9) and the commercial population in fungus gnat control was estimated in the
in vivo bioassay. Additionally, the impact of chosen EPN populations on mushroom yield
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was evaluated. Bioassay in vitro was conducted in the Laboratory of Entomology and
Agricultural Zoology, Faculty of Agriculture, University of Belgrade, Belgrade, Serbia,
while bioassay in vivo was performed in experimental mushroom growing rooms at the
Institute of Pesticides and Environmental Protection, Belgrade, Serbia.

2.3.1. Bioassay In Vitro

The in vitro virulence bioassay was performed using three native and commercial
populations of S. feltiae, as mentioned. The bioassay was carried out in small plastic
Petri dishes (35 mm diameter, approximately 10 cm? in surface) with filter paper (three
layers of Whatman No1l) covering the bottom surface. A series of nematode suspensions
containing 0, 50, 100, 200, 500, and 1000 IJs (preliminary defined, covering a range of 10-90%
mortality of the L the fungus gnat larvae) in the amount of 0.5 mL, was applied to filter
paper in each Petri dish. The concentration of the suspensions was expressed as IJ cm 2.
Afterward, 10 fourth instar larvae of L. ingenua were added to each Petri dish. Apart from
the genetically derived virulence of EPNs, the ability of IJs to successfully infect insect
larvae depends on the body size of larval instars of the host [46], i.e., the size of natural
body openings through which IJs of most EPN species are able to penetrate the insect
body. Some researchers have shown that the later larval instar of the fungus gnat was
used, the efficacy of EPNs was higher [47], which is why the early L4 instars of L. ingenua
were chosen for in vitro bioassays in the present study. The Petri dishes were kept in an
incubator (Cooled Incubators FOC Connect (VELP Scientifica, Usmate Velate, Italy) in the
dark at 20 °C. The mortality of fungus gnat larvae was recorded three and seven days after
exposure to the EPNs. The bioassay was performed in ten replicates.

2.3.2. Bioassay In Vivo

The in vivo bioassay was conducted in a climate-controlled mushroom growing cham-
ber at the Institute of Pesticides and Environmental Protection, Belgrade (Serbia). The
efficacy of the commercial and two chosen native populations of S. feltiae in controlling
fungus gnat larvae and their impact on mushroom yield were evaluated. Commercially
produced phase I mushroom substrate (1.5 kg) produced by U¢a d.o.o. (Vranovo, Serbia)
naturally infested with L. ingenua was spawned with A. bisporus A15 (Sylvan Hungaria Zrt,
Dunaharaszti, Hungary) mycelia (1%) and placed into six plastic containers per treatment
(I x w x h dimensions of 0.31 m x 0.215m x 0.13 m), before they were placed inside insect
rearing cages (one container per cage). After 2-3 weeks of spawn-run at 25 °C, the substrate
was covered with casing soil (black peat soil produced by Terahum d.o.o. (Veliko Gradiste,
Serbia)), 1.4% limestone (Tara Stil d.o.o. Belgrade, Serbia), 0.02% peracetic acid 15% Peral S,
MidraEko, Serbia) and incubated for one week (case-run at 22 °C). As previous experiments
had shown a very low natural infestation rate of L. ingenua during springtime [48], each
experimental plot was artificially infested with 10 fourth instar larvae of L. ingenua on the
casing day. The timing of the application was chosen based on what is known about the
biology of L ingenua [6,49] and the timing of infestation, which allowed a prediction of the
appearance of the most susceptible instar of host larvae [3,21]. Also, the IJ infectiveness
of the host is much lower in compost than in casing soil [50], and younger larval instars
reside dominantly in compost and move upwards, while L3 and L4 are prevalent in the
casing layer for a relatively short time [3]. Therefore, the casing application of EPNs at
appropriate timing as drench treatment is reported as the most successful application
method [3]. Regarding application rate and frequency, IJs of each tested S. feltine population
were used at a concentration previously adjusted to 75 IJs cm 2 in 450 mL of water and
were applied twice times, at the casing time and seven days later (total of 150 I cm~2 in
0.9 L of water). After the second EPN treatment, the substrate was maintained at 17 °C
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in the insect-rearing cages for six weeks. In control plots, the mushroom substrate was
treated with the same volume of tap water. The control efficacy (%) of EPNs was evaluated
by counting mushroom fly adults captured on yellow sticky traps inside each cage. The
yellow sticky traps were collected once a week and replaced with new ones. All traps were
examined in the laboratory under a binocular microscope to count the emerged fungus gnat
adults (adults that have managed to develop from L, exposed larvae to the adult stage) [4].
Mushroom sciarid fly adults were identified based on visual observations (morphological
characteristics and dimensions) according to the identification key [51]. The effectiveness of
EPN populations in sciarid larvae control was calculated using Abbott’s formula [52] based
on comparing the pest adult incidence between control and treatment plots [53]. Mush-
rooms were hand-picked for 30 days in both in vivo experiments. The impact of treatments
on button mushroom yield (biological efficiency, BE %) was calculated as the ratio of fresh
weight to total fruiting body yield and weight of dry spawned substrate and was expressed
as percentages [54]. The weight of the dry-spawned substrate was determined by the
oven-dry method [55]. The in vivo bioassay was performed in six replicates per treatment
in a completely randomized design and repeated twice (bioassay 1 and bioassay 2).

2.4. Data Analysis

All raw data sets were tested for normality and homogeneity of their variance with
the Kolmogorov-Smirnov D-test and the Cochran test, respectively. Mean values of the
fungus gnat fourth instar larvae mortality for each EPN population tested separately, three-
and seven days post inoculation (dpi) were analyzed by t-test (p < 0.05). Concentration—
mortality data were processed with a log—probit regression model [56] using the Polo
Plus software version 2.0 (LeOra Software, Berkeley, CA, USA), which estimates lethal
concentrations (LCsp and LCgg) and slopes of regression lines. The concentration-mortality
relationships were considered valid (i.e., they fitted the observed data) if there was no
significant difference between the observed and expected data at p < 0.05 level. A pairwise
comparison of LCsg was performed using the lethal dose ratio test: when 95% confidence
limits (CLs) for LC ratios included 1, the LCs were not significantly different [57].

In in vivo trials, the effectiveness of EPN populations applied in sciarid larvae control
was calculated by Abbott’s formula [52], based on adult pest incidence between the control
and treatments [53]. Data transformation /(x + 0.1) was applied to normalize and eliminate
zero values (number of fungus gnat adults, mushroom yield), while percentage data
regarding the efficacy of EPN populations were transformed by arsin,/x. Data were
processed by one-way ANOVA (treatment as the factor), while the significance of differences
between means per treatment and control was determined by Duncan’s post hoc test
(p < 0.05) [58].

3. Results
3.1. Bioassay In Vitro

The results of the in vitro bioassay showed the highest virulence of the commercial
EPN population, which caused approximately 100% mortality of L. ingenua larvae at the
highest test concentration (100 IJ / cm?) (Figure 1). In most of the cases, the t-test revealed
that mean values of the fungus gnat fourth instar larvae mortality, three- and seven-days
post inoculation (dpi) were significantly different (p < 0.05), for each EPN population tested
separately. The mortality of L. ingenua larvae ranged from 24 to 98%, 26 to 94%, and 41 to
96% when a series of concentrations (5-100 IJ cm~2) of S. feltia populations K2, P9, and
commercial were applied, respectively. The local ZS7 population of S. feltiae showed the
lowest virulence toward L. ingenua larvae, causing a moderate level of mortality (<70%)
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at its highest concentration in the first in vitro bioassay, after which it was excluded from
further research (Figure 1).
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Figure 1. Lycoriella ingenua fourth instar larvae mortality (means & SE%) caused by five concentrations
of infective juveniles (IJ cm~2) of S. feltiae (native K2, P9, ZS7 and commercial) three and seven days
post inoculation (dpi) at 20 °C (in vitro). Mean values of the larvae mortality for each EPN population
separately, three and seven dpi, marked by different letters, are significantly different (t-test, p < 0.05).

In dose-response bioassays, log—probit regression analyses of the concentration—
mortality data showed that the two native (K2 and P9) and commercial populations of S.
feltiae caused significant mortality of L. ingenua fourth instar larvae. A lethal dose ratio test
showed that the local population P9 was significantly more virulent toward fungus gnat
larvae compared to the local population K2 (Table 1).

Table 1. Virulence of two native (P9 and K2) and one commercial population of Steinernema feltiae
towards Lycoriella ingenua fourth instars larvae 7 dpi expressed as lethal concentrations (LC) values
(number of infective juveniles/ cm?).

. LCsp (IJ/cm?)  LCqg (IJ/cm?) Slope 5

EPN Population " (95% CLs)  (95% CLs) (+SE) X df
18.47 ¢ 12132 157

K2 600 (13.60-25.87)  (68.02-378.86)  (40.28) 1.983 3
1577 b 102.68 158

P9 600 (1156-20.68)  (67.78-198.04)  (£0.21) 1.944 3
. 11.48 a 83.68 148

Commercial 600 (25.65-229.00) (37.32-17894)  (0.16) 11.546 3

Notes: n = number of treated larvae; CLs = confidence limits; df = degrees of freedom. LCsps marked by different
letters are significantly different (lethal dose ratio test, p < 0.05).
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3.2. Bioassay In Vivo

In bioassay 1, significantly fewer L. ingenua adults were found on yellow sticky traps
in cages where EPNs were applied, regardless of S. feltiae population, in comparison with
control cages in all assessment periods (Table 2). Additionally, the commercial S. feltiae
population showed the best performance in all assessment periods (with efficacy exceeding
75%, compared to the native populations that achieved lower efficacy ranging from 48
to 77% (population K2) and from 50 to 82% (for population P9). The post hoc Duncan’s
test showed that the mean number of total adult flies per treatment per container for the
entire test period was significantly lower in cages where EPN populations were used than
it was in the control (F3 29 = 197.901, p < 0.001) (Figure 2). Also, the commercial population
exhibited significantly better overall efficacy of 83% in the management of the pest fly
larvae (Fy12 = 6.597, p < 0.05) compared to native populations P9 and K2, which achieved
mutually similar efficacy (=62%) over the entire test period (Figure 2).

a

—

a a 1
b 68.8 b 1169.4
b 28.9
I
I I C d157

Efficacy (%) No of flies Efficacy (%) No of flies Efficacy (%) No of flies
P9 Commercial Control
MW Bioassay | Bioassay Il M Average of Bioassays | + Il

Figure 2. The total number (mean =+ SE) of Lycoriella ingenua adults per container for the entire test
period in a mushroom growing chamber (in vivo) treated with different Steinernema feltine populations
and pest control efficacy (percentage of control treatment); treatments = P9, K2, and commercial
population—150 IJ cm~2; control = water. Mean values marked by different letters differ significantly
(Duncan’s post hoc test, p < 0.05).

In bioassay 2, as in bioassay 1, a significantly lower number of L. ingenua adults
emerged in all assessment periods from the mushroom-growing substrate in all treatments
with S. feltiae populations compared to the control treatment (Table 3). Compared to bioas-
say 1, higher efficacy was noted using the commercial and both native EPN populations
up to 22 DAT, when it decreased to below 80% (Table 3). The results of the post hoc test
showed that, throughout the entire test period, the mean total number of emerged adult
flies per treatment per container was significantly lower in cages where S. feltine populations
were used than it was in the control (F3o9 = 1277.531, p < 0.001) (Figure 2). In addition,
significantly fewer adult flies were recorded in cages with the commercial population
compared to those with the two native populations. Nevertheless, Duncan’s test revealed
that the efficacy of the commercial population (86.5%) was not significantly higher than the
effectiveness of the native EPN populations (=77%) (Fz 12 = 1.631, p = 0.236) (Figure 2).
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Table 2. Bioassay 1—The number (mean =+ SE) of Lycoriella ingenua adults per container in the mush-
room growing chamber (in vivo) treated with different EPN populations (means + SE) and control
efficacy at intervals of 8, 15, 22, 29 and 36 days after the first treatment—DAT; treatments = EPNs (P9,

K2 and commercial, 150 I] cm~2; control = water).

P9 Commercial Control
Treatments No of Control No of Control No of Control No of Anova
Adult Efficacy Adult Efficacy Adult Efficacy Adult Parameters
Flies (%) Flies (%) Flies (%) Flies
1.00 £ 1.67 + 033+ 333+ F3,0 =13.812
8 DAT 0.68b 70.0 0.80b 0.0 0.33b 200 0.84a p <0.005
3.00 £ 233 £ 133 £+ 13.00 £ F3,0 =15.011
15 DAT 0.45b 76.9 0.61b 82.0 0.84b 89.7 112 a p <0.005
533 + 533 £ 2.00 £ 11.00 + F30 =23.49
22 DAT 0.40b 515 0.42 be 515 042c 81.8 0.85a p <0.001
10.33 + 8.67 + 5.00 £+ 20.00 £ F3,0 = 20.849
2DAT o6 48.3 0.66 b 26.7 0.73 ¢ 750 0.73a b <0.001
12.33 £ 10.67 £ 733 £ 32.33 + F30 = 88.075
36DAT  o61b 61.9 0.67b 67.0 0.45 ¢ 77:3 0.95a b <0.001
Notes: SE—standard error; means marked with different letters within the rowsare significantly different (Dun-
can’s post hoc test, p < 0.05).
Table 3. Bioassay 2—The total number (mean + SE) of Lycoriella ingenua adults per container in the
mushroom growing chamber (in vivo) treated with different EPN populations and control efficacy at
intervals of 8, 15, 22, 29, and 36 days after treatment—DAT; treatments = Steinernema feltiae (P9, K2
and commercial—150 IJ cm~2; control = water).
P9 Commercial Control
Treatments No of Control No of Control No of Control No of Anova
Adult Efficacy Adult Efficacy Adult Efficacy Adult Parameters
Flies (%) Flies (%) Flies (%) Flies
0.67 £ 1.67 £ 0.33 £ 3.67 £ F320 =9.417
8 DAT 0.33b 81.82 0.54b 68.18 0.21b 90.01 042 a p <0.001
217 £ 1.67 £ 0.67 £ 14.67 + F3 0 = 28.084
15DAT 0.75b 85.23 0.80b 88.64 0.42b 9545 0.49 a p <0.001
2.83 + 2.00 £ 1.67 £ 20.00 £+ F3 50 = 325.809
22 DAT 031b 8583 0.26 c 90.00 021c 91.67 0.58 a p <0.001
8.33 + 6.50 + 533+ 24.83 + F30 =496.10
29 DAT 0.42Db 66.44 0.22c¢ 73.82 0.21d 78.52 0.54 a p <0.001
11.83 £ 10.67 £ 733 £ 31.83 + F3 0 = 283.262
36 DAT 0.54b 62.83 0.47b 66.49 049 c 76.96 0.65a p <0.001

Notes: SE—standard error; means marked with different letters within the rowsare significantly different (Dun-
can’s post hoc test, p < 0.05).

3.3. Impact on Yield

In in vivo bioassay 1, no statistically significant differences were found in total mush-
room weight between the untreated control and all EPN treatments applied (F3 29 = 1.769,
p = 0.185) (Figure 3). Moreover, the commercial EPN population improved mushroom
yield by up to 19%, while the local populations P9 and K2, applied at the total rate of
1.5 x 10° IJ m~2, increased productivity by 1 and 24%, respectively. In bioassay 2, a sig-
nificant difference was shown between the yield in untreated control and treatments with
local EPN populations (F3 50 = 4.269, p < 0.05). In addition, the total yield of harvested
mushrooms treated with the commercial EPN population did not differ statistically, either
from untreated control plots or from plots treated with both local populations (Figure 3).
In both bioassays, approximately 80 kg of mushrooms per 100 kg of dry-weight compost
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Figure 3. Biological efficiency (BE) of treatments with different Steinernema feltiae populations (P9, K2,
and commercial population—150 I] cm~2) and control (water) on Agaricus bisporus yield (mean + SE)
in bioassays 1 and 2 (in vivo); BE % = ratio of the fresh weight of total mushroom yield and dry
spawned substrate weight (462.9 g). Mean values marked by different letters differ significantly
(Duncan’s post hoc test, p < 0.05).

4. Discussion

In the current study, three out of four tested populations of S. feltiae (two natives, P9
and K2, and the commercial one) showed high virulence towards L. ingenua and caused
significant mortality of fourth-instar larvae in bioassays in vitro (Figure 1). The third tested
native Serbian population, 757, showed moderate virulence and was excluded from further
research. The commercial population of S. feltize used in the present study was more
virulent than the two native strains from Serbia (P9 and K2) (Table 1). In addition, the P9
native strain was more effective in the fungus gnat larval control than the K2 strain, with a
significantly higher median lethal concentration. The lower effects of native populations
may be due to their lower natural virulence (genetically derived virulence) compared to
the commercial population [59]. A possible introduction of late L, instars that pupated
soon after inoculation with IJs may be an additional reason, as pupae are less prone to EPN
infection [47].

To the best of our knowledge, there are no available reports about experiments where
EPNs have been used against L. ingenua in in vitro bioassays using filter paper as a medium
where nematode suspensions were applied. It is noteworthy to emphasize that the type
of substrate/medium to which EPNs have been applied can play an important role in
successful infection by IJs as it can either promote or reduce IJ motility and, ultimately,
the infection [59]. In the current study, the population of fourth instar L. ingenua larvae
was suppressed by 90% by 100 IJ cm~2 of native P9 and K2 populations, or 83.7 I] cm 2
of the commercial population of S. feltiae, using the described method (filter paper). In a
comparable experimental setup, authors Ma et al. [35] had similar results, recording 90%
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mortality of the Ly of a different sciarid pest fly, Bradysia odoriphaga Yang & Zhang using
75 IJ cm~2 of indigenous S. feltiae applied on filter paper. Our results of in vitro bioassays
were consistent with some other reports of laboratory and in-pot experiments with S. feltiae
conducted with previously counted fungus gnat last larval instars. In a study by Shamshad
et al. [60], a population of S. feltine suppressed 90% of the L3 instar of L. ingenua (using
spawned peat moss/lime substrate) with a slightly lower rate of EPNs than in our present
study used (approximately 73 I] cm~2). Moreover, the commercial S. feltiae population used
in the current study was significantly more effective under laboratory conditions than other
S. feltine populations used in the study by Nickle and Cantelo [47]. These authors reported
lower (72-81%) mortality of Lg and L4 instars of L. ingenua after S. feltiae IJs were applied as
a drench treatment on mushroom-growing substrate at an application rate of 620 I cm 2,
which was six-fold higher than the rate used in our current in vitro bioassays, confirming
that different strains may exhibit different virulence.

Previous reports regarding in vivo experiments close to commercial production condi-
tions showed 60-100% effectiveness of fungus gnat control by using different commercial
populations of S. feltiae at application rates of 300 IJ cm 2 or higher [29,31,61,62]. However,
there were also contradictory reports that much lower rates of S. feltiae (50-150 IJ cm~?2)
could equally suppress L. ingenua when applied at casing time as drench treatment. For
example, Rinker et al. [29] showed that the application of 140 IJ cm~2 in 1 L of water per m?
at the casing time resulted in 88-95% mortality of L. ingenua adults four days after treatment.
After monitoring the adult emergence for two to four weeks, two selected populations
of S. feltine were used in a lower volume of water, and application rates of 50 IJ cm~?2
and 100 IJs cm~2, which reduced overall L. ingenua population by 52-88% and 72-96%,
respectively [32]. The results of the current study in the first four weeks of monitoring adult
fly emergence were consistent with those results. Additionally, Scheepmaker et al. [33] and
Navarro et al. [63] demonstrated that another damaging mushroom fly, Lycoriella auripila
Winnertz, could be controlled with equal success (approximately 60%) by applying a rate of
100 IJ cm 2 at casing time as with 300 I] cm 2 of S. feltiae at different timings in a commercial
mushroom production setup [33]. Moreover, Rinker et al. [29] demonstrated that S. feltiae
application very low rates of 28-80 I] cm 2 at casing time in substrate artificially infested
with adults at the beginning of spawn run resulted in 69-97% of fungus gnat flies failing to
emerge four days after treatment. A similar efficacy of the commercial S. feltize population
against L. ingenua at the same monitoring timings was obtained in the current study.

A study by Lewandowski et al. [6] showed that a 21-day generation time of the
fungus gnat at 24 °C was dominated by L, instars on the 14th day of the development cycle,
suggesting that the optimal time for EPN application is one day or more before day 14, as IJs
need some time to locate and infect the host. Assuming a similar development of L. ingenua
at 25 °C, with artificial infestation at the beginning of the spawning period and a two-week
spawning period, and nematode application at the casing time, as reported by Rinker
et al. [29], our first application of 75 I] cm 2 was performed at the right time to control the
Fy generation of the pest. A similar level of control was reported by Olthof et al. [31], with
casing treatment at the rate of 140 I] cm~2 of S. feltiae 12 days after infestation with fungus
gnat adults. These observations suggested that the appropriate timing of treatment with
EPNs is more relevant for the successful control of L. ingenua than the application rate.

In the current in vivo bioassays, the first flies appeared at the beginning of the second
week of the experiment (7-8 DAT), while their peak emergence was 36 DAT, suggesting
a prevalence of L, instars of the Fy generation after 14 days, i.e., two weeks after the
second application (22 DAT) and later assuming longer development of the host at 17 °C.
Our results (Tables 2 and 3) showed more successful control of L. ingenua (approximately
85%) with all treatments of S. feltize populations up to 22 DAT (14 days after the second IJ
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application) and optimal timing for suppression of the Fy generation of fungus gnat larvae
with both applications. After 29 DAT, when the F; generation of adults started to appear, L.
ingenua control was moderate to high due to an insufficient number of IJs in the substrate.

Regarding the F; generation, the first flies appeared at the beginning of the second
week, while their peak emergence occurred at 36 DAT, confirming a prevalence of L3 and
L, instars between applications and after the second one 7 DAT. Our results (Tables 2 and 3)
showed successful control of L. ingenua (approximately 85%) with all treatments of S. feltiae
populations up to 29 DAT (21 days after the second IJ application) and optimal timing
for suppression of the fungus gnat generation Fy. After 29 DAT, when the F1 generation
of the pest started to appear, moderate to high control of L. ingenua was recorded due to
insufficient abundance of IJs in the substrate. Grewal and Richardson [24] revealed that
the number of S. feltiae IJs (applied at rates of 273-1635 IJ cm~2) decreased close to 15 %
two weeks after application. Subsequently, the abundance of IJs remained at the same
level throughout eight weeks, except at the lower application rates, where their number
increased approximately twice, probably due to a higher IJ recycling rate after the peak of
fungus gnat adult emergence in the third week. The remaining IJs were probably sufficient
to control L. castanescens above 84% due to higher application rates, and the same was
demonstrated by Rinker et al. [29] against L. ingenua. However, this was not the case in our
experiments with the native population used, and IJs applied at almost half of the lowest
application rate that was used by Grewal and Richardson [24]. These authors reported a
significant decrease in IJs presence in the substrate two weeks after treatment. A similar
trend may have occurred in our experiments, which was the possible reason for higher
control efficacy up to 22 DAT (two weeks after the second application) than over the later
monitoring periods, especially in bioassay 2 (Table 2). As expected, lower efficacy, though
still significantly different from that of the control treatment, was probably attributed to
IJs that had been reproduced in parasitized host larvae, as also demonstrated by Rinker
et al. [29]. However, the efficacy of L. ingenua control using the commercial population in
the two latest assessment periods remained above 75%.

Indigenous S. feltiae populations were tested against sciarids in several other stud-
ies [35,38], and our results on control efficacy are within a range of the reported findings.
However, we are aware of few reports that exist on local isolates of S. feltine and their
control efficacy of the fungus gnat. A selected native Polish isolate PL and a French SN
population, applied at an application rate of 100 I] cm 2, lower than the rate used in the
current experiments, achieved over 80% control efficacy against L. ingenua [27]. These
populations outperformed both local Serbian isolates used in this study in terms of overall
effectiveness up to 36 days of assessment. Conversely, the tested native populations in this
work demonstrated better control efficacy up to 30 days of monitoring than both the SN
(54%) and PL (72%) populations.

One of the reasons for the lower efficacy of native populations used in the current study,
compared to the commercial population, is probably their lower virulence. In both in vivo
trials (Tables 2 and 3), both native populations showed significantly lower effectiveness
29 and 36 DAT compared to the commercial population, suggesting either their lower
ability to survive in the mushroom-growing substrate or their lower reproducibility in
infected L. ingenua cadavers. Additionally, the amount of water used in the treatment
was slightly lower than it was in the previous studies, e.g., Rinker et al. [29], 1 L m~2,
which demonstrated higher efficacy with similar or lower rates than we used. Substrate
humidity, potentially lowered by air-conditioning, may have reduced the infection ability
or decreased the number of IJs due to desiccation, as demonstrated by Tomalak and
Lipa [50]. A key trait for improving commercial EPN populations is the selection based on



Agriculture 2025, 15, 537

12 of 16

desiccation tolerance [64]. That probably explains the better results in L. ingenua control by
the commercial population of S. feltiae than the native populations tested in the study.

In this experimental setup, under presented conditions (timing of substrate infestation
in the first place), the major reason for decreasing overall effectiveness of all tested popu-
lations was mainly due to the moderate control of L. ingenua in later assessment periods,
29 and 36 DAT, especially in the case of the native S. feltiae populations. As discussed
previously, delaying the second application of EPNs for longer than 7 days after casing
may contribute to a more effective control of L. ingenua. Additionally, a third application,
14 days after casing or later, should be considered for future research in order to ensure
more successful sciarid control of later-developed larvae. Commercial manufacturers of
EPN-based products currently recommend an application rate of 200 IJ cm~?2 for sciarid
control, factoring in a decrease in IJ viability in formulations during the EPN product’s
shelf life. Based on the current study results, two treatments of 75 I] cm 2, applied as a
drench to the mushroom growing substrate at casing time and 7-14 days later, should be
recommended to mushroom producers to obtain optimal control of L. ingenua larvae.

Whereas EPN effectiveness against mushroom sciarids is well known, the previously
carried out research [3,21,49] focused mainly on commercialized EPN populations, espe-
cially against L. ingenua as one of the major mushroom pest species. Furthermore, studies
on the effectiveness of native EPN populations tested in mushroom production conditions
are particularly scarce. Although the effect of the commercial population was not surpassed
by that of the native EPN populations, the results of the current study showed a promise
for further research with native populations focused on the improvement of their efficacy
and competitiveness.

An improvement in the activity of native EPNs could be achieved by increasing viru-
lence through selective breeding, as previously suggested by Tomalak [27]. Additionally,
the lower persistence of the native EPN populations may be overcome by lower IJ rates
applied more frequently. Furthermore, identifying adversary elements (chemical or biologi-
cal) in the mushroom growing substrate may contribute to the prolonged persistence of IJs
of native populations if eliminated or suppressed.

Several studies have shown that the application of EPNs is able to reduce A. bisporus
mycelial growth on the substrate surface and significantly affect the yield if the application
rate is inadequate [28,29]. In the first in vivo bioassay of the current study, neither of the two
tested S. feltine populations had an adverse effect on A. bisporus yield. Mushroom production
in bioassay 2 showed slight differences among different EPN strains in comparison to
control, perhaps due to differences in substrate quality. Similar results were reported by
Navaro and Gea [18], who found that the application of 100 I] cm~2 of S. feltiae against
Megaselia halterata (Wood) and L. auripila had no negative impact on mushroom production.
The same number of mushrooms was harvested in our experiments in both flushes, both in
the untreated control and all EPN treatments, as Navaro and Gea [18] previously observed
in their experiments. In contrast, in the current study, the commercial EPN population
improved mushroom yield by up to 19%, while the local populations P9 and K2 increased
productivity by up to 1 % and 24%, respectively. Likewise, Grewal and Richardson [24]
reported that S. feltiae applied at a rate of 300 IJ cm 2 increased the number of mushrooms
by 8% and promoted total yield up to 11%. Sheepmaker et al. [33] noted that the application
of S. feltiae increased yield in contrast to the insecticide diflubenzuron that was used to
control L. auripila. Although Grewal et al. [28] and Rinker et al. [29] reported that EPNs,
depending on their application rate, reduced mushroom yield in early flushes, such yield
decline is usually compensated in subsequent flushes.
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Further research in large-scale mushroom production facilities is needed, as well as
testing the compatibility of EPN populations with other biocontrol agents as part of the
concept of integrated pest management in mushroom production.

5. Conclusions

The results of the present study support the use of S. feltine for the control of L.
ingenua. Furthermore, the introduced native EPN populations demonstrated a potential
for efficient biocontrol of the fungus gnat. Applications of these nematodes could help
reduce the dependence on conventional chemical insecticides in mushroom production and
improve the sustainability of this industry. The use of ecological inputs for the production
of residue-free food contributes to protecting human health, the environment, and non-
target organisms. A strategic goal was to strengthen local agriculture’s competitiveness in
producing healthy, safe, and high-quality food. Furthermore, the use of low-risk ingredients,
such as biopesticides and biocontrol agents, conforms to European Commission Regulation
1107/2009, national policy, and the United Nations Sustainable Development Goals, which
promote environmentally sustainable practices to bolster the production and income of
small-scale growers.
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