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Abstract: To identify the species of Collembola that harm Morchella and to screen for pesti-
cides that are effective in controlling these pests with minimal inhibition of mycelial growth,
a five-point sampling method was used to investigate the population of Collembola and its
damaging effects on Morchella and to analyze its spatial distribution in the soil. The indoor
control efficacy of ten insecticides was determined using the mushroom disc immersion
method and the pesticide film method. The most effective insecticides were then selected
for field testing. The effect of the best-performing field pesticides on the mycelial growth of
Morchella was measured using the Petri dish mycelial growth rate method, and pesticide
residues were detected using chromatography. The survey revealed that in three Morchella
greenhouses, the average Collembola population was 220,333 individuals/m3. The spatial
distribution of Collembola was uniform. The collected Collembola specimens were identified
as Oligaphorura ursi from the family Onychiuridae. Through the lab and field screening of
pesticides, it was found that 40% phoxim EC, 1.8% abamectin EC, 2.5% lambda-cyhalothrin
EW, and 4.5% beta-cypermethrin EC had the best efficacy. Meanwhile, residues of these
four pesticides were not detected. Mycelial growth inhibition experiments showed that
2.5% lambda-cyhalothrin EW, 1.8% abamectin EC, and 4.5% beta-cypermethrin EC exhibit
low inhibition of mycelial growth and can be used as control pesticides for Collembola on
Morchella, providing a technical reference for the green pesticide control of Collembola on
Morchella in the study region.

Keywords: Oligaphorura ursi; Morchella; damage investigation; insecticide selection

1. Introduction
Edible fungi include large-fruiting-body mushrooms that are consumable and rich

in protein, various vitamins, and dietary fiber with a low fat content. They have high
nutritional and medicinal value [1,2]. With continuous advancements in scientific research,
edible mushroom cultivation technology has improved. There are 70–80 species of edible
fungi cultivated in China, with cultivation spanning the entire country, and commercial
cultivation has been achieved for many varieties [3]. Currently, the edible fungus industry
in China is the fifth-largest agricultural sector after vegetables, grains, fruits, and sugar
crops. The production capacity of edible fungi continues to increase and plays an important
role in improving farmers’ incomes [4].
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As one of the four most famous mushrooms in the world, Morchella is widely loved
for its delicious taste and high nutritional and economic value [5]. Since the cultivation
technology for Morchella matured in 2010, China has entered a period of rapid development
in morel mushroom cultivation. As of 2022, the area of morel mushroom cultivation in
China had reached 1.67 × 104 hm2 [6]. However, with the rapid development of the edible
fungus industry, the occurrence of pests and associated damage has become increasingly
severe. Various pests, such as Collembola and mites, damage the mycelia and fruiting bodies
of edible fungi, resulting in decreased yields and quality, which severely hinders the further
development of the edible fungus industry [7].

Collembplans are an ancient group of arthropods belonging to the subphylum Hexapoda
and the class Collembola [8]. Research shows that through the identification and survey of
the morphological characteristics of Collembola, the highest number of members from the
family Entomobryidae is found in litter and soil layers in the Changbai Mountains, which are
located in the southeastern part of Jilin Province, China [9]. In a study on the multi-scale
patterns of soil Collembola assemblages in the eastern agricultural regions of China, it was
found that the highest number of Collembola individuals occurred in North China, while
Northeast China had the highest species diversity of soil Collembola [10]. Research indicates
that adult and juvenile Collembola can carry a large number of pathogens and moth larvae,
which spread as a result of activities such as oviposition and feeding [11]. When the soil
contains abundant crop residues with high sugar content (such as corn stalks, peanut
vines, and watermelon vines), Collembola outbreaks are more likely to occur. Collembola
species thrive in humid environments and primarily damage edible fungi by inhibiting
mycelial growth, burrowing into fruiting bodies to form irregular pits and interconnected
tunnels, and acting as vectors for various fungal diseases [12]. Additionally, their small
size, cryptic behavior, high mobility, and strong jumping ability make Collembola control
particularly challenging [13]. Some insecticides have been reported to be effective against
Collembola. Imidacloprid, nitenpyram, and indoxacarb exhibit strong insecticidal activity
against Collembola while maintaining high safety for Morchella [14]. Additionally, abamectin
demonstrates good residual effectiveness, rapid action, and strong control efficacy against
Onychiuridae, Collembola [15]. However, in edible fungus production, fungi absorb nutrients
directly from plant-based substrates. The extensive use of pesticides for pest control may
lead to pesticide residues within the fungi, with some chemicals persisting over time and
being difficult to degrade. This poses a serious concern for pesticide residues in edible
fungi, hindering green agricultural development [16,17]. Therefore, analyzing pesticide
residues in edible fungi has become a pressing issue in production.

Currently, research on Collembola control in China, as well as pesticide residue analysis
of insecticides used against Collembola in Morchella cultivation, remains limited. Therefore,
this study comprised a field survey of Collembola infestations at a Morchella cultivation
base in Lantian County, Xi’an, Shaanxi Province. It included the species identification
of Collembola specimens, screening of various insecticides for indoor and outdoor control
trials, and pesticide residue analysis. The findings provide a scientific basis for Collembola
management and serve as a reference for ensuring the quality and safety of Morchella.

2. Materials and Methods
2.1. Experimental Materials

Test solution for O. ursi and Morchella: The strain Morchella sextelata, which is a contin-
uous variety planted at the base for many years, was collected from the edible mushroom
(Morchella) cultivation base in Lantian County of Xi’an, Shaanxi Province.

Test items included 10% nitenpyram aqueous solutions (final concentration of 0.01%;
Shanghai Huliang Biological Pharmaceutical Co., Ltd., Shanghai, China), 4.5% beta-
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cypermethrin emulsifiable concentrate (final concentration of 0.01%; Shandong Hengl-
ida Biotechnology Co., Ltd., Jinan, China), 3.5% lambda-cyhalothrin·emamectin benzoate
micro-emulsion (SuKe Chemical Industry Co., Ltd., Shanghai, China), 40% phoxim emulsi-
fiable concentrate (Jining Tongda Chemical Plant., Jining, China), 2.5% lambda-cyhalothrin
emulsion in water, 50% thiamethoxam water-dispersible granules (Xianyang Hengtian Bio-
logical Agriculture Co., Ltd., Xianyang, China), 8000 IU/mg Bacillus thuringiensis wettable
powder (Shangdong Tenov Pesticides Co., Ltd., Linyi, China), 1.8% abamectin emulsifiable
concentrate (Handan Ruitian Pesticide Co., Ltd., Handan, China), 150 g/L indoxacarb
emulsifiable concentrate (FMC Corporation. Philadelphia, PA, USA), and 0.3% azadirachtin
emulsifiable concentrate (Fujibio Technology. Guangzhou, China). All the percentage
values for the above pesticides represent %w/v.

2.2. Experimental Methods
2.2.1. Hazard Investigation of O. ursi

Methods of investigation of the soil O. ursi hazard for Morchella: In Lantian
County of Xi’an, Shaanxi Province, three greenhouses were selected with 333.5 m2 per
site. A five-point sampling method was adopted for each plot, and soil samples of
15 cm × 15 cm × 15 cm were taken using quadrats, with each point repeated three times.
Then, 30 cm3 soil samples were collected from each plot, soaked in water, and let stand for
24 h, using the ability of O. ursi to float on the water’s surface to count individuals.

2.2.2. Spatial Distribution Pattern of O. ursi in Soil

Following the method of Zhou (2009) [18], the average density (m) and variance (V)
of the collected samples were calculated. The crowding degree (M*) = m + V/m − 1,
diffusion coefficient (C) = V/m, aggregation index (I) = V/m − 1, aggregation pattern index
M*/m, aggregation index (Ca) = (V − m)/m², and index (K) = m2/ (V − m) in the negative
binomial distribution were calculated. The relationship between the aggregation index and
spatial distribution is as follows:

When the population is aggregated, C > 1, M*/m > 1, I > 0, Ca > 0, 8 > k > 0;
When the population is uniformly distributed, C < 1, M*/m < 1, I < 0, Ca < 0, k < 0;
If the population is randomly distributed, C = 1, M*/m = 0, I = 0, Ca = 0, 8 < k → ∞ [19].
The spatial pattern of O. ursi was analyzed based on the obtained aggregation index

and the relationship described above.

2.2.3. Screening of Insecticides for Control of O. ursi

The test pesticides and the concentrations used are shown in Table 1. The screening
method was as follows: the toxicity of 10 insecticides against O. ursi was determined by
the mushroom slice dipping method and the film method. The fruiting bodies of Morchella
were cut into rectangular samples with side lengths of 1 cm × 1 cm × 0.3 cm and placed
into the test solution for 10 s, and then the residual test solution on the surface was removed.
At the same time, 3 mL of the same test solution was poured into a Petri dish. The dishes
were shaken well to ensure that the test solution was in full contact with the inner wall of
the Petri dish, and the remaining test solution was removed. Subsequently, the fruiting
bodies of edible fungi treated in the previous step were placed into Petri dishes with 30 O.
ursi. Then, the Petri dishes were placed in an artificial climate chamber, and the residual
insect mouths in each Petri dish were counted at 1 d, 3 d, 5 d, and 7 d after the test. Each
test treatment was repeated three times, with clear water used as a control, and then the
rate of population reduction and control correction were calculated [20].
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Table 1. Laboratory Pesticides and concentrations.

Pesticide Dilution

10% nitenpyram AS 1000
4.5% beta-cypermethrin EC 1600

3.5% lambda-cyhalothrin·emamectin benzoate ME 3000
40% phoxim EC 800

2.5% lambda-cyhalothrin EW 600
8000 IU/mg Bacillus thuringiensis WP 266

1.8% abamectin EC 1600
50% thiamethoxam WDG 4000

150 g/L indoxacarb EC 4000
0.3% azadirachtin EC 600

The control efficacy was calculated using the following formulas:
Population reduction rate = [(pre-treatment population—post-treatment population)/

pre-treatment population] × 100%.
Field pesticide screening method for O. ursi: Before treatment, soil samples were

collected using an equidistant sampling method in the greenhouse, with an interval of 1 m,
using 15 cm × 15 cm × 15 cm quadrats, and the number of O. ursi before treatment was
counted. After sampling, soil was sprayed using a watering can over an area of approxi-
mately 15 m² per row, with 3 replicates set up. The test pesticides and the concentrations
used are shown in Table 2.

Table 2. Field Pesticides and concentrations.

Pesticide Dilution

10% nitenpyram AS 500
2.5% lambda-cyhalothrin EW 500
4.5% beta-cypermethrin EC 800

0.3% azadirachtin EC 300
1.8% abamectin EC 800

40% phoxim EC 400
CK —

2.2.4. Effect of Pesticides on Mycelium Growth of Morchella

Morchella was inoculated on PDA medium, placed in an incubator for culture, and set
aside after the mycelium was overgrown in a Petri dish. Each pesticide was diluted 20 times
with sterile water, and then 10 mL was added to 190 mL of sterilized medium, shaken
well, poured it into a pre-sterilized Petri dish, cooled, and solidified. Each treatment was
repeated 3 times, adding the same amount of sterile water as a control. Using a hole punch
with an inner diameter of 6 mm, bacterial blocks with uniform growth were collected and
inoculated in the above medium such that mycelial surface touched the medium, and these
samples were incubated at a constant temperature of 25 ◦C. The effect of the pesticides
on the mycelium growth of Morchella was calculated according to the amount of mycelial
growth [21].

Mycelium inhibition rate (%) = [(control mycelium growth—treated mycelium
growth)/control mycelium growth] × 100.

2.2.5. Detection of Pesticide Residues

Pesticides with lower antifungal activity were selected for pesticide residue testing.
For each pesticide, the concentration used in the field trial was applied. In the greenhouse,
young and healthy Morchella specimens with similar growth conditions were randomly
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selected, sprayed evenly with the pesticide, and marked. This process was repeated three
times. Seven days after application, the marked Morchella were collected and sent to the
Pony Testing International Group in Xi’an, Shaanxi Province, where high-performance
liquid chromatography (HPLC) was used to detect pesticide residues [22].

2.3. Data Analysis

All the data were analyzed using Excel 2019 and the DPS Data Processing System 9.05.
Duncan’s new compound range method was used with ANOVA to compare the differences
in the level of control among different treatments.

3. Results
3.1. Investigation of O. ursi Hazard and Determination of Distribution Type
3.1.1. Investigation of O. ursi Populations in Morchella Cultivation Soil

Table 3 lists the number of O. ursi at the three sampling sites. Since the number of O.
ursi presented in Table 2 is the number of O. ursi per 30 cm3 soil, this was scaled to the
number of O. ursi per cubic meter at a depth of 15 cm from the soil surface. The average
number of O. ursi as a pest at sampling site 1 was about 230,667 heads/m3, that at sampling
site 2 was about 193,333 heads/m3, and that at sampling site 3 was about 237,000 heads/m3.
The average number of O. ursi at the three sites was about 220,333 head/m3.

Table 3. Number of O. ursi in the soil of greenhouses 1–3 (heads).

Quadrat
Number of Collembola

Total Quantity
Site No. 1 Site No. 2 Site No. 3

1 7.60 ± 2.73 a 5.60 ± 1.54 a 9.20 ± 2.66 a 5.42 ± 0.61 a
2 4.00 ± 1.52 a 10.60 ± 2.01 a 7.60 ± 1.81 ab 5.93 ± 0.59 a
3 4.20 ±1.46 a 5.20 ± 1.74 a 2.60 ± 0.93 ab 7.49 ± 0.75 a
4 9.00 ± 2.85 a 8.80 ± 2.42 a 5.60 ± 1.36 ab 6.04 ± 0.66 a
5 9.00 ± 1.97 a 6.60 ± 2.20 a 6.80 ± 2.04 ab 7.09 ± 0.71 a
6 10.00 ± 2.43 a 7.40 ± 1.57 a 5.60 ± 2.01 ab 7.67 ± 0.69 a
7 10.00 ± 2.56 a 8.60 ± 2.16 a 5.40 ± 0.75 ab 6.36 ± 0.73 a
8 9.00 ± 2.00 a 4.40 ± 2.56 a 6.20 ± 2.22 ab 5.80 ± 0.61 a
9 3.40 ± 1.54 a 4.20 ± 1.36 a 6.00 ± 1.48 b 7.67 ± 0.77 a

Note: Data are shown as mean ± standard error; different lowercase letters in the same column indicate significant
differences at the p < 0.05 level by Duncan’s new multiple range test.

3.1.2. Spatial Distribution Pattern of O. ursi in Morchella Cultivation Soil

According to Table 4, a series of indicators reflecting the degree of aggregation were
obtained after calculation from the results of the three surveys, all meeting the requirements
of C < 1, M*/m < 1, I < 0, Ca < 0, and k < 0. Therefore, it can be concluded that the spatial
distribution pattern of O. ursi in the field is uniform.

Table 4. Index of aggregation for O. ursi in soil samples.

Quadrat Mean
Density Variance Mean

Crowding
Clumping

Index
Patchiness

Index
Aggregation

Index
Negative
Binomial

Distribution
Diffusion

Coefficient
Distribution

Pattern

1 0.231 0.023 −0.330 −0.030 −1.429 −3.898 −0.257 0.100 uniform
2 0.193 0.018 −0.261 −0.022 −1.352 −4.698 −0.213 0.093 uniform
3 0.237 0.029 −0.349 −0.038 −1.473 −3.703 −0.270 0.122 uniform
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3.2. Laboratory Screening of Insecticides

The results of the laboratory pesticide screening experiment for O. ursi are shown in
Table 5. There were certain differences in the effectiveness of the 10 pesticides in controlling
O. ursi, with the control efficacy of each pesticide gradually increasing over time.

Table 5. Results of 10 pesticides tested in O. ursi control experiments in the laboratory.

Pesticides

1 d After Treatment 3 d After Treatment 5 d After Treatment 7 d After Treatment

Decrease
Rate

Control
Efficacy

Decrease
Rate

Control
Efficacy Decrease Rate Control

Efficacy Decrease Rate Control
Efficacy

10% nitenpyram AS 75.53 ± 1.31 c 73.87 ± 1.40 c 84.93 ± 1.46 c 83.34 ± 1.62 cd 89.26 ± 1.24 bc 86.94 ± 1.51 bc 96.82 ± 0.83 a 95.74 ± 1.12 b
4.5%

beta-cypermethrin
EC

73.6 ± 1.77 c 71.86 ± 1.86 c 83.70 ± 2.04 c 81.99 ± 2.25 d 87.72 ± 1.50 c 85.06 ± 1.83 c 93.13 ± 0.94 b 90.81 ± 1.26 c

3.5% lambda-
cyhalothrin·emamectin

benzoate ME
67.02 ± 1.66 d 64.79 ± 1.77 d 73.99 ± 1.99 e 71.25 ± 2.20 f 80.99 ± 1.36 d 78.22 ± 2.27 de 89.92 ± 1.41 bc 87.40 ± 2.64 d

40% phoxim EC 90.98 ± 1.64 a 90.37 ± 1.75 a 100 ± 0.00 a 100 ± 0.00 a 100 ± 0.00 a 100 ± 0.00 a 100 ± 0.00 a 100 ± 0.00 a
2.5% lambda-

cyhalothrin EW 72.78 ± 1.10 c 70.94 ± 1.18 c 79.20 ± 1.39 d 77.01 ± 1.54 e 85.36 ± 1.36 c 82.19 ± 1.64 cd 92.45 ± 0.75 bc 89.90 ± 1.00 c

8000 IU/mg Bacillus
thuringiensis WP 48.90 ± 1.29 e 45.44 ± 1.38 e 54.92 ± 1.43 f 50.17 ± 1.58 g 59.60 ± 1.55 f 50.85 ± 1.89 g 71.97 ± 1.40 e 62.50 ± 1.87 f

1.8% abamectin EC 85.56 ± 0.82 b 84.59 ± 0.87 b 94.88 ± 1.37 b 94.34 ± 1.51 b 97.62 ± 1.37 a 97.47 ± 1.30 a 1000.00 a 100 ± 0.00 a
50% thiamethoxam

WDG 66.17 ± 1.12 d 62.88 ± 1.19 d 73.53 ± 1.11 e 70.75 ± 1.23 f 80.87 ± 1.29 d 76.73 ± 1.57 e 89.61 ± 1.19 c 86.10 ± 1.59 d

150 g/L indoxacarb
EC 46.68 ± 1.53 e 43.07 ± 1.63 e 56.84 ± 1.45 f 52.30 ± 1.61 g 69.70 ± 1.32 e 63.14 ± 1.60 f 80.14 ± 1.71 d 73.42 ± 2.29 e

0.3% azadirachtin
EC 85.15 ± 1.80 b 84.55 ± 1.60 b 87.56 ± 1.55 c 87.22 ± 1.26 c 92.27 ± 0.89 b 90.60 ± 1.09 b 97.03 ± 0.88 a 96.03 ± 1.17 b

CK 6.34 — 9.52 — 17.80 — 25.27 —

Note: CK refers to the blank control. Data are shown as mean ± standard error; different lowercase letters in the
same column indicate significant differences at the p < 0.05 level by Duncan’s new multiple range test.

One day after pesticide treatment, the rate of O. ursi population reduction in the
control group was 6.34%. Overall, 40% phoxim EC had the strongest control effect, reaching
90.37%, whereas the control efficacy of 150 g/L indoxacarb EC was the lowest at only
43.07%, and 3.5% lambda-cyhalothrin·emamectin benzoate ME, 2.5% lambda-cyhalothrin
EW, 1.8% abamectin EC, 50% thiamethoxam WDG, 0.3% azadirachtin EC, 10% nitenpyram
AS, and 4.5% beta-cypermethrin EC reached more than 50%.

Three days after pesticide treatment, the rate of O. ursi population reduction in the
control group was 9.52%. Again, 40% phoxim EC had the strongest control effect, reaching
100%, and the control efficacy of 8000 IU/mg Bacillus thuringiensis WP was the lowest
at only 50.17%, while 3.5% lambda-cyhalothrin·emamectin benzoate ME, 2.5% lambda-
cyhalothrin EW, 1.8% abamectin EC, 50% thiamethoxam WDG, 0.3% azadirachtin EC, 10%
nitenpyram AS, and 4.5% beta-cypermethrin EC reached more than 70%.

Five days after pesticide treatment, the rate of O. ursi population reduction in the
control group was 17.80%. The 40% phoxim EC treatment had the strongest control
effect, reaching 100%, while the control efficacy of 8000 IU/mg Bacillus thuringiensis WP
was the lowest at only 50.85%, and 2.5% lambda-cyhalothrin EW, 1.8% abamectin EC,
0.3% azadirachtin EC, 10% nitenpyram AS, and 4.5% beta-cypermethrin EC reached more
than 80%.

Seven days after pesticide treatment, the rate of O. ursi population reduction in the
control group was 25.27%. The control efficacy of 1.8% abamectin EC and 40% phoxim EC
reached 100%, and the control efficacy of 0.3% azadirachtin EC, 10% nitenpyram AS, and
4.5% beta-cypermethrin EC reached more than 90%.

The data from the lab experiments show that the pesticides used in the test had a
certain degree of efficacy in controlling O. ursi, with some differences in efficacy among the
various pesticides. Overall, among the tested pesticides, 40% phoxim EC demonstrated
the best control, achieving 100% effectiveness on the first day. The 1.8% abamectin EC and
0.3% azadirachtin EC treatments were slightly less effective than the 40% phoxim EC but
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could also quickly achieve 90% effectiveness. However, the 150 g/L indoxacarb EC and
8000 IU/mg Bacillus thuringiensis WP treatments were relatively less effective.

3.3. Screening of Field Insecticides for O. ursi

Based on the lab screening, six pesticides were selected for field testing. The results are
shown in Figure 1A. Seven days after pesticide treatment, 40% phoxim EC had the highest
control efficacy (70.43%), followed by 1.8% abamectin EC (66.92%). The control efficacies of
0.3% azadirachtin EC, 4.5% beta-cypermethrin EC, and 2.5% lambda-cyhalothrin EW all
exceeded 60% (62.01%, 61.23%, and 60.73%, respectively), followed by 10% nitenpyram AS
at 58.73%.
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Further results are shown in Figure 1B. Fifteen days after pesticide treatment, 40%
phoxim EC achieved the highest control efficacy (90.47%), significantly outperforming the
other pesticides. The control efficacies of 1.8% abamectin EC, 2.5% lambda-cyhalothrin EW,
and 4.5% beta-cypermethrin EC were 87.48%, 84.32%, and 83.03%, respectively. These three
pesticides had significantly higher control efficacy than 0.3% azadirachtin EC (63.13%) and
10% nitenpyram AS (70%).

3.4. Effects of Pesticides on Mycelial Growth of Morchella

Based on the laboratory and field screening tests, four highly effective pesticides were
selected to analyze their effects on mycelial growth. The results after 9 days of pesticide
treatment are shown in Figure 2 and Table 6. The 1.8% abamectin EC exhibited the lowest
inhibition rate on mycelial growth at 24.24%. The inhibition rates of 4.5% beta-cypermethrin
EC and 2.5% lambda-cyhalothrin EW were 31.29% and 39.24%, respectively, indicating
some suppression of mycelial growth. Although 40% phoxim EC had the highest efficacy
against O. ursi, it also had the strongest inhibitory effect on mycelial growth (87.10%).
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Figure 2. Photos of inhibition tests in the laboratory. Inhibition test of mycelial growth after 9 days
of pesticide treatment. CK refers to the blank control. (A) CK; (B) 40% phoxim EC; (C) 4.5% beta-
cypermethrin EC; (D) 2.5% lambda-cyhalothrin EW; (E) 1.8% abamectin EC.

Table 6. Results of hyphal inhibition experiments.

Pesticides Dilution Hyphal Diameter (cm) Average
Value

Inhibition
Rate1 2 3

40% phoxim EC 1600 1.00 1.22 1.17 1.13 87.10% a
4.5% beta-cypermethrin EC 3200 6.05 6.12 5.90 6.02 31.29% bc

2.5% lambda-cyhalothrin EW 1200 6.10 5.87 4.00 5.32 39.24% b
1.8% abamectin EC 3200 6.72 6.54 6.67 6.64 24.24% c

CK - 8.90 8.57 8.84 8.77 -
Note: CK refers to the blank control. Values are averages (n = 3), measured by the criss-cross method. Different
lowercase letters in the same column indicate significant differences at the p < 0.05 level by Duncan’s new multiple
range test.

3.5. Pesticide Residue Detection Method

Based on the experimental results, chromatographic methods were used to detect
pesticide residues of 1.8% abamectin EC, 4.5% beta-cypermethrin EC, and 2.5% lambda-
cyhalothrin EW.

The pesticide residue results (Table 7) were provided by Pony Testing International
Group in Xi’an, China. No residues were detected for the three pesticides within their
detection limits. Therefore, 1.8% abamectin EC, 4.5% beta-cypermethrin EC, and 2.5%
lambda-cyhalothrin EW not only control O. ursi effectively with minimal mycelial growth
inhibition but also pose no risk to human health due to pesticide residues.
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Table 7. Pesticide residue in the fruiting bodies 7 days after treatment.

Sample Description
and Number Test Items Test Results Test Methods

J0074057F1 beta-cypermethrin not detected (detection limit 0.01) GB 23200.113-2018
J0088927F1 lambda-cyhalothrin not detected (detection limit 0.0005) GB/T 20769-2008
J0088927F1 azadirachtin not detected (detection limit 0.007) NY/T 1379-2007

4. Discussion
There is an increasing demand for higher yield and quality of edible fungi. More

attention is being paid to strain selection, nutrient supplementation, and cultivation man-
agement. However, during cultivation, edible fungal spores are directly sown into the
soil, making it difficult to isolate mycelia and fruiting bodies from small soil-dwelling
animals [14,23]. Collembola is a diverse and abundant group of soil arthropods that can
damage various edible fungi, including Auricularia auricula, Morchella, and Pleurotus os-
treatus [24,25]. According to research, Entomobrya sauteria is a pest in Auricularia cornea
cultivation in Sichuan Province [26]. This study revealed that Collembola caused severe
damage to edible fungi, with an average Collembola population of 220,333 individuals/m3.
The Collembola specimens collected were O. ursi from the family Onychiuridae. Additionally,
the study showed that the evenness index of the arthropod community per area remained
stable [27]. Research has shown that the distribution of different species of soil Collembola
is relatively uniform, which is consistent with the findings of this study, where Collembola
exhibited a uniform spatial distribution in the soil [28]. Therefore, there is an urgent need
to study the control of Collembola to reduce damage to edible fungi.

It is reported that 1.8% abamectin EC shows good control efficacy against taro Collem-
bola, with a control efficacy of 95.2% after three applications [29]. Another study showed
that 4.5% beta-cypermethrin EC exhibited excellent residual efficacy and control against
Onychiuridae [27]. In this study, the indoor pesticide screening test showed that all the
tested pesticides had a certain degree of control efficacy against Collembola. There were
differences in control efficacy between the pesticides. Overall, among the tested pesticides,
40% phoxim EC had the best efficacy, reaching over 90% on day 1, and 1.8% abamectin EC
and 0.3% azadirachtin EC had slightly lower efficacies than the former but still achieved
over 80% control. However, 150 g/L indoxacarb EC and 8000 IU/mg Bacillus thuringiensis
WP performed relatively poorly. The indoor pesticide screening for Collembola showed
good results in the first five days, with significant differences in efficacy between the
pesticides. The pesticides selected for the next step of field pesticide screening included
10% nitenpyram AS, 1.8% abamectin EC, 0.3% azadirachtin EC, 40% phoxim EC, 2.5%
lambda-cyhalothrin EW, 50% thiamethoxam WDG, and 4.5% beta-cypermethrin EC.

In this study, the field pesticide screening trials showed that four pesticides, 40%
phoxim EC, 1.8% abamectin EC, 2.5% lambda-cyhalothrin EW, and 4.5% beta-cypermethrin
EC, demonstrated good control efficacy against Collembola 15 days after application with
control efficacies of 90.47%, 87.48%, 84.32%, and 83.03%, respectively.

Research indicates that insecticides at high concentrations inhibit the growth of the
edible mushroom mycelia [30]. At low concentrations, most insecticides promote the
growth of mycelia, with the promotion rate increasing as the concentration of the insecticide
decreases. After reaching a certain point, the promotion rate decreases as the concentration
continues to drop, eventually having no effect on mycelial growth. Recent results showed
that 2.5% lambda-cyhalothrin EW had good insecticidal activity against Collembola and a
weak inhibitory effect on the mycelial growth of Morchella [14]. Another study showed
the different effects of various pesticides on the growth of edible mushroom mycelia [31].
Therefore, the present study evaluated the overall effectiveness of several pesticides and
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their inhibitory effects on mycelial growth. The lowest mycelial growth inhibition was
observed with 1.8% abamectin EC, followed by 4.5% beta-cypermethrin EC and 2.5%
lambda-cyhalothrin EW.

In recent years, the edible mushroom industry has developed rapidly, and the pre-
vention of edible mushroom pests and diseases has gradually received more attention [32].
Currently, chemical control remains the primary method for managing Collembola in edible
mushrooms. There is an urgent need to conduct pesticide residue research and screen for
new, efficient, low-toxicity, and low-residue insecticides for production to ensure safety [33].
Research has shown that the final pesticide residue levels of several pesticides applied via
spraying on shiitake mushroom fruiting bodies exceed the MRLs specified by the Euro-
pean Union [34]. Studies that measured the pesticide residue levels of abamectin in edible
mushrooms met three requirements for pesticide residue analysis [35]. The present study in-
cluded pesticide residue detection for 1.8% abamectin EC, 4.5% beta-cypermethrin EC, and
2.5% lambda-cyhalothrin EW. No residues were detected for any of these three pesticides.

O. ursi is one of the major pests in edible mushroom cultivation, and its damaging
effects significantly impact the yield and quality of edible mushrooms. In recent years,
with the rapid development of the edible mushroom industry, significant progress has been
made in O. ursi control. Technologies such as crop rotation, high-temperature substrate
sterilization, and clean management of mushroom houses have effectively reduced pest
populations. Non-toxic measures, such as sugar–vinegar solutions and color plate traps,
have been employed, and chemical control has gradually shifted toward new, efficient,
and low-toxicity pesticides. In the future, the control of springtails in edible mushrooms
should adhere to the plant protection principle of “prevention-first, integrated control”. In
terms of the construction of a control system, it is necessary to establish an early warning
system that covers meteorological data, pest monitoring, and substrate testing; develop
pest monitoring technology based on image recognition; and enhance the breeding of pest-
resistant varieties. The development of second-generation biopesticides should include the
enhanced application of RNA interference technology and gene editing in pest-resistant
breeding, providing a solid foundation for the sustainable development of the edible
mushroom industry.
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