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Abstract: The yellow spot disease of Pleurotus ostreatus, caused by the bacterium Pseudomonas tolaasii,
poses a threat to both the yield and quality of oyster mushrooms due to the limited availability
of effective bactericides and the insufficient comprehensive safety assessments for the chemicals
applied in the field. In this study, we performed greenhouse toxicity tests to identify highly effective
bactericides against P. tolaasii, while simultaneously assessing their safety for P. ostreatus. Subsequently,
we verified the field efficacy of the selected bactericide and its impact on mushroom yield through
field experiments. Additionally, we established detection methods for the selected highly effective
and safe bactericides in P. ostreatus and measured their residue levels during the evaluation. Our
findings indicated that kasugamycin and seboctylamine acetate displayed potent inhibitory effects
against P. tolaasii. The field application results showed that 1.8% seboctylamine acetate AS with
concentrations of 3 mg/L exhibited good disease control, achieving 83.00%, which is comparable to
the efficacy of the registered kasugamycin. Furthermore, the application of seboctylamine acetate
did not adversely affect the yield of P. ostreatus, and the detected chemical residues were below the
maximum residue limit. Seboctylamine acetate is anticipated to serve as a viable substitute for the
currently registered fungicides, holding the promise of offering comparable or superior performance
while potentially addressing concerns related to environmental impact and sustainability.
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1. Introduction

Edible fungi are known for their exceptional taste and considerable nutritional and
medicinal benefits [1], and they are enjoyed by people worldwide [2]. The edible fungi
industry has uniquely contributed to the restructuring of agricultural industries [3], enhanc-
ing agricultural productivity, and promoting circular agriculture practices. Consequently, it
has developed into a distinctive and innovative sector within China’s agricultural land-
scape [4,5]. Pleurotus ostreatus, commonly referred to as the oyster mushroom [6], belongs
to the class Basidiomycetes, order Agaricales, family Pleurotaceae, and genus Pleurotus [7].
It is a widely cultivated and commercially significant edible mushroom in many coun-
tries [8], with China being a leading producer and exporter [9,10]. Oyster mushrooms
are not only delicious, but also rich in nutritional value [11]. They are well-known for
their anti-thrombotic [12,13], cholesterol-lowering, anti-aging, and liver-protective proper-
ties [5,14,15].

With the steady increase in the diversity of oyster mushrooms and the expansion of
their cultivation areas in China, the incidence of oyster mushroom diseases has been rising
annually [16]. These diseases include a variety of conditions, such as oyster mushroom
white mold, soft rot, yellow spot disease (also known as brown spot disease), and yellow
pus disease [17-20]. Among them, bacterial blotch is one of the most severe bacterial
diseases affecting oyster mushrooms [6]. Caused by the pathogen Pseudomonas. tolaasii, it
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poses a significant threat to both the quality and yield of the mushrooms [21]. Also known
as bacterial spot disease, rust spot disease, or brown spot disease, bacterial blotch can
develop at any stage of the oyster mushroom fruiting body’s growth [22]. The pathogen
specifically targets the surface tissues of the fruiting body. Initially, affected oyster mush-
room fruiting bodies may secrete yellow droplets, with yellow to tan lesions appearing on
their surfaces [21]. This leads to stunted growth and the development of malformed mature
mushrooms. In severe cases, the fruiting bodies may stop growing entirely, resulting in
decay and death [23]. If the disease is not addressed promptly, and the management
conditions are not improved, it can further affect subsequent mushroom flushes, potentially
halting mushroom production altogether.

Currently, strategies for managing diseases in edible mushrooms involve a multi-
faceted approach, including the breeding of disease-resistant varieties, stringent control
over strain quality, careful management of cultivation environments, and the induction and
application of disease resistance mechanisms, as well as chemical and biological control
methods [24]. Among these strategies, regulating environmental conditions plays a crucial
role in mitigating disease severity [25], although it is a challenging task often associated
with significant costs. Reports have highlighted the use of biocontrol methods, such as the
application of essential oils, antagonistic microorganisms, and specific bacteriophages, for
managing bacterial blotch in P. ostreatus [6,26]. Nevertheless, the mechanisms underlying
the action of certain biological pesticides remain only partially understood, and their effec-
tiveness in controlling yellow spot disease in oyster mushrooms in field conditions remains
inferior to that of chemical fungicides. Consequently, chemical control may continue to be
the primary strategy for managing this disease in the foreseeable future [23,27]. To date, no
chemical control agents have been identified as particularly effective against brown spot
disease in oyster mushrooms. From the 1930s to the 1980s, sodium hypochlorite, commonly
in the form of bleaching powder solution, was recommended for the management of bacte-
rial diseases. Additionally, domestic researchers have suggested the use of streptomycin as
a control measure [28]. Currently, the primary pesticide formulations used to control brown
spot disease in oyster mushrooms include agricultural streptomycin, bleaching powder
solution, and bronopol. However, their effectiveness in practical agricultural applications
often falls short of expectations [29]. However, according to information from the China
Pesticide Information Network, kasugamycin is currently the only registered bactericide
used for controlling bacterial blotch in oyster mushrooms. This highlights the urgent need
to identify and screen additional chemical bactericides that can effectively combat bacterial
blotch in oyster mushrooms.

Seboctylamine acetate is an eco-friendly amino acid polymer bactericide developed in
China. It represents a new generation of high-tech, environmentally sustainable, efficient,
and broad-spectrum bactericides with low toxicity. The structural formula of seboctylamine
acetate can be found in Supplementary Figure S1. The bactericidal mechanism of this
bactericide is distinctive, as follows: In an aqueous solution, it undergoes ionization, with
its hydrophilic segment acquiring a strong positive charge [30]. This positive charge attracts
and adsorbs negatively charged fungi, bacteria, and viruses, effectively inhibiting their
reproduction. Additionally, it coagulates the proteins of pathogens and disrupts their
enzymatic systems. The polymeric film formed by seboctylamine acetate blocks the ion
channels of these microorganisms, causing them to suffocate and perish rapidly, thus
achieving optimal bactericidal efficacy. Notably, prolonged use of this bactericide does not
lead to resistance and may even promote crop growth [31].

In this study, we conducted indoor toxicity tests to screen for bactericides with high
efficacy against the bacterial spot disease of P. ostreatus. Indoor toxicity tests refer to
experimental methods conducted under controlled conditions (such as in a laboratory
or simulated environment) to evaluate the toxic effects of chemical agents, biological
formulations, or other treatments on specific organisms (such as pests, pathogens, or
weeds). We investigated the safety of seboctylamine acetate and tetramycin on P. ostreatus
and further assessed their field control efficacy against the disease in the mushroom.



Agriculture 2024, 14, 2352

3o0f17

Field control effects refer to the evaluation of the efficacy of chemical agents, biological
formulations, or other management measures in controlling target organisms (such as
diseases, pests, or weeds) under actual field conditions. Field efficacy trials aim to validate
the practical effectiveness of these treatments in real-world production environments,
providing scientific evidence for agricultural practices and broader applications. For oyster
mushrooms, which are cultivated using a grid-layer rack system, field control efficacy tests
are typically conducted in greenhouse settings. Additionally, we examined the residue
levels of seboctylamine acetate in P. ostreatus and its impact on crop yield. The objective of
this study is to provide valuable insights and guidance for managing P. ostreatus yellow
spot disease and other bacterial diseases in edible mushroom:s.

2. Materials and Methods
2.1. Strain for Experimentation and Bactericides

After conducting an investigation into the primary diseases affecting edible fungi in
Shandong Province, the Tai’an Academy of Agricultural Sciences isolated, purified, and
identified the fruiting bodies of P. ostreatus collected from a mushroom shed in Jining.
The test strain was subsequently identified as P. tolaasii and stored at 4 °C for future
use. The P. ostreatus strains used in this study were provided by the Tai’an Academy of
Agricultural Sciences.

Three bactericides were utilized in this experiment, as follows: 12% zhongshengmycin
TC, sourced from Fujian Kaili Bio-Product Co., Ltd. in Zhangzhou, China; 20% sebocty-
lamine acetate AS, acquired from Weifang Voelsing Biopesticide Co., Ltd. in Weifang,
China; and 15% tetramycin TC, obtained from Liaoning Micro Biotechnology Co., Ltd. in
Chaoyang, China.

For the conduct of this experiment, LB medium and PDA medium were prepared
using the following specific formulations:

LB medium: It consisted of 10 g of NaCl, 10 g of peptone, 5 g of yeast extract, and 1 L
of distilled water. The pH was adjusted to 7.0, and the medium was sterilized at 121 °C for
30 min.

PDA medium: It was prepared by combining 200 g of potatoes, 20 g of glucose, 20 g
of agar, and distilled water to a final volume of 1 L. The natural pH was maintained, and
the medium was sterilized at 121 °C for 30 min.

2.2. Isolation and Identification of the Pathogens

To investigate the bacterial pathogens associated with yellow spot disease in P. ostrea-
tus, ten fruiting bodies exhibiting varying degrees of the disease were collected from a
mushroom shed located in Jining, China. These fruiting bodies were selected to represent a
range of symptoms to ensure diverse pathogen sampling. Each fruiting body was processed
under sterile conditions on an ultra-clean bench to minimize the risk of contamination.
A 1 cm? section of surface tissue was aseptically excised from each fruiting body using
a sterile blade. To remove surface contaminants and non-adherent microorganisms, the
tissue samples were washed three times with sterile distilled water. After washing, the
samples were individually placed into 10 mL of Luria—Bertani (LB) liquid medium, a
general-purpose nutrient medium conducive to bacterial growth. The tubes were incubated
at 25 °C with shaking at 160 rpm for 24 h to allow for bacterial enrichment. Following
incubation, a 10-fold serial dilution series was prepared from each enrichment culture,
diluting the bacterial suspension up to 10°-fold. Aliquots (100 pL) from each dilution were
plated onto LB agar plates to isolate individual colonies. The plates were incubated at 25 °C
under static, dark conditions for 36 h to facilitate bacterial growth. Colonies with distinct
morphological characteristics were selected, purified by repeated streaking on fresh LB
agar plates, and subsequently stored in 20% (v/v) sterile glycerol at —80 °C in an ultra-low
temperature freezer for long-term preservation [32]. From the collected samples, three
bacterial strains (designated HF, JPX4-2, and NKY3) were identified as potential pathogens
based on their consistent isolation from symptomatic fruiting bodies. These strains were
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selected for further pathogenicity testing and molecular identification. To confirm the
pathogenicity of the isolated strains, the bacteria were activated by culturing in LB liquid
medium at 30 °C with shaking at 160 rpm for 24 h. The bacterial cultures were then diluted
with sterile distilled water to achieve a final concentration of 1 x 10° colony-forming
units (cfu)/mL. Each bacterial suspension (200 uL) was evenly spread onto the surface
of healthy, young mushroom pilei under sterile conditions. The inoculated mushrooms
were placed in an environment maintained at room temperature (25 °C) and 85% relative
humidity for 24 h to promote infection development. After visible symptoms appeared
on the fruiting bodies, the pathogens were re-isolated from the symptomatic tissues using
the same methods described earlier, confirming Koch'’s postulates. The re-isolated strains
(HE, JPX4-2, and NKY3) were streaked onto LB agar plates to ensure purity and subjected
to further analysis [33]. For morphological identification, single colonies from each strain
were analyzed using Gram staining and examined using scanning electron microscopy
(SEM) to observe their structural characteristics. Genomic DNA was then extracted from
the bacterial isolates using a commercial bacterial DNA extraction kit. The 165 rRNA gene
of each strain was amplified using specific primers under the following PCR conditions:
an initial denaturation step at 94 °C for 5 min; 32 cycles of denaturation at 94 °C for 30 s,
annealing at 55 °C for 30 s, and extension at 72 °C for 90 s; followed by a final extension
at 72 °C for 10 min. The amplified PCR products were sequenced by Sangon Biotech
(Shanghai) Co., Ltd. in Shanghai, China. The sequencing data were analyzed using the
BLAST program from the NCBI database to determine sequence homology. Based on the
BLAST results, preliminary classification and identification of the bacterial strains were per-
formed. The relevant 165 rRNA gene sequences from closely related bacterial species were
retrieved from the GenBank database. A phylogenetic tree was constructed using MEGA
7.0 software, employing the neighbor-joining method with 1000 bootstrap replications to
ensure the robustness of the analysis. This phylogenetic analysis provided insights into the
evolutionary relationships and species-level identification of the isolated strains.

2.3. Toxicity Determination

Using the indoor toxicity determination method, 12% zhongshengmycin, 15% tetramycin,
and 20% seboctylamine were dissolved in sterile water and subsequently diluted to create
a stock solution with a concentration of 1 x 10* mg/L. This solution was temporarily
stored in a refrigerator at 4 °C for future use, as described in [34]. Based on the preliminary
experimental findings, seven concentration series were prepared, as follows: seboctylamine
concentrations ranged from 1 mg/L to 64 mg/L in gradients of 1, 2, 4, 8, 16, 32, and
64 mg/L; tetramycin concentrations ranged from 0.05 mg/L to 3.2 mg/L in gradients of
0.05,0.1,0.2,0.4, 0.8, 1.6, and 3.2 mg/L; and zhongshengmycin concentrations ranged from
0.5 mg/L to 32 mg/L in gradients of 0.5, 1, 2, 4, 8, 16, and 32 mg/L. These concentrations
were prepared by dilution with sterile water, as outlined in [35].

In this study, the K-B paper method was employed to evaluate the antimicrobial
activity of the liquid medications. Small, round pieces of qualitative filter paper, each with
a diameter of 5 mm, were punched using a standard puncher [36]. These filter paper discs
were then sterilized with high-pressure steam and subsequently dried by baking at 165 °C
for 2 h to eliminate any potential microbial contamination [37]. Under sterile conditions on
an ultra-clean bench, potato dextrose agar (PDA) medium was prepared and poured into
Petri dishes, allowing the medium to solidify. After solidification, a bacterial suspension of
P. tolaasii was prepared. Specifically, 100 pL of the suspension was pipetted onto the surface
of each agar plate, and the plates were allowed to dry completely under the ultra-clean
bench to ensure even bacterial distribution and prevent excess moisture. Next, the sterilized
filter paper discs were immersed in various concentrations of the liquid medications and
sterile water, respectively. After immersion, the filter paper discs were allowed to dry
completely before being placed onto the surface of the agar plates that were inoculated with
P. tolaasii. This ensured that the filter paper discs contained the desired concentration of the
test substances. Each treatment was replicated on three separate plates, with the filter paper
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discs soaked solely in sterile water serving as the control [38]. Following the placement of
the filter paper discs, the agar plates were incubated in a constant-temperature incubator
at 28 °C. The growth of the bacteria was monitored over time to observe the formation
of inhibition zones around the filter paper discs. Once inhibition zones became clearly
visible, the diameters of these zones were measured using a vernier caliper, applying
the cross method for accuracy. The average diameter of the inhibition zones was then
calculated for each treatment, and the effective concentration that resulted in 50% inhibition
(ECsp) was determined from the dose-response curve constructed using the measured
data [39]. This method enabled a quantitative assessment of the antimicrobial efficacy of
each liquid medication.

2.4. Greenhouse Safety Evaluation of Bactericides on P. ostreatus

The safety of the agents was assessed using the mycelial growth rate method. Follow-
ing the indoor toxicity determination protocol, 12% zhongshengmycin, 15% tetramycin,
and 20% seboctylamine were dissolved in sterile water and diluted to create a stock solution
with a concentration of 1 x 10* mg/L. This solution was temporarily stored in a refrigerator
at 4 °C for future use. For the toxicity tests, specific concentration gradients were prepared
for each agent, as follows: tetramycin concentrations were set at 0.4 mg/L, 0.8 mg/L,
and 1.6 mg/L; seboctylamine concentrations were 12 mg/L, 24 mg/L, and 48 mg/L; and
zhongshengmycin concentrations were 14 mg/L, 28 mg/L, and 56 mg/L [40].

The preparation of the drug-containing medium was carried out by first adding 45 mL
of the prepared potato dextrose agar (PDA) medium into a pre-sterilized, dried 100 mL
flask. To this flask, 5 mL of the drug solution was added sequentially, starting from the
lowest concentration and progressing to the highest concentration. The solution was
thoroughly mixed to ensure homogeneity before being poured into three 9 cm diameter
Petri dishes. This procedure was followed to ensure consistent distribution of the drug
in each Petri dish. To establish a concentration range of the bactericides that would affect
the growth of P. ostreatus mycelium, three treatment concentrations were prepared based
on the methodology described by Du et al. [41]. These concentrations were selected based
on the ECsg value of the pathogen and included the ECs value itself, twice the ECs
value, and four times the ECsj value. Additionally, blank control plates, which did not
contain the drug, were included to serve as negative controls. Each concentration and
control was replicated three times to ensure the reproducibility of the results. Under aseptic
conditions, actively growing P. ostreatus mycelium was harvested, and 5 mm diameter
mycelial discs were excised using a sterilized hole puncher. These mycelial discs were then
carefully placed at the center of the prepared drug-containing PDA plates. The plates were
sealed and placed in a constant-temperature incubator at 25 &= 1 °C for dark incubation
to promote mycelial growth [42]. The growth of the mycelium was monitored, and once
the mycelium on the blank control plates had covered approximately three-quarters of the
Petri dish, the colony diameter was measured using the cross method. The results were
then compared with those of the blank control plates that did not contain the drug. This
comparison allowed for the determination of the inhibitory effect of each drug concentration
on mycelial growth. The growth inhibition rate of each bactericide on mycelial growth was
calculated using the following formula [43]:

Growth inhibition rate (%) = [1 — (diameter of treatment colony — diameter of mycelial
disc)/(diameter of control colony — diameter of mycelial disc)] x 100

2.5. Field Control Effects

The field control efficacy experiment was conducted in mushroom sheds at the Shan-
dong Agricultural University’s Resource Utilization Practice Base, with trials carried out
in October 2020 and March 2021. The experimental sites were purposefully selected from
mushroom sheds that had been continuously used for edible mushroom cultivation, ensur-
ing alignment with local agricultural practices. This selection method guaranteed uniform
and consistent cultivation conditions across all experimental sites.
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In this study, the cultivation of P. ostreatus (oyster mushroom) was carried out using
a substrate composed of fermented materials, following a specific formulation: 60% soy-
bean straw, 28% cottonseed hulls, 5% wheat bran, 2% gypsum, and 5% lime. These raw
materials were selected in accordance with the safety technical requirements for edible
fungus cultivation substrates outlined in the NY 5099-2002 standards, ensuring that no
additional additives were incorporated [44]. The soybean straw was first shredded into
pieces approximately 1 cm in length and pre-wetted one day before use, maintaining a
material-to-water ratio of 1:1.6 to facilitate fermentation. After the raw materials were thor-
oughly mixed, they underwent pile fermentation. The fermentation process was initiated
by stacking the mixture into piles, and the pile temperature was monitored throughout.
Once the temperature of the pile exceeded 60 °C, it was maintained at this level for 24 h to
ensure proper pasteurization, after which the pile was turned. This fermentation process
lasted a total of nine days, with the pile being turned four times. During the final turn, the
test agents were introduced at three different concentrations—0.05%, 0.1%, and 0.2% (based
on the dry weight of the culture material). A control treatment (CK) with no test agent
was included for comparison. After fermentation, P. ostreatus mycelium was inoculated
into polyethylene cultivation bags (23 cm x 35 cm), with each bag containing 1 kg of
the prepared dry substrate. The cultivation was carried out under controlled conditions
at a constant temperature of 25 °C. To assess the effects of bacterial yellow spot disease,
a bacterial suspension of the pathogen strain responsible for the disease in P. ostreatus
was prepared. The suspension was adjusted to a concentration of 3 x 10® cfu/mL. Once
the fruiting bodies reached a diameter of approximately 1 to 2 cm, 5 mL of the bacterial
suspension was evenly sprayed onto the fruiting bodies. A water control group was also
established for comparison. The inoculated fruiting bodies were then kept under high
humidity for 24 h to allow optimal conditions for pathogen development. The experiment
included ten treatments, as follows: 0.3% tetramycin AS with active ingredient dosages of
0.05, 0.08, and 0.11 mg/L; 6% kasugamycin WP with dosages of 0.08, 0.12, and 0.16 mg/L;
1.8% seboctylamine AS with dosages of 1, 2, and 3 mg/L; and a blank control. Each
treatment was applied at a rate of 250 mL/m?. Disease incidence was assessed according
to the “Pesticide Field Efficacy Test Guidelines,” with data collected on the number of
diseased mushrooms in each plot and the overall incidence of bacterial yellow spot disease
in P. ostreatus. The bactericide’s control efficacy was then calculated. The harvesting of P.
ostreatus began approximately 12 days after treatment application, and the results were
analyzed accordingly.

The efficacy calculation method: P = (CK — PT)/CK x 100

where P = control effect, in percentage (%); CK = number of diseased mushrooms (colonies)
in the blank control area; PT = number of diseased mushrooms (colonies) in the agent-
treated area.

2.6. Effects of Bactericides on Yield of P. ostreatus

In compliance with the “Pesticides for Crop Safety Evaluation Criteria” (NY/T 1965.1-
2010) [45], a bactericide trial was conducted to evaluate the efficacy of various treatments
on the control of bacterial yellow spot disease in Pleurotus ostreatus. The dosages of
the bactericides were applied at 1, 2, and 4 times that of the recommended field dosage,
based on the active ingredient concentration. These treatments were administered at the
stage when mushroom buds had just emerged from the covering soil, which is considered
a critical phase for pathogen infection. The specific bactericide concentrations were as
follows: 0.3% tetramycin aqueous solution at effective ingredient concentrations of 0.05,
0.08, and 0.11 mg/L; 1.8% seboctylamine acetate AS at concentrations of 1, 2, and 3 mg/L;
and 6% kasugamycin wettable powder at concentrations of 0.08, 0.12, and 0.16 mg/L. A
water-only control treatment, without any bactericide, was included to assess the baseline
level of disease incidence. All treatments were applied at a uniform rate of 250 mL per
square meter, ensuring consistent coverage across the experimental plots. The experimental
design followed a randomized block arrangement, with each treatment being replicated
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three times. Each experimental plot covered an area of 2 m?, allowing for sufficient space to
monitor the treatment effects. Data collection was conducted using the Five-Point Sampling
Method, which involved randomly selecting 10 fruiting bodies from each experimental
plot. These fruiting bodies were then assessed for signs of bacterial yellow spot disease,
and disease incidence was recorded. The outcomes were evaluated 12 days after the initial
treatment application to determine the bactericide’s efficacy in controlling the disease.

2.7. Drug Residue Testing

The residues of seboctylamine acetate and kasugamyecin in P. ostreatus (oyster mush-
rooms) were analyzed using liquid chromatography. The mushrooms were cultivated in
the mushroom shed at the Mushroom Resources and Utilization Training Base of Shandong
Agricultural University. After the mushrooms were covered with soil, they were sprayed
with the bactericide treatments three days later. The experiment consisted of the following
three treatments: a 6% kasugamycin wettable powder (WP) with an active ingredient
dosage of 43.2 mg/L, 1.8% seboctylamine acetate AS with an effective component dosage
of 216 mg/L, and a blank control. Each treatment was applied at a rate of 250 mL per
square meter of cultivation area. The experimental plots were arranged in a randomized
block design, with three replicates per treatment, and each plot covered an area of 2 m2.
This design ensured the validity of comparisons between treatments. Fresh samples of P.
ostreatus were collected at specific time intervals following application, including 2, 12, 24,
30, 36, and 48 h after spraying. A minimum of 1 kg of fresh mushrooms was harvested from
each plot at each time point. The mushrooms were then chopped and divided into two
equal portions of 150 g each, which were promptly stored in a low-temperature refrigerator
to preserve their integrity until analysis. The residual dynamics and final concentrations
of kasugamycin and seboctylamine acetate in P. ostreatus were determined using liquid
chromatography, following established analytical methods [46,47]. This enabled the assess-
ment of how these chemicals were metabolized or degraded over time in the mushroom
fruiting bodies.

Pretreatment: For the residue analysis of kasugamycin and seboctylamine acetate in P.
ostreatus, the following sample preparation procedure was employed: A 5 g sample of fresh
P. ostreatus was weighed accurately and placed into a 50 mL plastic centrifuge tube. To the
sample, 25 mL of acetonitrile was added as the extraction solvent. The mixture was then
subjected to oscillation for 5 min to ensure thorough mixing and initial extraction of the
residues. Following the initial extraction, a salt packet containing sodium chloride (NaCl)
and other additives was added to the mixture to facilitate phase separation and improve
extraction efficiency. The solution was oscillated for an additional 5 min to ensure proper
dissolution and mixing of the salts. After mixing, the sample was centrifuged at 4000 rpm
for 5 min to separate the solid particulates from the liquid phase. The supernatant was
carefully collected and filtered through a 0.45 um membrane filter to remove any remaining
particulates, ensuring a clean sample for subsequent analysis. The filtered supernatant was
then ready for injection into the liquid chromatography system for the determination of
kasugamycin and seboctylamine acetate residues.

Chromatographic conditions: A Poroshell 120 EC-Cyg column was used, with the
column temperature set at 40 °C. The injection volume was 5.0 uL, and the flow rate was
0.8 mL/min. Mobile phase A consisted of 0.1% formic acid in water (pH ~ 3.5), while
mobile phase B was acetonitrile.

The mass spectrometer parameters were as follows: the ion source was an electrospray
ionization (ESI) source, operating in positive ion scanning mode with multiple reaction
monitoring (MRM) as the mass spectrometry scanning method. The ion source temperature
(TEM) was set to 600 °C, and the ion spray voltage (IS) was 4500 V. The curtain gas (CUR)
flow rate was 30 psi, the nebulizer gas (Gas1) flow rate was 55 psi, the auxiliary gas (Gas2)
flow rate was 60 psi, and the collision gas (CAD) pressure was 7 psi. Additional mass
spectrometry parameters are provided in Table 1.
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Table 1. Residual test parameters.
. . Qualitative Quantitative Ion Retention
Bactericides Ion Pair (m/z) Pair (m/z) DP (V)  CE(eV) Time (min)
Seboctylamine acetate 328.5/199.2 328.5/156.2 166 25/35 3.080
Kasugamycin 380.3/112.1 380.3/200.1 166 10/15 2.060

2.8. Statistical Analysis

SPSS 25.0 software was used to calculate the biological activity regression equation,
ECs5p value, and 95% confidence intervals for the different bactericides against bacterial
macular disease in P. ostreatus. For the safety evaluation and field efficacy tests, Duncan’s
multiple range test was applied to compare significant differences between treatments in
each test. A p-value of < 0.05 was considered statistically significant, and the data were
expressed as mean =+ standard deviation.

3. Results
3.1. Molecular Identification of Pathogens and Construction of Phylogenetic Tree

The initial isolates of the pathogen strains HF, JPX4-2, and NKY3, responsible for
yellow blotch disease in oyster mushrooms, were inoculated onto the caps of healthy oyster
mushrooms. After 24 h of incubation at 25 °C and 85% relative humidity, typical symptoms
of yellow blotch disease appeared on the mushroom caps as irregular yellow spots. These
results were consistent with the symptoms observed in conventional cultivation settings,
indicating that all three pathogen strains possess significant pathogenicity, causing yellow
blotches on oyster mushroom fruiting bodies. Further examination with scanning electron
microscopy revealed that the pathogen cells were short-rod shaped, consistent with the
morphology of the original infectious agent. BLAST comparison revealed that the 165
rRNA sequences of strains HEF, JPX4-2, and NKY3 exhibited high coverage and similarity
to P. tolaasii 135 (HK21), reaching 100%. As shown in Figure 1, in the 16S rRNA gene
phylogenetic tree, strains HF, JPX4-2, and NKY3 were distantly related to E. coli and
clustered together on the same branch as P. tolaasii 135 (HK21). Based on these findings,
strains HF, JPX4-2, and NKY3 were identified as P. tolaasii.

HF
Pseudomonas tolaasii MK355672.1

NYK3

IXP4-2

Pseudomonas koreensis PP783939.1

70 ‘{ PQ248405.1
59 PQ113580.1

st Pseudomonas hutmensis PQ113578.1

95
82 Pseudomonas putida PQ113577.1

ns PQOOSG19.1

train PQ252920.1

PQ256808.1

waii PQ248152.1

coli PQO01795.1

0.02

Figure 1. Phylogenetic analysis based on sequencing of the 16S ribosomal RNA gene.

3.2. The Toxicity of Bactericides on P. tolaasii

This experiment utilized the K-B paper disc method to assess the indoor toxicity of
various bactericides against P. tolaasii strains HF, JPX4-2, and NKY3. Through screening,
this study identified bactericides with relatively superior efficacy. The results showed that
seboctylamine acetate, tetramycin, and zhongshengmycin exhibited stronger inhibitory
effects on P. tolaasii HF. Among these, tetramycin demonstrated the most potent bacte-
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riostatic effect, with an ECsy value of 0.395 mg/L, followed by seboctylamine acetate
(ECsp = 12.014 mg/L) and zhongshengmycin (ECsy = 14.033 mg/L) (Table 2). However,
zhongshengmycin demonstrated limited inhibitory effects on strains JPX4-2 and NKY3,
with ECsqg values of 52.731 mg/L and 32.098 mg/L, respectively. Tetramycin showed a
strong inhibitory effect on P. tolaasii strain JPX4-2, with an EC5( value of 0.395 mg/L, while
seboctylamine acetate exhibited an ECsy value of 12.035 mg/L against this strain (Table 3).
For P. tolaasii strain NKY3, tetramycin exhibited an EC5, value of 0.398 mg/L, and sebocty-
lamine acetate had an ECsg value of 11.942 mg/L (Table 4). Additionally, the indoor toxicity
of other bactericides against the pathogen P. tolaasii was also assessed, but the antibacterial
effects were not satisfactory. Specifically, 1000 mg/L concentrations of copper, copper
acetate, ethylicin, and copper hydroxide did not exhibit a significant inhibitory effect on
P. tolaasii. Additionally, the antibacterial effects of 64 mg/L ethylicin and 100 mg/L zinc
thiazole on P. tolaasii were minimal.

Table 2. Toxicity of bactericides to P. folaasii (HF).

. . . Coefficient of 95% Confidence
Bactericides Regression Equation Determination ECs/(mg/L) Interval
Seboctylamine acetate y = —0.480 + 0.444 x 0.904 12.014 8.894~18.538
Tetramycin y =0.375 +0.929 x 0.921 0.395 0.347~0.457
Zhongshengmycin y =—0.67 + 0.584 x 0.963 14.033 10.955~19.167

Table 3. Toxicity of bactericides to P. tolaasii (JPX4-2).

. . . Coefficient of 95% Confidence
Bactericides Regression Equation Determination ECs0/(mg/L) Interval
Seboctylamine acetate y = —1.407 + 1.302 x 0.942 12.035 10.733~13.715
Tetramycin y =0.520 + 1.288 x 0.955 0.395 0.359~0.438
Zhongshengmycin y=-—0.812 +0.471 x 0.947 52.731 35.264~97.231

Table 4. Toxicity of bactericides to P. folaasii (NKY3).

- . . Coefficient of 95% Confidence
Bactericides Regression Equation Determination ECs0/(mg/L) Interval
Seboctylamine acetate y = —0.503 + 0.467 x 0.969 11.942 8.961~17.927
Tetramycin y = 0.359 + 0.897 x 0.928 0.398 0.348~0.463
Zhongshengmycin y = —0.882 + 0.586 x 0.913 32.098 24.512~46.309

3.3. Greenhouse Safety Test of Test Agents on P. ostreatus

Based on the results from the indoor toxicity tests, seboctylamine acetate, tetramycin,
and zhongshengmycin were selected for further experiments. The concentration gradients
for each bactericide against P. tolaasii were set at ECs5y, 2ECsp, and 4ECs, with the specific
concentrations listed in Table 5. The results indicated that all three concentrations of
zhongshengmycin significantly inhibited the growth of P. ostreatus mycelium, which posed
a risk to its growth. This finding suggests that zhongshengmycin is unsuitable for use on
this pathogen. Additionally, the three concentrations of tetramycin exhibited a certain, albeit
weaker, inhibitory effect on P. ostreatus mycelium. In contrast, the three concentrations
of seboctylamine acetate showed no significant inhibitory effect on the mycelium of P.
ostreatus 62 but displayed a mild inhibitory effect on the mycelium of P. ostreatus 129 and P.
ostreatus 28. Notably, no necrosis, deformities, or other signs of drug-induced damage were
observed. The relevant experimental images can be found in Supplementary Figure S2.
Therefore, the application of seboctylamine acetate is considered safe for the growth of
P. ostreatus.
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Table 5. Indoor safety evaluation of three bactericides on P. ostreatus.

P. ostreatus 129 P. ostreatus 62 P. ostreatus 28

.. Effective

Bactericides Concentration (mg/L) Colony Inhibition Colony Inhibition Colony Inhibition

Diameter/(cm) Ratio Diameter/(cm) Ratio Diameter/(cm) Ratio

CK - 432+0.13a - 355+ 0.14a - 443 +0.13a -

Seboctvlami 12 410 +0.04b 5.68 342 +0.12 ab 437 413+ 0.04b 7.63

eboctylamine 24 4.05+0.04b 6.99 3.38 4+ 0.05 ab 5.47 4.07 £ 0.03b 9.32

acetate 48 4.0240.07b 7.86 3.30+0.11 ab 8.20 4.03+0.03b 10.17

0.4 3.82+0.03 ¢ 13.10 3.17 + 0.12 be 12.57 3.77 £ 0.05 ¢ 16.95

Tetramycin 0.8 3.77 £ 0.03 ¢ 14.41 3.10 & 0.04 bed 14.75 3.72+0.05¢ 18.22

1.6 3.75+0.02 ¢ 14.85 3.12 4 0.20 bed 14.21 3.63 +0.03 cd 20.34

14 3.45+0.04d 22.71 2.92 4+ 0.03 cd 20.76 3.55 4+ 0.02 de 22.46

Zhongshengmycin 28 3.40 +0.04d 24.02 2.85 4 0.02 cd 22.95 345+ 004 e 25.00

56 3.40 +0.06 d 24.02 2.83+0.04d 23.50 3224003 f 30.93

Note: Different lowercase letters in the same column in the table indicate significant differences at the 0.05 level
between different treatments.

3.4. Field Efficacy of the Tested Agents Against Yellow Spot Disease in P. ostreatus

The findings reveal that, across the three concentrations tested, tetramycin, sebocty-
lamine acetate, and kasugamycin exhibited significant variations in the quality of oyster mush-
room fruiting bodies compared to the control, consistently promoting an increase in yield. The
influence of the tested agents on the yield of P. ostreatus is detailed in Tables 6 and 7. Notably, no
inhibitory effects were observed, and there were no signs of necrosis, deformities, or other
phytotoxic symptoms. The field control efficacy of the tested agents against yellow spot
disease in P. ostreatus is shown in Tables 8 and 9. The results indicated that seboctylamine
acetate and kasugamycin demonstrated equivalent control efficacy against the disease.
In October 2020, the highest control efficacy, 84.00%, was observed at a concentration of
0.16 mg/L. Seboctylamine acetate at a concentration of 3 mg/L also exhibited notable
efficacy, with a control rate of 83.00%. Although tetramycin’s field control performance was
relatively lower, it still achieved a control rate of 30.67% at a concentration of 0.11 mg/L. In
March 2021, kasugamycin at 0.16 mg/L provided the best control efficacy, reaching 81.87%,
while seboctylamine acetate at 3 mg/L performed similarly with a control effectiveness of
82.11%. Despite the relatively lower field performance of tetramycin, it achieved a control
rate of 33.77% at a concentration of 0.11 mg/L.

Table 6. Effects of three bactericides on the yield of P. ostreatus in 2020.

.. Effective . g .
Bactericides Concentration (mg/L) Yield (kg) Inhibition Ratio
CK - 1.68 £0.05e -
1 2.01 £0.03¢c —19.44 +195b
Seboctylamine acetate 2 215+ 0.05b —27.78 £2.80c¢
3 2.26 £ 0.05 ab —34.72 +£3.10 cd
0.05 1.90 + 0.03 cd —13.29 £ 2.01ab
Tetramycin 0.08 1.88 +£0.02d —11.90+1.38a
0.11 1.80 £0.03d —695+173a
0.08 2.21 £ 0.03 ab —31.75 £ 1.76 cd
Kasugamycin 0.12 231£0.04a —37.30+£234d
0.16 2.24 £+ 0.04 ab —33.14 £+ 2.53 cd

Note: Yield is the fresh weight of P. ostreatus per 10 fruited bodies of different treatments (unit: g). Different
lowercase letters in the same column in the table indicate significant differences at the 0.05 level between
different treatments.
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Table 7. Effects of three bactericides on the yield of P. ostreatus in 2021.
.. Effective . S .
Bactericides Concentration (mg/L) Yield (kg) Inhibition Ratio
CK - 144 +0.03 f -
1 1.96 £ 0.02 ¢ —36.11+120c¢
Seboctylamine acetate 2 2.04+0.01b —41.67 £0.40d
3 224 £0.02a —5556 £1.20 e
0.05 1.80 £0.02¢ —25.00+120a
Tetramycin 0.08 1.88 £0.02d —30.56 £1.60b
0.11 175+ 0.01e —21.53 £ 040 a
0.08 228+0.01a —58.33 £040e
Kasugamycin 0.12 228 £0.05a —-5833 £201e
0.16 2.04 £0.06 b —41.67 £240d

Note: Yield is the fresh weight of P. ostreatus per 10 fruited bodies of different treatments (unit: g). Different
lowercase letters in the same column in the table indicate significant differences at the 0.05 level between

different treatments.

Table 8. The field control effects of three bactericides on P. ostreatus yellow spot disease in 2020.

.. Effective Disease o
Bactericides Concentration (mg/L) Index/(%) Control Effect/(%)
CK - 57.80 -
1 14.68 74.67 £ 0.88 d
Seboctylamine acetate 2 11.95 79.33 £ 0.33 be
3 9.83 83.00 £ 0.58 ab
0.05 53.15 8.00 £2.65¢g
Tetramycin 0.08 45.05 22.00 £+ 2.00 f
0.11 40.14 30.67 £1.33 e
0.08 12.72 78.33 £0.88 cd
Kasugamycin 0.12 11.57 80.00 & 1.16 abc
0.16 9.35 84.00 £1.00 a

Note: Different lowercase letters in the same column in the table indicate significant differences at the 0.05 level

between different treatments.

Table 9. The field control effects of three bactericides on P. ostreatus yellow spot disease in 2021.

. . Effective Disease o
Bactericides Concentration (mg/L) Index/(%) Control Effect/(%)
CK - 63.00 -

1 19.34 69.30 £+ 0.87 d

Seboctylamine acetate 2 13.85 78.01 £ 0.59b
3 11.27 8211 +0.32a

0.05 57.27 910+ 054¢g

Tetramycin 0.08 52.04 1739 £1.10 f
0.11 41.73 33.77 £ 146 e

0.08 16.51 73.8 £0.88 ¢

Kasugamycin 0.12 13.67 7831+ 142b
0.16 11.42 81.87 + 0.60 a

Note: Different lowercase letters in the same column in the table indicate significant differences at the 0.05 level

between different treatments.

3.5. The Impact of the Tested Agents on the Yield of P. ostreatus

As shown in Tables 6 and 7, 0.05, 0.08, and 0.11 mg/L of tetramycin; 1, 2, and 3 mg/L
of seboctylamine acetate; and 0.08, 0.12, and 0.16 mg/L of kasugamycin had significant
differences in the yield of P. ostreatus, which promoted the yield increase in P. ostreatus. No
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necrosis or deformity symptoms were found in the treatment of the tested agents or the
control group.

3.6. Effects of Kasugamycin and Seboctylamine Acetate on Residues in P. ostreatus

Bactericide pesticide residues have become a significant concern regarding the food
safety of agricultural products. The illegal and excessive use of bactericides in pest manage-
ment poses a serious threat to human health [48]. To date, there has been limited research
on the investigation and monitoring of bactericide pesticide residues in edible fungi in
other countries. The experimental results for determining bactericide residues indicate that
kasugamycin and seboctylamine acetate decompose relatively quickly in the P. ostreatus
fruiting body. Specifically, when the active ingredient dosages of 1.8% seboctylamine
acetate AS and 6% kasugamycin WP were set at 216 mg/L and 43.2 mg/L, respectively, the
final residues measured 0.033 mg/kg and 0.045 mg/kg after 48 h of water application at
a rate of 250 mL/m?, as shown in Figure 2. According to the Maximum Residue Limits
for Bactericides in Food Safety National Standards (GB 2763-2021) [49], while no specific
maximum residue limit for seboctylamine acetate in mushrooms is provided, the limit for
vegetables is set at 0.5 mg/kg. Importantly, the results of this experiment showed that
the residue levels were below this threshold, indicating that seboctylamine acetate can be
safely used on P. ostreatus.

—&— Seboctylamine acetate 0.8 | —®—Kasugamycin

sidues (mg/kg)

Residues (mg/kg)

Res

L \ L . L L L L L L L
2h 12h 24h 30h 36h 4sh 2h 12h 24h 30h 36h 48h
Time (h) Time (h)

Figure 2. Digestion curve of chemical agents in P. ostreatus fruiting body. (A) Digestion curves
of seboctylamine acetate in the fruiting body of P. ostreatus at 216 mg/L; (B) Digestion curves of
kasugamycin in the fruiting body of P. ostreatus at 43.2 mg/L.

4. Discussion

The growth of the mushroom industry is closely tied to the increasing consumer
demand for healthy diets, with mushrooms emerging as a prominent category of edible
fungi [50]. However, as the oyster mushroom industry expands and production methods
advance, disease-related challenges have increasingly affected the sector, hindering its
growth [51]. P. ostreatus, a crucial species in mushroom production, is particularly vulner-
able to a variety of diseases, including fungal, bacterial, and viral infections [24]. These
diseases not only stunt the growth and yield of P. ostreatus, but can also compromise the
quality and safety of the final product [52]. Among these, bacterial yellow spot disease,
caused by P. tolaasii, represents one of the most severe bacterial threats to oyster mushrooms,
jeopardizing both their quality and yield [16]. Currently, chemical control measures are pre-
dominantly used to manage these diseases in P. ostreatus. However, the range of available
bactericides is limited, and the safety of these chemicals in practical applications has not
been thoroughly evaluated. For example, Nurziya et al. found that 72% agricultural strep-
tomycin effectively inhibited the indoor growth of P. tolaasii, with an EC5y of 0.04 mg/L.
Although new bactericide formulations offer a promising alternative, their residual efficacy
requires careful evaluation [53]. According to the China Pesticide Information Network,
kasugamycin is currently the only registered bactericide used for controlling bacterial
yellow spot disease in oyster mushrooms. In this study, we confirmed kasugamycin’s
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inhibitory effect on bacterial yellow spot disease in P. ostreatus through indoor virulence
tests. The results revealed an ECs( value of 0.104 mg/L. However, an over-reliance on a
single agent can lead to the development of resistance [54]. To mitigate the risk of resistance,
we also assessed the inhibitory effects of seven additional chemical bactericides on P. tolaasii.
Notably, seboctylamine acetate, a domestically developed product, demonstrated a strong
inhibitory effect on P. tolaasii, with an EC5( value of 11.942 mg/L. This finding presents a
promising alternative for the future prevention and control of bacterial yellow spot disease
in oyster mushrooms.

When applying bactericides to control diseases in edible fungi, several factors must
be carefully considered, particularly the complex interactions between the edible fungi
and the pathogens. Notably, while these bactericides effectively eliminate pathogens,
their toxicity to the host organisms should be minimal [24]. As a result, when using
chemical agents to manage pathogens, it is essential to assess their potential harm to P.
ostreatus strains and ensure that such harm is minimized or eliminated [55]. Zhu and
colleagues have demonstrated that carbendazim has a relatively weak inhibitory effect
on the growth of P. ostreatus. Specifically, at a concentration of 10 mg/L, carbendazim
inhibits the growth of Trichoderma by 97.80%, while its inhibitory effect on P. ostreatus
is only 52.08% [56]. Therefore, carbendazim can be safely included as a component in
the production of P. ostreatus. Ye conducted a study to investigate the inhibitory effects
of four biological bactericides on the mycelial growth of Neurospora and three common
edible fungi. The results indicated that zhongshengmycin, at a concentration of 40 mg/kg,
completely inhibited the mycelial growth of Neurospora, but had minimal inhibitory effects
(less than 10%) on the mycelial growth of edible fungi [57]. Our findings are consistent with
those of Zhu and Ye et al., as we observed that the application of seboctylamine acetate
had no detrimental effects on the normal growth of P. ostreatus. Field experiments further
revealed that, at a concentration of 3 mg/L, seboctylamine acetate achieved a control
efficacy of 82.11% without compromising the yield of P. ostreatus. Additionally, our results
showed that tetramycin exhibited high toxicity towards P. tolaasii, the causative agent of
bacterial yellow spot disease in P. ostreatus. However, its field control effectiveness was
unsatisfactory, rendering it unsuitable for managing this disease.

Seboctylamine is a lipophilic macromolecular compound and a broad-spectrum bacte-
ricide. Initially introduced in 1990 as a disinfectant and bactericide in agriculture, it was
designed to protect plants from viral and bacterial infections. Seboctylamine acetate has
been approved by the pesticide standardization management authority of the People’s
Republic of China for production and is typically formulated as 1.8% AS [58]. It is registered
in China for use on various crops, including apples, peppers, tomatoes, cotton, tobacco,
and rice [31], and is effective against a range of diseases caused by fungi, bacteria, and
viruses [59,60]. Due to its unique bactericidal mechanism, seboctylamine acetate has a low
risk of resistance development with long-term use and may even promote crop growth.
Research by Zang et al. has demonstrated that seboctylamine acid is particularly effective
against bacterial pathogens, exhibiting highly specific toxicity toward Xanthomonas species.
Its bactericidal action is achieved through a novel mechanism involving interference with
cellular iron metabolism, making it an ideal choice for controlling bacterial diseases [61]. Jin
et al. reported that seboctylamine inhibits ATP synthesis by disrupting bacterial oxidative
phosphorylation and TCA cycle pathways, thereby achieving its antibacterial effect. As an
eco-friendly amino acid polymer bactericide developed in China, seboctylamine acetate
shows great market potential [62]. This study confirmed that seboctylamine acetate effec-
tively controls yellow spot disease in oyster mushrooms and is safe for mushroom growth,
indicating its potential as a viable alternative to existing bactericides with similar or superior
performance. While elucidating its antibacterial mechanism is crucial for the efficient and
safe use of this compound, unfortunately, this paper does not delve into its specific mode of
action, which requires further investigation in future studies. Another notable advantage
of seboctylamine acetate is its environmental friendliness. Jin et al. studied the residue of
seboctylamine in tobacco and soil, showing that it degrades rapidly in both under field
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conditions. Jin et al. further examined the factors influencing its degradation in soil under
laboratory conditions, finding that the rate of degradation is directly related to the organic
matter and moisture content in the soil [63]. Unfortunately, there is limited research on the
toxicity of seboctylamine acetate to non-target organisms. However, to comprehensively
assess its environmental safety, future studies should focus on the impact of seboctylamine
acetate on soil microbial communities, plant growth, and aquatic ecosystems. Furthermore,
given its potential for broad application, it is also necessary to conduct in-depth research
on its effectiveness against different crops and pathogens. Such studies would enhance our
understanding of the environmental behavior and ecological risks of seboctylamine acetate,
thereby providing a scientific basis for its rational use and management.

In the field of food safety, the issue of pesticide residues has garnered widespread
global attention. Due to their susceptibility to environmental influences during growth,
edible mushrooms are particularly prone to pesticide absorption and accumulation. Cur-
rently, there is a significant shortage of specialized agents for the prevention and control of
diseases in edible mushrooms, with heavy reliance on formulations designed for vegetables
and major crops [64]. Research by Wen et al. revealed the prevalence of multiple pesticide
residues in edible mushroom samples from the Beijing area. Among these samples, Agro-
cybe aegerita had a pesticide detection rate as high as 85.7%, while P. ostreatus followed
closely with a detection rate of 26.9%. Among the detected pesticides, the insecticide
methomyl and the fungicide carbendazim had the highest detection rates [65]. Considering
the rapid growth characteristics of P. ostreatus, the extensive use of chemical bactericides
for disease control can easily lead to excessive residue levels, thus posing food safety risks.
Given the importance of addressing bactericide residues on oyster mushrooms, this study
underscores the necessity of research in this area. As a novel bactericide independently
developed in China, studies on the environmental behavior of seboctylamine acetate remain
relatively limited both domestically and internationally. Jin’s research on seboctylamine
acetate residues in tobacco found that the residue levels at harvest ranged from <0.05 to
0.71 mg/kg, with a median value of 0.08 mg/kg, confirming the safety of the harvested
tobacco samples [63]. Seboctylamine acetate, known for its remarkable efficacy, broad-
spectrum activity, and relatively low toxicity, is widely used in the protection of various
crops. This compound effectively inhibits the growth of a variety of plant pathogens while
being safe for the crops themselves, without causing phytotoxicity [66]. However, there
are few reports on methods for detecting seboctylamine acetate residues [67]. Han et al.
developed a method for determining pesticide residues of seboctylamine acetate in apples,
cottonseed, peppers, tomatoes, grapes, and pears using ultra-high-performance liquid
chromatography-tandem mass spectrometry (UPLC-MS/MS). This method employs a
modified QUEChERS technique for sample purification and is analyzed using multiple re-
action monitoring (MRM) mode methods. Acetonitrile and 1.0 mmol/L ammonium acetate
containing 0.1% formic acid were used as the mobile phase. Quantitative analysis was con-
ducted using the external standard method, yielding average recoveries ranging from 75.6%
to 106.2%, with relative standard deviations (RSD) not exceeding 8.8%. The limits of quan-
tification (LOQs) were determined to be 2.0 ug/kg for apples, peppers, tomatoes, grapes,
and pears, and 10.0 ug/kg for cottonseed [68]. Although this agent exhibits significant in-
hibitory effects on yellow spot disease in oyster mushrooms, its residue levels on P. ostreatus
remain unclear. The residue analysis method proposed by Han is specifically designed for
plant-based foods and is, therefore, not directly applicable to oyster mushrooms, presenting
certain limitations in its use. In response, this study developed a new analytical method
for determining bactericide residues on edible mushrooms. We established a method to
measure seboctylamine acetate residue levels, and our experimental results indicated that,
with active ingredient doses of 1.8% seboctylamine acetate AS and 6% kasugamycin WP,
set at 216 mg/L and 43.2 mg/L, respectively, the deposition reached 250 mL/m? within
48 h. The final residue concentrations were 0.033 mg/kg and 0.045 mg/kg, respectively,
both below the maximum residue limits established for P. ostreatus, demonstrating that
their application on oyster mushroom:s is safe.
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5. Conclusions

In summary, this study has identified an effective and safe bactericide for the pre-
vention and management of yellow spot disease in P. ostreatus, providing a foundation
for the development of a residue detection method for seboctylamine acetate. This work
also contributes to the potential future registration of the drug. The findings revealed that
seboctylamine acetate exhibited superior antibacterial activity against P. tolaasii compared
to the other compounds tested. Notably, the three concentrations of seboctylamine acetate
did not significantly inhibit the mycelial growth of P. ostreatus. At a concentration of 3 mg/L,
seboctylamine acetate demonstrated strong field control efficacy, achieving 83.00% and
82.11% in different trials, without adversely affecting the growth of P. ostreatus fruiting
bodies. The residue analysis of seboctylamine acetate in P. ostreatus revealed relatively
low levels, further supporting its suitability for use in controlling yellow spot disease in
oyster mushrooms.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/agriculture14122352/s1, Figure S1: The structural formula of Seboctylamine
acetate. Figure S2: The safety test of Pleurotus ostreatus.
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