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Abstract: Late blight, caused by Phytophthora infestans, is one of the most destructive
diseases in potato cultivation. Chemical fungicides are currently the primary means of
controlling it, but they pose significant issues, including environmental pollution and the
development of resistant strains. Plant jiaosu (PJ), derived from the direct fermentation
of various plants, plays a vital part in various fields such as environmental protection,
agriculture, daily chemicals, and livestock. This study illustrates that PJ, fermented from
lettuce leaves, significantly inhibits the growth of P. infestans. An isolated anti-oomycete
bacterium, designated X-1, has 100% homology to Bacillus subtilis in the NCBI database,
shown through 16S rDNA sequence analysis. B. Subtilis X-1 effectively inhibits the hyphal
growth and sporangia germination of P. infestans, induces morphological changes in the
hyphae, and can promote the growth of potato. PJ exerts a synergistic effect with the
chemical fungicide Infinito (the main active ingredients are fluopicolide and propamocarb
hydrochloride). In summary, this study provides a novel approach for the reutilization of
fruit and vegetable waste and offers an environmentally friendly and effective alternative
to chemical fungicides for controlling potato late blight.

Keywords: oomycete disease; Phytophthora infestans; plant jiaosu; fruit and vegetable waste;
biological control of plant disease

1. Introduction
Potato (Solanum tuberosum L.) is well known for its high nutritional content and unique

flavor and is among the most important crops globally, ranking fourth in production
after wheat (Triticum aestivum L.), rice (Oryza sativa L.), and maize (Zea mays L.) [1,2]. In
accordance with the Food and Agriculture Organization (FAO) of the United Nations,
global potato production in 2022 exceeded 374 million tons, and China’s planting area and
total production reached 5.72 million hectares and 9.55 million tons, respectively, making
China the leading producer worldwide [3]. However, diseases that occur during potato
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growth often cause an enormous decrease in yield and quality, among which late blight,
caused by Phytophthora infestans, is the most devastating [4,5]. It is estimated that the
annual global economic cost related to potato late blight damage and control measures
exceeds USD 6 billion [6]. Since the first outbreak of potato late blight in Ireland in the 19th
century, efforts to combat the disease have been relentless, though some attempts have been
ineffective [7]. The application of chemical fungicides is one of the oldest and most effective
methods for controlling late blight, and it is still widely utilized today [8]. However,
the excessive and lasting usage of chemical fungicides poses several risks, including
environmental and economic burdens, food safety issues, threats to human health, the
emergence of resistant strains, etc. [7,9,10]. Therefore, there is an urgent need to develop
alternative environmentally friendly methods for the prevention and control of potato
late blight.

Biofungicides or biopesticides, produced by living organisms (fungi, bacteria, viruses,
etc.) or their metabolic products (pheromones, growth regulators, sodium naphthalene
acetate, etc.), are used to kill or inhibit agricultural pathogens or pests [11]. Plant jiaosu (PJ)
is derived from the fermentation of fresh vegetables, fruits, mushrooms, medicinal plants,
and other plant materials, with or without the addition of auxiliary materials. PJ contains
various beneficial microorganisms, active vitamins, trace elements, microbial secondary
metabolites, and growth-promoting factors [12,13]. Due to its complexity, PJ has multi-
ple roles: as food, it can scavenge free radicals, enhance human immunity, aid digestion,
and protect the liver; in environmental protection, it can purify water, degrade pesticide
residues, and reduce heavy metal pollution; in agriculture, it can inhibit pathogenic mi-
croorganisms, improve soil fertility, regulate plant physiological metabolism, and enhance
photosynthesis efficiency; in daily chemicals, it can disinfect, treat acne, whiten, and resist
aging; and in livestock, it can improve reproductive rates and survival rates and enhance
breeding environments [14–17].

In plant protection, PJ made from different fruits and vegetables can effectively control
a variety of disease such as pear scab, decay, and bacterial spot and defeat some pathogens,
like Escherichia coli, Staphylococcus aureus, and Salmonella [14,18–22]. On the one hand, PJ
microorganisms can occupy crop surfaces preferentially, restraining harmful pathogen
growth; meanwhile, on the other hand, the amino acids, ethanol, acetic acid, citric acid,
and other organic acids generated in PJ solution can suppress pathogenic microorganisms’
proliferation [16]. However, research on the direct inhibition of P. infestans by PJ has not
been reported.

In this study, the following work was conducted: fruit and vegetable wastes were used
to prepare PJ, whose inhibitory effect on and mechanisms against P. infestans were prelimi-
narily explored; the bacterial diversity of PJ was analyzed, and the strains isolated from PJ
were tested on their anti-oomycete influence and related physiological and biochemical
properties. The synergistic effects of PJ and Infinito (the most commonly used chemical
fungicide for controlling potato late blight, whose main active ingredients are fluopicolide
and propamocarb hydrochloride) and their growth-promoting effects on potatoes were
preliminarily investigated.

2. Materials and Methods
2.1. Materials

Potatoes (Favorita) were collected from DaBao Village, WuXi County, China. Rye agar
medium (Rye), nutrient agar (NA), luria–bertani (LB), and potato dextrose agar (PDA)
media were prepared according to the methods of Huo and Wiegand [23,24]. The P. infestans
strain T30-4 (A1 mating type) and strain 88069 (sterile mating type) were kindly provided
by Professor Suomeng Dong of Nanjing Agriculture University and Professor Jiasui Zhan of
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Fujian Agriculture and Forestry University, China, respectively. Except where noted, the P.
infestans strian was T30-4, which was incubated on rye agar medium in 90 mm Petri dishes
at 20 ◦C in the dark. PJ was derived from the fermentation of fruit and vegetable waste
(FVW) collected from local markets. Orange peels, onions peels, pepper segments, garlic
peels, asparagus lettuce leaves, and lettuce leaves were selected as raw materials for PJ
fermentation. Except where noted, PJ was derived from lettuce leaves. These materials were
chopped into small pieces with a kitchen knife and weighed using an electronic balance.
The mixture (1 part brown sugar–3 parts FVW–10 parts water), which was calculated
by weight (g), was placed in fermentation tanks made by plastic containers, which were
sealed and vented 1–2 times daily in the early stage (60 d); the mixture was left in a cool
place until no gas was emitted (normally for 90 d at 25 ◦C).The pH of the PJ system (after
90 days of fermentation) was measured by a pH meter (PHS-3C, Shanghai INESA Scientific
Instrument Co., Ltd., Shanghai, China). Infinito was purchased from Bayer AG, Germany,
and its main active ingredients are fluopicolide and propamocarb hydrochloride.

2.2. Anti-Oomycete Effect of PJ on P. infestans

The PJ underwent treatments in the following groups: the original group (without
any treatment, OJ), filtration group (filtration through a 0.22 µm microporous membrane
to remove microorganisms, FJ), and sterilization group (autoclaving at 121 ◦C for 20 min,
SJ). First, a preliminary experiment was conducted, where the concentrations of the three
treated PJ solutions were adjusted to 0, 0.1, 1, 5, 10, 20, 40, 60, 80, and 100 mL/L to
assess their inhibitory effects on P. infestans. Based on these observations, a scientifically
reasonable concentration gradient was established. Then, PJ was then added to create
Rye with concentrations as follows: 0, 0.01, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, and 10 mL/L in
the original group, 0, 0.1, 0.5, 1, 5, 10, 25, and 50 mL/L in the filtration group, and the
same as those in the filtration group in the sterilization group. P. infestans blocks with
a diameter of 7 mm were inoculated in triplicate. The cultures were incubated at 20 ◦C
in darkness, and after 10 d, the diameters were measured using a ruler using the cross
method that follows a standardized protocol: two perpendicular reference lines are drawn
on the agar plate, ensuring that the colony to be measured is centered at the intersection;
the colony diameter is measured along both perpendicular directions; and the average
value is taken to minimize measurement error. The inhibition rates were calculated by the
following formula:

Inhibition Rate (%) =
(Fck − Ft)
(Fck − F0)

× 100% (1)

where Fck and Ft represent the colony diameter of the P. infestans in the control and treatment
groups, respectively, and F0 is 7 mm.

The half-maximal inhibitory concentration (IC50) of PJ in P. infestans was determined
using IBM SPSS Statistics 27.0 (IBM Corp., Armonk, NY, USA) based on the inhibition rates.
The contribution rate of different components of PJ to the inhibition of P. infestans was
calculated by the following formula:

OCR % =
IRs
IR

× 100% (2)

MCR % = 1 − OCR (3)

where OCR represents the contribution rate of other components (including heat-sensitive
substances and other materials), IRs denotes the inhibition rate of the FJ treatment, and IR
indicates the inhibition rate of the OJ treatment, with all concentrations at 0.1 mL/L. MCR
signifies the contribution rate of the microbial components. Similarly, the contribution rate
of heat-sensitive substances within the OCR can be determined.



Agronomy 2025, 15, 946 4 of 18

2.3. Bacterial Diversity Sequencing

Given that PJ is a non-homogeneous system, samples were pretreated by centrifuga-
tion. The PJ was thoroughly mixed, sampled, and subjected to three biologically replicated
procedures. The samples were centrifuged at 13,000× g for 10 min, the supernatant was
discarded, and the precipitate was frozen in liquid nitrogen for 10 min before being stored
at −80 ◦C. The samples were then sent to Shanghai Majorbio Bio-pharm Technology Co.,
Ltd., for diversity sequencing. Total microbial genomic DNA was extracted using the
E.Z.N.A.® soil DNA Kit (Omega Bio-tek, Norcross, GA, USA) according to the manufac-
turer’s instructions. The hypervariable regions V3-V4 of the bacterial 16S rDNA gene were
amplified with the primer pairs 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R
(5′-GGACTACHVGGGTWTCTAAT-3′) using a T100 Thermal Cycler PCR thermocycler
(BIO-RAD, Hercules, CA, USA). The PCR product was extracted from 2% agarose gel and
purified using the PCR Clean-Up Kit (YuHua, Shanghai, China) according to manufac-
turer’s instructions and quantified using Qubit 4.0 (Thermo Fisher Scientific, Waltham, MA,
USA). Purified amplicons were pooled in equimolar amounts and paired-end-sequenced
on an Illumina Nextseq2000 platform (Illumina, San Diego, San Diego, CA, USA) according
to the standard protocols by Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China).
The obtained data were denoised using DADA2 software to obtain ASVs. These ASVs
were annotated using Qiime2 (v2022.2, https://qiime2.org, accessed on 12 April 2024) soft-
ware with the Silva138/16s_bacteria species annotation database to determine the bacterial
species present in the PJ. Based on the community abundance data in the samples, a Circos
sample–species relationship diagram was constructed to identify the microorganisms with
higher relative abundance at the phylum and genus levels, i.e., the dominant species in
the PJ.

2.4. Isolation, Purification, and Screening of Anti-Oomycete Strains in PJ

About 20 µL of PJ was spread on LB and PDA plates (three plates each). The plates
were incubated at appropriate temperatures (LB incubated at 37 ◦C, PDA at 28 ◦C) and
observed daily for colony growth. Once colonies appeared, bacteria were screened and
purified using the streak plate method, while fungi were screened and purified using the
punch method. PJ isolates were continuously transferred to new plates and further purified
until pure single colonies were obtained. The anti-oomycete activity of PJ isolates against P.
infestans was determined using the confrontation culture method. A mycelial block of P.
infestans T30-4 was placed at the center of rye agar medium. PJ isolates were inoculated
equidistantly around the T30-4 mycelial block (at the vertices of an equilateral triangle,
2.5 cm from the center), with a single T30-4 mycelial block serving as the negative control.
After incubation at 20 ◦C for 5 d, the P. infestans colony diameter was observed.

2.5. Tolerance Analysis of Selected Strains

The selected anti-oomycete strains were exposed to four different stress conditions.
For salt stress tests, the candidate strains were inoculated on LB agar plates containing
different concentrations of NaCl calculated by weight: 0, 0.01, 0.05, 0.1, and 0.3%. A pH
stress test was performed in which the pH of the LB agar plates was adjusted to 5, 7, 9, and
11 by using 0.1 M HCl/NaOH. In UV stress tests, LB agar plates inoculated with candidate
strains were exposed to UV light for 5, 10, 15, 20, and 40 min. In temperature stress tests,
candidate isolates were cultivated at 4 ◦C, 20 ◦C, and 28 ◦C for 12 h. After inoculating
the candidate strains, all plates—except those in the temperature treatment groups—were
incubated inverted at 37 ◦C in a dark environment for 5 days. The colony diameter and
inhibition rate were determined in accordance with Section 2.2.

https://qiime2.org
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2.6. Identification of Candidate Anti-Oomycete Bacteria

Morphological identification was conducted by observing the relevant characteris-
tics of individual colonies, including color, shape, edge condition, surface texture, and
viscosity. The collection of physiological and biochemical identification followed the proto-
cols outlined in Bergey’s Manual of Determinative Bacteriology and the Manual of Systematic
Bacteriology [25,26].

For molecular identification via 16S rDNA analysis, total genomic DNA of the selected
bacteria was extracted using a bacterial genomic DNA extraction kit (Omega BioTek,
Inc., Norcross, GA, USA). The amplified 16S rDNA fragments based on the universal
primers 27F/1492R were sequenced by Qingke Biotechnology (Qingke, Chongqing, China)).
Nucleotide sequence homology searches and multiple sequence alignment were performed
and a phylogenetic tree was constructed using the NCBI, Clustal X, and the neighbor-joining
method using MEGA11.0 software(MEGA Software, Philadelphia, PA, USA), respectively.

2.7. Effects of Selected Strains on Mycelial Growth and Sporangia Germination of P. infestans

Anti-oomycete effect on mycelial growth: The confrontation culture method was used
to study the anti-oomycete effect of selected strains on the mycelial growth of P. infestans
T30-4 and 88069 strains. A mycelial block (10 d old, T30-4 and 88069) was placed in the
center of rye agar medium, and the selected strains were inoculated equidistantly around
the block. Only P. infestans was cultured as the control. After 7 d of dark incubation at 20 ◦C,
the final colony diameters were measured using the cross method to calculate inhibition
rates. The phenotype of P. infestans mycelia with or without the treatment of selected strains
were observed under the OptiPlex 3050 inverted fluorescence phase-contrast microscope
(LEICA DFC450 C, Deep Space Exploration Center).

Effect on sporangia germination: Sporangia of T30-4 were obtained by washing
plates covered with T30-4 mycelia with sterile water. On the basis of 200 µL of T30-4
sporangia suspension, 100 µL of a suspension of the selected strain, X-1, was added, with
the same volume of LB liquid medium added as a control. The sporangia were incubated at
20 ◦C for 18 h, and sporangia germination was observed under the OptiPlex 3050 inverted
fluorescence phase-contrast microscope (LEICA DFC450 C, Deep Space Exploration Center).

2.8. Localization of Anti-Oomycete Substances in Selected Strains

X-1 was inoculated into prepared LB medium at a 1% ratio (30 mL). The shaking
incubator was set to 37 ◦C and 180 rpm. After 1 d of incubation, the bacterial culture of
the X-1 strain was obtained. A total of 14 mL of the bacterial culture was centrifuged at
10,000 rpm for 20 min, and the supernatant and bacterial cells were collected separately.
The bacterial cells underwent two treatments: (1) A total of 5 mL of PBS solution was added
to the bacterial pellet. The cells were resuspended by pipetting and centrifuged, and this
was repeated three times. The final pellet was completely resuspended in PBS solution and
placed in an ice bath. Cells were disrupted using an ultrasonic cell disruptor (SCIENTZ-IID,
Ningbo Xinzhi Biotechnology Co., Ltd., Ningbo, Zhejiang, China) for 30 min (5 s on, 5 s off).
The disrupted cells were centrifuged, and the supernatant was collected to obtain the cell
lysate. (2) The bacterial pellet was resuspended in sterile water and centrifuged, to obtain
the sterile water cell suspension. The supernatant obtained was filtered using a 0.22 µm
microporous membrane to obtain the cell-free culture filtrate.

The anti-oomycete activity was observed by the plate confrontation method. A total
of 20 µL of the bacterial culture, cell lysate, and sterile water cell suspension were added
to three wells, equidistantly to the T30-4 strain mycelium disk, respectively. The control
consisted of a rye agar plate (90 mm) inoculated only with the pathogen. In addition,
5% (v/v) cell-free culture filtrate was added to rye agar plates, and a 7 mm mycelium
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disk of T30-4 was inoculated in the center to observe the inhibitory effect of extracellular
anti-oomycete substances on the pathogen. Negative controls included rye agar plates with
5% LB and plain rye agar plates. After 7 d of incubation at 20 ◦C, colony diameters were
measured using the cross method, and the inhibition rate was calculated as described in
Section 2.2.

2.9. Fungicide Tolerance of X-1

LB medium was prepared with Infinito at one and ten times the field application
concentration (1 and 10 mL/L). After the plates cooled and solidified, the candidate strains
were put on them. The plates were incubated at 37 ◦C for 12 h, and colony growth
was observed.

To test the inhibitory performance of X-1 after fungicide treatment, Infinito was added
to LB liquid medium to final concentrations of 1 and 10 mL/L, and X-1 inoculum was
added. The cultures were incubated at 37 ◦C with shaking at 180 r/min for 12 h. The
anti-oomycete ability of fungicide-treated X-1 was tested by the plate confrontation method:
a 7 mm T30-4 mycelial block (10 d old) was placed in the center of a rye agar plate (90 mm),
and X-1 cultures treated with different Infinito concentrations were inoculated equidistantly
(2.5 cm from the center). Only P. infestans was cultured as a control. Plates were incubated
at 20 ◦C for 7 d, and the final colony diameters of the pathogen were measured using the
cross method.

2.10. Combined Effect of PJ and Fungticide

Rye agar medium was supplemented with PJ original solution and Infinito to final
concentrations of 1 mL/L of Infinito, 0.2 mL/L of PJ original solution, and a combination
of 0.2 mL/L of PJ stock solution and 1 mL/L of Infinito. The anti-oomycete activity was
tested using the plate confrontation method: a 7 mm T30-4 mycelial block (10 d old) was
placed in the center of the plate. Only P. infestans was cultured as a control. The plates
were incubated at 20 ◦C for 7 d, and final colony diameters were measured using the cross
method. To evaluate the combined effect of drugs, the Q value was calculated using the
following formula derived from the Jin equation [27]:

Q =
E(A + B)

E(A) + E(B)− E(A) · E(B)
(4)

where E(A + B) represents the colony diameter under the combined action of PJ and In-
finito, while E(A) and E(B) represent the colony diameters under the individual treatments
of PJ and Infinito, respectively. A Q value greater than 1 indicates a synergistic effect; a Q
value between 0.85 and 1 suggests an additive effect; and a Q value less than 0.85 indicates
an antagonistic effect.

2.11. Growth Promotion Experiment with PJ and Anti-Oomycete Effect of PJ Derived from FVW
on P. infestans

Potato seed tubers were grown in nutrient-rich soil which was evenly mixed with
PJ and an equal volume of tap water (control). All plants were grown under identical
conditions (25 ◦C, 12 h light/12 h dark cycle) for 45 d, after which the main stem length
above the soil was measured.

Five kinds of PJ, produced by five types of FVWs (onion skins, vegetable leaves,
pepper segments, orange peels, garlic peels) that stock solution was added to, created a
medium which was used to create solid rye media with concentrations of 0, 0.1, 0.2, 0.4, 0.8,
1.0, and 10 mL/L. P. infestans blocks with a diameter of 7 mm were inoculated in triplicate.
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The cultures were incubated at 20 ◦C in darkness, and after 10 d, diameters were measured
using the cross method to calculate inhibition rates and IC50.

2.12. Statistical Analysis

Statistical analyses were performed using IBM SPSS Statistics 27.0 software (IBM
Corp., Armonk, NY, USA) for t-tests or Duncan’s multiple-range tests. Standard deviations
were calculated and graphs were plotted using Origin 2021 software (OriginLab Corpo-
ration, Northampton, MA, USA). Data were presented as the mean ± SD, with whiskers
representing standard deviation

3. Results
3.1. Anti-Oomycete Effect of PJ and Localization of Anti-Oomycete Substances

PJ represents a complex system comprising various microorganisms and organic and
inorganic substances. To ascertain the anti-oomycete effect of PJ (fermented from lettuce
(Lactuca sativa L. var. ramosa Hort.) leaves) and identify the specific agents responsible
for these effects, co-culture experiments were carried out with P. infestans using three
treatment groups: the original group, the sterilized group, and the filtrate group. The
growth of P. infestans on the plates after 10 d of cultivation is depicted in Figure 1A–C. As
the concentration of PJ increased, the inhibition rates of all three treatments progressively
rose. At PJ concentrations of 1, 25, and 5 mL/L for the original, sterilized, and filtrate
groups, respectively, the growth of P. infestans hyphae was almost completely inhibited
(Figure 1D–F). The IC50 values indicated that the sterilized group had the highest IC50 at
5.19 mL/L, meaning that it required the highest concentration to achieve 50% inhibition.
The filtrate group followed with an IC50 of 0.92 mL/L, while the original group had the
lowest IC50 at 0.28 mL/L, suggesting that heat-sensitive compounds and microorganisms
in PJ play a major role in anti-oomycete activity (Figure S1). Notably, redundancy analysis
revealed that the anti-oomycete contribution of microorganisms was 77.92%, indicating
that microorganisms in PJ play the most crucial role in resisting P. infestans. In addition,
the pH value of the PJ was 3.98, suggesting that acidity may be one factor in the inhibitory
effect of PJ.
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3.2. Bacterial Diversity Analysis of PJ

After processing the data from bacterial diversity sequencing, a total of 794,507 op-
timized sequences of the 16S rDNA V4 region were obtained from the three samples,
with an average sequence length of 428 bp, consistent with the expected length for the
16S rDNA V4 region. A total of 227 amplicon sequence variants (ASVs) were generated
and annotated using the silva138/16s bacteria database, identifying 17 phyla, 31 classes,
69 orders, 98 families, 125 genera, and 145 species, which suggested rich bacterial diversity
in the PJ (Figure 2A). The community bar chart and Circos plots illustrating the relationship
between samples and species show that, at the phylum level, the dominant phyla with
relative abundance > 4% were primarily from Firmicutes and Proteobacteria. At the genus
level, focusing on those with relative abundance > 1%, Lactobacillus was the most abundant,
followed by Acetobacter and Bacillus (Figure 2B,C). This indicates that Lactobacillus, Acetobac-
ter, and Bacillus were the dominant species in the PJ, potentially playing significant roles in
fermentation and anti-oomycete activity.

Agronomy 2025, 15, x FOR PEER REVIEW 9 of 21 
 

 

 

Figure 2. Bacterial community composition in plant jiaosu (PJ). (A) The abundance of each ASV in 
the PJ; (B) the composition and proportions of different microorganisms within the PJ at both the 
phylum and genus levels; (C) the relationship between samples and species and the major dominant 
microorganisms in the PJ at the phylum and genus levels. (Note: N represents PJ.) 

3.3. Isolation, Purification, Screening, and Identification of Anti-Oomycete Strains from PJ 

PDA, LB, and NA media were used for isolating the microorganisms in the PJ. Four 
bacteria (X-1, X-2, X-3, P-4) and two fungi (P-5, P-6) with fast growth were selected for 
anti-oomycete experiments (Figure 3A). Three strains demonstrated significant anti-oo-
mycete effects against P. infestans, among which X-1 and P-4 completely inhibited its 
growth on plates within 7 d (Figure 3B). In the pH, NaCl, temperature, and UV stress 
experiments, the strain X-1 exhibited better growth than P-4 (Table S1); herein, X-1 was 
chosen for further experiments. The strain X-1 had milky white, sticky, wet, smooth, and 
opaque colonies with folds on the surface (Figure 3A) and was identified as a Gram-posi-
tive bacterium (Table S2). Physiological and biochemical identification results showed 
that X-1 could produce amylase and gelatinase, and the catalase test was positive, indicat-
ing its need for oxygen (Table S2). The 16S rDNA sequence of the strain X-1 was obtained 
and compared against the NCBI database using BLASTN, showing that the strain X-1 had 
100% homology with Bacillus subtilis. Further, based on the maximum-likelihood method, 

Figure 2. Cont.



Agronomy 2025, 15, 946 9 of 18

Agronomy 2025, 15, x FOR PEER REVIEW 9 of 21 
 

 

 

Figure 2. Bacterial community composition in plant jiaosu (PJ). (A) The abundance of each ASV in 
the PJ; (B) the composition and proportions of different microorganisms within the PJ at both the 
phylum and genus levels; (C) the relationship between samples and species and the major dominant 
microorganisms in the PJ at the phylum and genus levels. (Note: N represents PJ.) 

3.3. Isolation, Purification, Screening, and Identification of Anti-Oomycete Strains from PJ 

PDA, LB, and NA media were used for isolating the microorganisms in the PJ. Four 
bacteria (X-1, X-2, X-3, P-4) and two fungi (P-5, P-6) with fast growth were selected for 
anti-oomycete experiments (Figure 3A). Three strains demonstrated significant anti-oo-
mycete effects against P. infestans, among which X-1 and P-4 completely inhibited its 
growth on plates within 7 d (Figure 3B). In the pH, NaCl, temperature, and UV stress 
experiments, the strain X-1 exhibited better growth than P-4 (Table S1); herein, X-1 was 
chosen for further experiments. The strain X-1 had milky white, sticky, wet, smooth, and 
opaque colonies with folds on the surface (Figure 3A) and was identified as a Gram-posi-
tive bacterium (Table S2). Physiological and biochemical identification results showed 
that X-1 could produce amylase and gelatinase, and the catalase test was positive, indicat-
ing its need for oxygen (Table S2). The 16S rDNA sequence of the strain X-1 was obtained 
and compared against the NCBI database using BLASTN, showing that the strain X-1 had 
100% homology with Bacillus subtilis. Further, based on the maximum-likelihood method, 

Figure 2. Bacterial community composition in plant jiaosu (PJ). (A) The abundance of each ASV in
the PJ; (B) the composition and proportions of different microorganisms within the PJ at both the
phylum and genus levels; (C) the relationship between samples and species and the major dominant
microorganisms in the PJ at the phylum and genus levels. (Note: N represents PJ.)

3.3. Isolation, Purification, Screening, and Identification of Anti-Oomycete Strains from PJ

PDA, LB, and NA media were used for isolating the microorganisms in the PJ. Four
bacteria (X-1, X-2, X-3, P-4) and two fungi (P-5, P-6) with fast growth were selected for anti-
oomycete experiments (Figure 3A). Three strains demonstrated significant anti-oomycete
effects against P. infestans, among which X-1 and P-4 completely inhibited its growth on
plates within 7 d (Figure 3B). In the pH, NaCl, temperature, and UV stress experiments, the
strain X-1 exhibited better growth than P-4 (Table S1); herein, X-1 was chosen for further
experiments. The strain X-1 had milky white, sticky, wet, smooth, and opaque colonies
with folds on the surface (Figure 3A) and was identified as a Gram-positive bacterium
(Table S2). Physiological and biochemical identification results showed that X-1 could
produce amylase and gelatinase, and the catalase test was positive, indicating its need for
oxygen (Table S2). The 16S rDNA sequence of the strain X-1 was obtained and compared
against the NCBI database using BLASTN, showing that the strain X-1 had 100% homology
with Bacillus subtilis. Further, based on the maximum-likelihood method, MEGA11.0
software was employed to construct the phylogenetic tree, with Bootstrap values set at
1000, which implied that X-1 is most closely related to B. subtilis CR-502, DSM 10, etc.
(Figure 3C).
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3.4. Effect of B. subtilis X-1 on Mycelial Growth and Sporangia Germination of P. infestans

Using the confrontation culture method, we found that B. subtilis X-1 exhibited good
anti-oomycete activity in P. infestans T30-4 (A1 mating type) and 88069 (sterile mating type),
with 73.81% and 82.30% inhibition rates, respectively (Figure 4A–D). Further observation
of plates incubated at 20 ◦C for several months found that P. infestans remained inhibited,
indicating the long-lasting anti-oomycete effect of B. subtilis X-1. Microscopic observations
revealed that the hyphae of the pathogen treated with X-1 were curved, with uneven
widths and bulging formations, whereas the hyphae in the control group exhibited normal
growth (Figure 4E) When sporangia were statically incubated in darkness at 20 ◦C for 18 h,
most sporangia in the control group reached completed germination, while the sporangia
germination rate significantly decreased to 12.31% under the treatment with B. subtilis X-1.
Moreover, the germination speed and germ tube growth of the germinated sporangia were
also inhibited when P. infestans was cultured with X-1 (Figure 4F,G). The anti-oomycete
effect of B. subtilis X-1 against P. infestans was most pronounced when the bacterial culture
was used, achieving an inhibition rate of 73.30%, followed by cell lysate (71.64%) and the
bacterial suspension in sterile water (70.32%), while the cell-free supernatant resulted in
the lowest rate (16.58%), indicating that anti-oomycete substances were present both inside
and outside the cells of B. subtilis X-1, but they were primarily intracellular.

3.5. Evaluation of PJ Application Potential

The fungicide Infinito is one of the most commonly used chemical fungicides for
controlling potato late blight. B. subtilis X-1 demonstrated good growth on the rye agar
plate with ten times the field application concentration of Infinito (Table S3), indicating
its tolerance to this fungicide. To further assess the impact of Infinito on X-1’s ability
to inhibit the growth of P. infestans, co-cultivation experiments were conducted using X-
1 with LB liquid medium containing the fungicide Infinito. Regardless of whether X-1
was co-cultured with the field application concentration or ten times the field application
concentration of Infinito, its anti-oomycete efficacy was inferior to that of X-1 applied alone
(Figure 5A,B). In summary, although Infinito does not affect the growth of X-1, it attenuates
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the anti-oomycete activity of X-1. Therefore, the combined use of Infinito and X-1 is not
recommended in production settings.
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Figure 5. Application potential of X-1 and plant jiaosu (PJ). (A,B) Growth and colony diameter of P.
infestans under treatment with X-1 and Infinito; (C,D) growth and colony diameter of P. infestans after
PJ and Infinito treatments; (E,F) growth status and height of potato plants with PJ treatment (t-test:
* p < 0.05; ** p < 0.01).

The combined anti-oomycete effect of PJ and Infinito was also explored in in vitro
experiments (Figure 5C,D). On the plates only treated with PJ (0.2 mL/L) and Infinito
(1 mL/L), the mycelial diameters of P. infestans were 3.72 and 2.53 cm, respectively. When
combining them, the mycelial diameter of P. infestans decreased to 2.13 cm. The Q value
calculated using the Jin formula was 0.87 (greater than 0.85), indicating an additive effect
and potential for combined application.

Forty-five days after planting, potato plants treated with PJ demonstrated a significant
increase in growth, with an average plant height of 19.2 cm compared to 16.1 cm in the
control group (Figure 5E,F). Additionally, plants treated with the vegetable PJ exhibited
34.1% and 21.2% increases in leaf area and leaf number compared to the control group,
respectively (Table S4). These results indicate that the PJ significantly promoted the growth
and development of the potato plants.

3.6. Anti-Oomycete Effect of PJ Derived from Fruit and Vegetable Waste (FVW) on P. infestans

Lastly, the anti-oomycete effects of PJ, fermented from different raw materials (orange
(Citrus reticulata Blanco), onion (Allium cepa L.), chili pepper (Capsicum annuum L.), garlic
(Allium sativum L.), and asparagus lettuce (Lactuca sativa var. angustata)), on P. infestans
were investigated. After 10 d of culturing, all five groups exhibited significant inhibitory
effects on P. infestans, displaying dose-dependent relationships. The IC50 values for the five
treatments were 0.43, 0.21, 0.39, 0.52, and 0.31, respectively, and among the five treatments,
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PJ derived from asparagus lettuce leaves had the best anti-oomycete effect (Figure 6A,B).
Simultaneously, anti-oomycete assays were conducted over a six-month period, all of which
demonstrated consistent and effective inhibitory activity, implying that the antagonistic
effect of the PJ on P. infestans was stable and enduring. Therefore, utilizing FVW to ferment
PJ not only promotes its reuse but also provides an environmentally friendly choice for the
prevention and control of potato late blight. Considering factors such as cost, the ease of
acquisition, and inhibitory efficacy, the PJ made from asparagus lettuce leaves and lettuce
leaves has significant application potential.
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waste. (A) Growth of P. infestans on plates with different PJ (ONJ: PJ derived from onion peels; ALJ:
PJ derived from asparagus lettuce leaves; PEJ: PJ derived from pepper segments; ORJ: PJ derived
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ALJ, PEJ, ORJ, GAJ) (t-test: *** p < 0.001).
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4. Discussion
Fruit and vegetable waste (FVW), generated during the harvesting, processing, and

consumption of fruits and vegetables, amounts to over 100 million tons annually, account-
ing for 25% to 30% of total fruit and vegetable production, which poses a significant
environmental burden [28,29]. However, since the raw materials for PJ are primarily fruits,
vegetables, and natural plants [30–32], it is possible to recycle FVW to produce PJ. Addition-
ally, relevant research indicates that PJ exhibits notable inhibitory effects on certain fungal
diseases such as Botrytis cinerea and root rot [33,34]. Our research also demonstrates that
PJ effectively inhibits P. infestans, the pathogen of potato late blight, in a dose-dependent
manner. Furthermore, PJ, fermented from five different types of FVW, has good inhibitory
effects on P. infestans, suggesting that the raw materials of PJ for potato late blight are
widely sourced, low-cost, and easy to obtain. Compared with conventional biopesticides
(e.g., biocontrol agents), PJ demonstrates superior application potential through its dual
advantages of environmental protection and resource utilization via FVW, warranting
further exploration. In a word, this study makes PJ a promising candidate for controlling
potato late blight.

Due to the high complexity of PJ, its bacteriostatic capacity is determined by mul-
tiple factors, among which microorganisms and organic acids in PJ are key bacteriostat
components, which can restrain the reproduction of harmful microorganisms and enhance
crop resistance to diseases [33,35,36]. In our study, the effect of raw PJ solution was sig-
nificantly better than that of sterilized, filtered, and pH-matched control groups, with
microorganisms contributing 77.92% of the anti-oomycete effect, and this is consistent
with previous studies [34,37], in which PJ has been widely used to protect crops from
diseases [38–41]. To identify the dominant species within the PJ, bacterial diversity anal-
ysis was conducted. The Circos diagram shows that the genera with the highest relative
abundance were Lactobacillus, Acetobacter, and Bacillus. These genera are likely the key
microorganisms contributing to the anti-oomycete activity of the PJ. Previous studies have
shown that PJ derived from various substrates, such as blueberries (Vaccinium spp.), grapes
(Vitis vinifera L.), and cabbages (Brassica rapa var. glabra Regel), also predominantly contains
these genera [37,42]. Additionally, it has been reported that Lactobacillus can inhibit the
growth of S. aureus, Fusarium oxysporum, and E. coli, thereby enhancing the effectiveness of
PJ in agricultural disease control [43–45]. Gil et al. reported that Acetobacter could produce
organic substances and also exhibit anti-oomycete properties [46], while Bacillus can syner-
gize with organic acids and other bacterial metabolites to enhance the antifungal activity of
PJ [34]. To further study the microorganisms with anti-oomycete activity among the core
microorganisms, previous studies on the selection criteria for antagonistic bacteria have
primarily focused on the extent of anti-oomycete activity and resistance to various stress
factors [47–49]. Considering that the practical application environment is often neutral,
in addition to these criteria, the growth rate in a neutral environment is also a critical
factor, and isolated B.subtilis X-1 stands out for its high growth speed, strong anti-oomycete
effect, and good tolerance for stresses (salt, pH, temperature, and UV). It is reported that
B. subtilis is a well-known antagonist that antagonizes various plant pathogens, such as
Alternaria alternata, Phytophthora capsica, Fusarium moniliforme Sheld, and Phaeoisariopsis
personata [50,51], through producing spores or antibiotic substances [52–56]. There are also
Bacillus subtilis H17-16, EG21, and WL-2, which have been proven to inhibit the growth of
P. infestans [5,57,58].

Multiple broad-spectrum fungicides like mancozeb and chlorothalonil, as well as
mixtures such as fluopicolide–propamocab, are widely used [59], and among them, Infinito
is highly favored for its protective and curative properties, stability, and low toxicity. How-
ever, chemical fungicides often have a single target, and the use of a single fungicide often
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leads to pathogen resistance [60]. There have been numerous studies on the combined use
of biological control and chemical control, such as the formulation of chemical fungicides
with biocontrol agents [42,61]. When studying the formulation of biocontrol agents, the
primary consideration is the impact of chemical fungicides on the growth of biocontrol
bacteria. Consistent with previous research [62–64], the biocontrol agent X-1 exhibited good
tolerance to the fungicide Infinito. However, Infinito reduced the anti-oomycete activity
of X-1, indicating that their combined application may be less suitable. The observed phe-
nomenon may be mediated by Infinito’s disruption of anti-oomycete substances produced
by X-1, requiring further investigation to elucidate the precise mechanism. Since there
have been no reports of combining PJ with Infinito, our experiments demonstrated that
PJ exhibited good anti-oomycete ability when used in combination with Infinito. The Q
value calculated using Jin’s formula [27] was 0.87 (greater than 0.85), indicating an additive
effect, making it a promising product. Furthermore, PJ has been reported to promote plant
growth [15,65], similarly to in this study. In conclusion, recycling FVW to produce PJ is
undoubtedly an excellent new method of turning waste into usable products for controlling
potato late blight.

5. Conclusions
This study finds that PJ significantly inhibits the growth of P. infestans in a dose-

dependent manner and the microorganisms within PJ play a crucial role in the anti-
oomycete effect. We identified an isolated strain, X-1, which showed a great inhibition
effect against P. infestans, and the additive effect of PJ with Infinito and its ability to promote
the growth of potato plants suggest that PJ has great, promising application potential.
Furthermore, PJ fermented from five different FVWs also exerted significant inhibitory
effects on P. infestans. Additionally, the use of fruit and vegetable waste for producing PJ
could provide economic benefits and help protect the environment.
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Abbreviations
The following abbreviations are used in this manuscript:

PJ Plant jiaosu
FAO Food and Agriculture Organization
Mock Control group
OJ Original jiaosu
SJ Sterilized jiaosu
FJ Filtered jiaosu
ONJ PJ derived from onion peels
ALJ PJ derived from asparagus lettuce leaves
PEJ PJ derived from pepper segments
ORJ PJ derived from orange peels
GRJ PJ derived from garlic peels
LB Luria–bertani
PDA Potato dextrose agar
NA Nutrient agar
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