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Abstract: Pine wilt disease, caused by Bursaphelenchus xylophilus, poses severe ecological
and economic threats to coniferous forests. This study isolated two fungal (Arthropsis
hispanica, Penicillium sclerotiorum) and two bacterial (Bacillus amyloliquefaciens, Enterobacter
hormaechei) strains from Pinus massoniana rhizospheres, evaluating their biocontrol potential
against pine wood nematodes. Molecular characterization confirmed strain identities.
In vitro assays demonstrated that combined fermentation filtrates of C5X134+CSZ71 and
CSX60+CSZ71 significantly enhanced plant growth parameters (height, biomass) and root-
associated soil enzyme activities (urease, acid phosphatase) in P. massoniana. Treated plants
exhibited elevated defense enzyme activities and upregulated defense-related gene expres-
sion. The treatments achieved 75.07% and 69.65% nematode control efficacy, respectively,
compared to controls. These findings highlight the potential of microbial consortia in acti-
vating systemic resistance and suppressing pine wilt disease through the dual mechanisms
of growth promotion and defense induction.

Keywords: pine wilt disease; soil microorganisms; growth-promoting; defense re-
sponse mechanisms

1. Introduction

Pine wilt disease poses a significant threat to pine trees and has spread extensively
worldwide to areas including Japan, China, Korea, and Europe [1-5]. The occurrence of this
devastating disease arises from intricate interactions among the Bursaphelenchus xylophilus,
nematode vector of the Monochamus genus, and various host species belonging to the
Pinus genus [6]. Globally, about 62 tree species are susceptible to the pine wood nematode,
encompassing prominent host species in China such as Pinus thunbergii Parl., P. massoniana
Lamb., and Pinus densiflora Sieb., among others [7-10].

P. massoniana holds critical significance in China as a valuable source of timber and
resin. However, it stands as the main host species for pine wilt disease [11]. Current
strategies for managing pine wilt disease primarily entail physical, chemical, and biological
control methods. Physical control measures involve the interception of the vector nema-
tode and the felling of infected trees, as well as the thermal or incineration treatment of
infested timber [12]. Chemical control approaches commonly employ nematicides such as
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fosthiazate, oxamyl, abamectin, and imidacloprid [13]. Nonetheless, recent research has in-
creasingly underscored the ecological disruptions caused by chemical control methods and
the associated risks of pesticide residues to human health and wildlife [14]. Consequently,
there has been a burgeoning interest in exploring biological control as an environmentally
sustainable alternative.

Biological control involves the utilization of natural biological agents, such as bacteria
and fungi, to contain plant diseases. Rhizosphere microorganisms are a group of beneficial
root-colonizing microorganisms that inhibit plant pathogens through toxin production,
biosurfactant secretion, and enzyme degradation, while also inducing host plant resistance
and promoting plant growth [15]. The Bacillus cereus YN917 isolated by Zhou not only
showed significant antifungal activity against Magnaporthe oryzae, but also has the ability to
secrete a variety of plant growth-promoting and metabolic substances, which can promote
the growth and resistance of hosts to diseases under greenhouse conditions [16]. Studies
have shown that fungi and bacteria exhibit biocontrol effects against pine wood nematodes.
Paiva et al. isolated strain 020 and RBT-200701 from Bacillus subtilis, which demonstrated
nematicidal activity against the nematode [17]. Furthermore, three Bacillus spp. strains
with strong antagonistic activity against the nematode were screened from the stem of pine
trees [18]. Research by Berendsen et al. suggested that a combination of multiple antagonis-
tic microbial strains showed better growth-promoting effects on plants compared to single
strains [19]. These microbial consortia are typically composed of various rhizosphere mi-
croorganisms that interact and synergistically exert antagonistic effects on pathogens while
promoting plant growth. For instance, the combined application of Trichoderma harzianum
and Pseudomonas fluorescens effectively controlled pepper phytophthora blight [20], and
the co-application of multiple Trichoderma spp. strains showed synergistic effects against
onion root rot [21]. Additionally, the combined application of P. fluorescens, B. subtilis, and
Trichoderma viride demonstrated good control efficacy against Lasiodiplodia theobromae [22].

In the field of biological control, some microbial strains have been identified as pro-
ducers of metabolites that exhibit antagonistic effects against pathogens, thereby aiding
in plant disease management. For instance, the metabolite plantazolicin derived from
Bacillus amyloliquefaciens strain FZB42 demonstrates nematocidal activity [23]. Similarly,
the application of the culture solution of Enterobacter cloacae, an endophytic bacterium
that possesses nitrogen-fixing capabilities isolated from rice, significantly enhances rice
resistance against sheath blight. This treatment also leads to alterations in enzyme activities
associated with disease resistance, including LOX, POD, and PAL [24]. Biological control is
a promising approach to control pine wood nematode disease. The objectives of this study
were as follows: (1) to isolate two strains of fungi and two strains of bacteria exhibiting
nematicidal activity; (2) to assess the growth-promoting properties of the fungi composite
and their potential for the biocontrol of P. massoniana; and (3) to infer potential mechanisms
through enzyme activity and the expression levels of defense-related genes in P. massoniana.

2. Materials and Methods
2.1. Sample Collection and Treatment

Soil materials for this study were collected in Tianxin District, Changsha City,
Hunan Province (N28°07/05", W112°59'47,731"; Gejia City, Liuyang City, N28°04'26",
W113°27'50”). Sampling occurred in October 2022. Soil samples were collected at a dis-
tance of 20 cm from the root system, with three sampling points at each distance and three
biological replicates at each sampling point. The sampling tools were sterilized with alcohol
to remove debris from the surface of the soil layer, and the collected soil was placed in
sterile sampling bags and quickly stored on dry ice.
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2.2. Microbial Strains

Fungal and bacterial strains previously isolated from rhizosphere soil were preserved
in the laboratory.

2.3. Pine Wood Nematode

The PWN (pine wilt disease) pathogen B. xylophilus was isolated from diseased P. mas-
soniana trees using the Baermann funnel method [25]. Pine wood nematodes were cultured
by inoculating B. xylophilus in PDA solid medium and incubated in the dark at 25 °C for
7 days. Pine wood nematodes were inoculated onto gray Staphylococcus mycelium spread
on plates and incubated in a dark at 25 °C for 5-7 days. The strain of Botrytis cinerea used
in this experiment was provided by Zhejiang University of Agriculture and Forestry.

2.4. Medium

Bacterial medium: (1) Luria—Bertani (LB)—solid medium [26]; (2) Luria—Bertani
(LB)—liquid medium [26]. Fungal medium: (1) PDA—solid medium [27]; (2) PDB
medium [28].

2.5. Isolation and Screening of Pine Wood Nematode Fungi

For the isolation of fungi, 0.5 g of soil sample were placed in 45 mL sterile water. The
suspension was incubated at 37 °C with agitation for 30 min. Subsequently, 1 mL of the
soil suspension was used for soil dilution according to a previously reported method [27].
A total of 100 pL of each diluted soil sample was spread onto PDA solid medium. The
plates were then inverted and incubated at 28 °C in a growth chamber. Daily observations
were made to monitor fungal growth on the plates. Upon detection of new hyphae or
colonies, they were immediately transferred to fresh plates for further purification until
fungal isolates with distinct colony characteristics were obtained.

Screening for pine nematode-antagonistic fungi: the isolated and purified strains to
be tested were inoculated into PDB liquid medium; then, the samples were placed in a
constant-temperature incubation shaker rotating at 180 r/min and incubated at 28 °C for
5 d to obtain the fermentation product. The solution was centrifuged at 1500 rpm for
5 min. The nematode solution obtained by the Bellman funnel method was centrifuged at
1500 rpm for 5 min, and the supernatant was discarded after centrifugation; then, 1 mL of
sterile water was added to keep the pine nematodes in suspension, and the procedure was
repeated three times after centrifugation. The activity of the fermentation broth against
pine wood nematodes was determined using the immersion method, as described [29].
The preparation method for the pine wood nematode suspension involved mixing the
nematodes with sterile water to achieve a concentration of 2000 nematodes/mL. The
suspension was utilized for screening nematode-antagonistic fungi and for conducting pot
experiments.

The laboratory-cultivated sterile pine wood nematodes were prepared as a suspension
at a concentration of 2000/ mL via mixing with sterile water. The fermentation filtrate of the
test strain and the nematode suspension were mixed in a 1:1 ratio. Each group consisted
of three replicates, and the mixtures were placed in a 25 °C incubator. The mortality rate
of the pine wood nematodes was observed at 24 h and 48 h. To verify the nematode
mortality, a mixture of 3% NaCl and the nematode suspension was prepared in a ratio of
1:1 and allowed to stand for 10 min. Nematode mortality was determined by assessing the
stiffness of the pine nematode’s body and its lack of response to physical stimulation [30].
The formula used to calculate the corrected nematode mortality rate (CM) is as follows:
CM = (D — C)/(100 — C) x 100, where CM represents the corrected mortality rate (%), C
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represents the mortality rate of the control group (%), and D represents the mortality rate
of the treatment group (%).
_D-C

M=7-c

x 100%

2.6. Determination of the Nematicidal Activity of Fungal Fermentation Filtrates and
Fungal Mycelia

The isolated and purified strains to be tested were inoculated into PDB liquid medium
and placed in a 180 r/min constant-temperature incubation shaker; the fermentation
solution was incubated at 28 °C for 5 d. The fermentation solution was obtained via cen-
trifugation at 1500 rpm for 5 min. The nematode solution obtained by the Bellman funnel
method was centrifuged at 1500 rpm for 5 min, and the supernatant was discarded after
centrifugation. Then, 1 mL of sterile water was added to keep the pine nematodes in sus-
pension and the procedure was repeated three times after centrifugation. The fermentation
broth’s ability to kill pine wood nematodes was determined via the maceration method.
The fungal mycelium was prepared as follows: take the mycelium after centrifugation,
absorb 0.05 g into a sterile centrifuge tube with sterile paper, add 1 mL of sterile water, and
shake at 5000 r/min for 5 min to make a mycelial suspension. The activity of the strain was
determined using the maceration method described in Section 2.5.

2.7. Determination of Bacterial Fermentation Filtrates and Bacteriophage Nematicidal Activity

A total of 42 bacterial strains exhibiting nematicidal activity were isolated from the
inter-root soil of P. massoniana, and inoculated in the LB liquid medium at constant temper-
ature of 28 °C, in an oscillation box with 180 r/min culture for 2 d. The fermentation filtrate
and suspension of 28 strains were used to determine the nematicidal activity of the strains.

Fermentation filtrate and bacterial suspension were prepared as follows: the strain
was inoculated in 150 mL LB medium and incubated in a constant-temperature shaking box
at 28 °C, 180 r/min, for 2 d. The supernatant was centrifuged at 10,000 r/min for 10 min at
4 °C with the help of centrifugation. The fermentation filtrate of the strain was obtained via
filtration using a microporous filter membrane with a capacity of 0.22 pm, and was kept in
storage for spare parts. The bacterial precipitate was resuspended in sterile water to make
107 CFU/mL bacterial suspension. The method is the same as that shown in Section 2.5.

2.8. Molecular Biology Techniques for Identification Purposes

For the CSZ71 and CSZ33 fungal strains selected from the 2.6. screening, fungal
colonies with a diameter of 5 mm were transferred to 150 mL conical flasks containing PDB
medium and incubated at 28 °C with agitation for 5 days. Genomic DNA extraction was
conducted using the Solaibao Fungal Genomic DNA Kit, following the manufacturer’s
instructions. The fungal internal-transcribed spacer (ITS) region was then amplified using
the universal primers ITS-1 and ITS-4 in a PCR reaction [31]. The PCR program consisted
of an initial denaturation at 94 °C for 5 min, followed by 35 cycles of denaturation at
94 °C for 30 s, annealing at 56 °C for 30 s, extension at 72 °C for 1.5 min, and a final
extension at 72 °C for 10 min. The amplified PCR products were subjected to agarose gel
electrophoresis and sent to Shanghai Biotech Company for sequencing using the primers
described earlier. The CSX134 and CSX60 bacterial strains selected from the screening
were individually inoculated into LB liquid medium and incubated at 37 °C with agitation
for 24 h. Genomic DNA extraction was performed using the Tian Gen Bacteria Genomic
DNA Kit, following the manufacturer’s instructions. The bacterial total genomic DNA
was then used as a template for PCR amplification using the universal primers 27F and
1492R, targeting the bacterial 165 rRNA gene [32]. The PCR reaction was carried out with
an initial denaturation at 94 °C for 30 s, followed by 34 cycles of denaturation at 98 °C
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for 10 s, annealing at 55 °C for 30 s, extension at 72 °C for 1 min, and a final extension at
72 °C for 2 min. Following agarose gel electrophoresis of the amplified PCR products, the
samples were sent to Shanghai Biotech Company for sequencing. The obtained sequencing
data for both fungi and bacteria were subjected to BLAST analysis using the NCBI website
(https:/ /www.ncbinlm.nih.gov/, accessed on 25 February 2024). Finally, the MEGA11.0.13
software was employed to construct phylogenetic trees using the neighbor-joining method.

2.9. Determination of the Metabolites and Growth-Promoting Properties of Bacterial Strains

The measurement of chitinase, protease, amylase, and cellulase activities was con-
ducted following the method described by Kakhki Et Al. [33]. CSX134 and CSX60 were
inoculated into 100 mL sterilized LB liquid medium and incubated at 28 °C for 24 h. The
fermentation broth was diluted with LB solution to a concentration of 10°8 CFU/mL. Sub-
sequently, 2 puL. of CSX134 and CSX60 fermentation broth was inoculated at three vertices
of an isobilateral “A” for protease, amylase, cellulase, and gibberellinase assays. CSZ71 and
(CSZ33 strains were cultured on PDA medium, and 5 mm fungal plugs were inoculated at
the three vertices of an equilateral “A” for protease, amylase, cellulase, and chitinase assays.
Each experiment was conducted in triplicate, and plates were observed for the appearance
of transparent zones within 2—4 days. Following the same protocol, 2 uL. of CSX134 and
CSX69 fermentation broth at a concentration of 108 CFU/mL and 5 mm of CSZ71 and
(CSZ33 fungal plugs were inoculated onto Pikovskaya organophosphate-, Ashby-, and
potassium-solubilizing assay plates. Plates were then incubated at 28 °C for 5 days to
observe the formation of transparent zones. The indoleacetic acid (IAA) production ability
was tested using Salkowski’s colorimetric method for the strain [34,35].

2.10. Screening of the Activity of Mixed Bacteria Against Pine Wood Nematodes

Strains 2.6 and 2.7. screened two strains of fungi and two strains of bacteria with
pine wood nematode to determine their killing activity. Because their fermentation filtrate
showed higher thread-killing activity than bacteria, the screened mixed bacteria were
combined with the fermentation filtrate. The selected bacteria and fungi were combined
in pairs, including “bacteria + bacteria”, “fungi + fungi”, and “bacteria + fungi” and a
1:1 fermentation filtrate combination was created. The method used to determine the
thread-killing activity was the same as that presented in Section 2.5.

The two strains of C5X134 and CSX60 were inoculated in 150 mL LB medium and
incubated at 180 r/min on a shaker at 28 °C for 48 h. The fermentation broth was centrifuged
at 10,000 r/min for 10 min at 4 °C, and the supernatant was extracted and filtered through
a microporous filtration membrane of 0.22 um to obtain the fermentation filtrate of the
strains, which was stored for future use. After the isolation and purification of CSZ71 and
CSZ33 strains, they should be inoculated in PDB liquid medium and cultivated under
constant-temperature oscillation box at 28 °C, 180 r/min, for 5 d. The culture solution
was transferred to a 50 mL centrifuge tube and centrifuged under sterile conditions. The
supernatant was subsequently centrifuged for clarification, and the fermentation filtrate of
the fungal strains was then filtered using a 0.22 pym microporous membrane to obtain the
assay line fermentation filtrate, which was stored for future use. A combined treatment
was prepared by mixing 100 mL of fermentation filtrate, maintaining a 1:1 ratio.

2.11. Evaluation of the Growth-Promotion Using Mixed Bacteria on P. massoniana Seedlings

Selected P. massoniana seedlings were grown under controlled conditions with nutrient-
rich soil, comprising a 3:1 mixture of field red loam soil. The soil was thoroughly mixed
and uniformly moistened before sterilization at 121 °C for 30 min using an autoclave. Each
pot was filled with 2000 g of the sterilized soil and placed in a greenhouse to acclimate the P.
massoniana seedlings to stable growth prior to subsequent experiments. Detailed treatments
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are outlined in Table 1. The fermentation filtrates for each treatment group were prepared
following the procedures described in Sections 2.6 and 2.7. Seedlings were irrigated with
100 mL of sterile water mixed with 100 mL of the respective fermentation filtrate solution
every 30 days. Control seedlings were irrigated solely with sterile water. Plant photographs
and measurements were taken after 90 days of growth under these conditions.

Table 1. Details of test treatment.

Treatment Processing Details/Pot

Treatment CK CK 100 mL sterile water; root irrigation every 30 days.
Treatment 3: CSX134 (CSX134 bacteria were addec}l tf) 100 mL of fermentation filtrate,
and roots were irrigated every 30 days.

CSX60 bacteria were added to 100 mL of fermentation filtrate, and
roots were irrigated every 30 days.
Add 100 mL of fermentation filtrate of CSZ71 fungus, and irrigate
the roots every 30 days.
Add 100 mL of CSZ71+CSX134 mixed bacteria in a 1:1 mixture
with fermentation filtrate, rooting every 30 days.
Add 100 mL of CSZ71+CSX60 mixed bacteria in a 1:1 mixture
with fermentation filtrate, rooting every 30 days.

Treatment 4: CSX60

Treatment 5: CSZ71

Treatment 6: CSZ71+CSX134

Treatment 7: CSZ71+CSX60

2.12. Variation in Defense Enzyme Activities of P. massoniana Leaves After Different Treatments

Eighteen well-established P. massoniana seedlings were selected for subsequent ex-
periments. Fermentation filtrates were prepared as described in Sections 2.6 and 2.7, and
sterile nematode suspensions were prepared following the method outlined in Section 2.5.
The seedlings were allocated into different treatment groups, CSZ71, CSX134, CSXZ33,
CSX60, CSZ71+CSX60, and CSZ71+CSX134, each consisting of three seedlings. Control
groups included CK (three seedlings) and CK1 (three seedlings). Treatment groups received
100 mL of respective fermentation filtrates, while control groups were treated with 100 mL
of sterile water. After 4 days, pine wood nematodes were inoculated using the patch
method. Each treatment group and the fermentation filtrate groups were inoculated with
1 mL of nematode suspension (2000 nematodes/mL). Control group CK was inoculated
with 1 mL of sterile water, and control group CK1 received 1 mL of sterile water mixed
with 1 mL of nematode inoculum.

Pine needle samples were collected at 0, 12, 24, 48, 72, and 96 h post-treatment with
fermentation filtrates from experimental groups. Additionally, samples were collected at
1,3,5,7, 14, 21, and 28 days post-nematode inoculation in both treatment and control
groups (CK and CK1). Peroxidase (POD), superoxide dismutase (SOD), and catalase (CAT)
activities were assayed in inoculated leaves of both treatment and control groups using kits
following the instructions from Suzhou Ge Ruisi Biotechnology Co., Ltd. (Suzhou, China)

2.13. Control of Pine Nematode Disease in P. massoniana Using Mixed Bacterial Agents

The treatment consisted of 30 biennial ponytail pines, while the control group had
10 biennial ponytail pines. Six treatment groups were established, CSZ71, CS5Z33, CSX134,
CSX60, CSZ71+CSX60, and CSZ71+CSX134, with the fermentation filtrate prepared as
described in Sections 2.6 and 2.7. Each treatment group received 100 mL of fermentation
filtrate, while the CK control group received 100 mL of sterile water and the CK1 control
group received 100 mL of sterile water. After 4 days, pine nematodes were inoculated
using the skin-joining method: the fermentation filtrate group received 1 mL of inoculum
containing 2000 nematodes, the CK control group received 1 mL of sterile water, and the
CK1 control group received 1 mL of nematode inoculum.
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2.14. RNA Extraction and Real Time-Quantitative Polymerase Chain Reaction (RT-gPCR)

The suspension of pine wood nematode was prepared and P. massoniana was inocu-
lated following the skin-grafting method [36,37]. Two-year-old P. massoniana seedlings were
used for inoculation against pine wood nematode. The fermentation filtrates of CSZ71,
(CSZ33, CSX134, CSX60, CSZ71+CSX60, and CSZ71+CSX134 were treated as the treatment
groups, with three seedlings in each group. The control group CK had three seedlings and
the control group CK1 also had three seedlings. For the fermentation filtrate treatment,
100 mL of fermentation filtrate was applied for single-strain treatment, while 100 mL of
fermentation filtrate mixed at a 1:1 ratio was used for composite treatment. Control group
CK was treated with 100 mL of sterile water, and control group CK1 received 1 mL of
sterile water plus nematode inoculum. After a 4-day treatment period, inoculations of
pine nematodes were performed using the skin-joining method. The fermentation filtrate
treatment group was inoculated with 1 mL of nematode suspension containing 2000 nema-
todes, control group CK with 1 mL of sterile water, and control group CK1 with 1 mL of
sterile water mixed with nematode inoculum. On days 1, 3, 5, 7, and 14 post-inoculation,
pine needles from both treatment and control groups were frozen in liquid nitrogen for
total RNA extraction. Each treatment and its corresponding control were replicated three
times. The total RNA from P. massoniana needles was extracted using the RN Aprep Pure
polysaccharide polyphenol plant total RNA extraction Kit (Tiangen Biochemical Technol-
ogy, Beijing, China), followed by reverse transcription with the AGRT Kit (cDNA first
strand synthesis kit) to generate single-strand cDNA. Specific primers used included those
for actin, PmCAT, PmSOD, and chitinase [38,39]; SYBR Green Pro Tag HS (Changsha Accu-
rate Biotechnology Co., Ltd., Changsha, China) was utilized for PCR amplification on the
QuantStudio 3 (Thermo Fisher Scientific (China) Co., LTD., Suzhou, China). PCR cycling
conditions were identical to those specified by Yu et al. [40]. The gene expression levels
were quantified using the 2°(-AACT) method. A quantitative real-time PCR analysis was
conducted to assess relative gene expression levels, with data normalized against the Ct
values corresponding to ACTIN. Primer synthesis was carried out by Shanghai Sangong
Biological Co. (Shanghai, China)

2.15. Statistical Analysis

The data were processed using Microsoft Excel 2019 software and the processed
data were analyzed for significance using IBM SPSS Statistics 26.0 software. Graphing
was achieved using Graphpad prism 8 software. Duncan’s new multiple range test was
used to detect significant differences between groups (p-value, p < 0.05), expressed as
mean =+ standard deviation.

3. Results

3.1. Isolation and Screening of Pine Wood Nematode-Killing Fungi and Bacteria
3.1.1. Determination of Fungal Nematicidal Activity

A total of 106 strains of P. massoniana inter-root fungi were isolated through PDA solid
medium, and the fermentation filtrate was used to determine the nematicidal activity of pine
wood nematodes using the dip method of an initial screening and a re-screening. Following
the determination of nematicidal activity, the fungal strains underwent assessments of the
following parameters: (A) 24-h and 48-h fungal fermentation filtrates, and (B) 24-h and 48-h
fungal mycelial nematicidal activity. Significant differences in nematicidal efficacy among
strains were concurrently observed (p < 0.05). Subsequently, the nematicidal activities of
fermentation filtrates and fungal mycelia from nine strains were evaluated, with the results
depicted in Figure 1A,B. Overall, fungal fermentation filtrates exhibited higher nematicidal
activity compared to fungal mycelia. Specifically, in Figure 1A, the fermentation filtrates
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from strains CSZ71 and CSZ33 showed the strongest 48-h nematicidal activity, achieving
corrected mortality rates of 91.54% and 90.90%, respectively. Meanwhile, in Figure 1B, the
48-h nematicidal activity of the mycelia from strains CSZ71 and CSZ33 was the highest at
85.31% and 82.78%, respectively. Consequently, strains CSZ71 and CSZ33 were selected for
further experimentation.
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Figure 1. The nematicidal activity of fungal strains is presented, including (A) an assessment of
24-h and 48-h fungal fermentation filtrates, and (B) an evaluation of 24-h and 48-h fungal mycelial
nematicidal activity. Significant variations in nematicidal efficacy among different strains were

observed concurrently (p < 0.05).
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3.1.2. Determination of Bacterial Fermentation Filtrate and Bacteriophage
Nematicidal Activity

In the preliminary study, 48 strains exhibiting nematicidal activity were initially
identified from the rhizosphere of horsetail grass. Among these, 28 strains demonstrated
over 50% nematicidal activity in a 48-h screening. Subsequently, the nematicidal activity of
bacterial fermentation filtrates and bacterial microorganisms was assessed, as depicted in
Figure 2A,B. Overall, bacterial fermentation filtrates showed higher nematicidal activity
compared to bacteriophages. Specifically, the fermentation filtrates of CSX60 and CS5X134
strains (Figure 2A) exhibited significant nematicidal efficacy, achieving corrected mortality
rates of 93.18% and 93.94% after 48 h, respectively. Meanwhile, bacteriophages CSX30,
CSX60, and CSX134 (Figure 2B) displayed 48-h corrected mortalities exceeding 80%, with
rates of 83.90%, 81.99%, and 81.87%, respectively. Consequently, CSX60 and CSX134
bacterial strains were selected for further experimentation.
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Figure 2. The nematicidal activity of bacterial strains is presented, including (A) 24-h and 48-h
bacterial fermentation filtrates, and (B) 24-h and 48-h bacteriophage nematicidal activity. Significant
variations in nematicidal efficacy among different strains were observed simultaneously (p < 0.05).
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3.1.3. Molecular Biological Identification of Four Bacterial Strains

From 3.1.1 and 3.1.2, strains CSX134, CSX60, CSZ71, and CSZ33 had the strongest
nematicidal effect (93.94%, 93.18%, 91.54%, and 90.90%) and were selected for further studies.
The bacteria CSX134 colonies on the LB medium were yellowish opaque colonies with a
rough surface, elevated and irregular margins, positive Gram-stain, negative acetylmethyl
methanol (V-P) test, and a negative indole test and methyl red (MR) test. Bacteria CSX60
formed rounded, creamy-white colonies on the LB solid medium, with a smooth, moist, and
more transparent surface. The fungus CSZ71 inoculated into the center of the PDA medium
was white and flocculent, and yellowish, with a texture ranging from powdery to granular;
the fungus CSZ33 had white hyphae at the edges, which gradually became orange-yellow, and
later turned dark green. The 165-rDNA gene fragments of bacterial strains CSX134 and CSX60
were amplified, sequenced, and submitted to GenBank, with accession numbers PP389390
and PP389391, respectively. Subsequently, the 165 rDNA gene sequences of strains C5X134
and CSX60 were aligned, and a phylogenetic analysis was performed based on the 16S rDNA
gene. The phylogenetic analysis revealed that strain C5X134 clustered closely with Bacillus
amyloliquefaciens, forming a distinct sub-branch (Figure 3A) with a branch support value of
99.00%. Strain CSX60 showed a close phylogenetic relationship with Enterobacter hormaechei,
sharing a common branch (Figure 3B) with a branch support value of 99.00%. Moreover,
the ITS rDNA gene fragments of strains CSZ71 and CSZ33 were amplified, sequenced, and
submitted to GenBank, with accession numbers PP389402 and PP389403, respectively. The
gene sequences of strains C5Z71 and CSZ33 were aligned, and a phylogenetic analysis was
performed based on the ITS rDNA gene. The phylogenetic analysis revealed that strain CSZ71
clustered closely with Arthropsis hispanica, forming a distinct sub-branch (Figure 3C) with a
branch support value of 95.00%. Strain CSZ33 showed a close phylogenetic relationship with
Penicillium sclerotiorum, sharing a common branch (Figure 3D) with a branch support value
of 100.00%.

oo Bacillus amyloliguefaciens TF899275.1 99, Enterobacter hormaechei MT125869.1

+ CSX60
Enterobacter bugandensis NR 148649.1

Enterobacter kobei NR 028993.1
Bacillus velezensis AY603658 5883 Enterobacter cloacae NR 102794.2
Bacillus subtilis ABQL01000001 ! Enterobacter ludwigii NR 042349.1

Bacillus paralicheniformis KY694465 Mangrovibacter plantisponsor EF643377
Pantoea eucalypti LMG 24198

1l rea arthrocnemi MZ416782

0.0020

97 Arthrographis pinicola AB213437.1
Arthrographis longispora MH877597.1

Cytobacillus dafuensis MK934696 Pseud. aeruginosa NR 026078.1
0.02
(A) (B)

. CSZ71 100 Penicillium sclerotiorum MZ021593.1

Arthropsis hispanica MZ300866.1 751y CSZ33

Arthropsis hispanica OM372851.1 73 Penicillium chrysogenum NR 077145.1

Arthropsis truncata NR 159641.1 100 Penicillium oxalicum NR 121232.1
Marssonina coronariae MN265360.1 Penicillium citrinum NR 121224.1

Cladosporium tenuissimum NR 119855.1
Fusarium solani NR 163531.1

Moirtierella globalpina NR 160121.1

Penicillium citrinum XM 056644587.

0.050

(© (D)

Figure 3. Phylogenetic tree of isolated strains: (A) strain CSX134 165 rDNA phylogenetic tree;
(B) strain CSX60 165 rDNA phylogenetic tree; (C) strain CSZ71 ITS rDNA phylogenetic tree; (D) strain
CSZ33 ITS rDNA phylogenetic tree.
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3.2. Determination of the Metabolites and Growth-Promoting Properties of Nematicidal Strains

The results are shown in Table 2. Strain CS5X134 shows nitrogen-fixing ability, protease
production, phosphorus solubilization ability, and IAA production capacity, as well as not
producing chitin; strain CSX60 has nitrogen-fixing and potassicity solubilization abilities,
and an IAA production capacity, and also does not produce chitin; strain CSZ71 has
nitrogen-fixing ability, allows for cellulase production, and does not produce chitin, as well
as possessing an IAA production capacity but no phosphorus solubilization ability; strain
CSZ33 shows nitrogen fixation, protease, amylase, and phosphorus solubilization, and
a potassium solubilization ability, and does not produce chitin. This means that all four
strains of the bacterium have a certain pro-phytotic effect on the plants.

Table 2. Plant growth-promoting (PGP) substances and extracellular enzymes of four strains.

Item Substances CSX134 CSX60 CSZ71 CSZ33
IAA + + + _
. Hyperkalosis — + - +
PGP traits Organic phosphate + + + +
Nitrogen fixation + + + +
Cellulase + — — +
Extracellular Chitinase — — — —
enzymes Protease + + + +
Amylase + — — +

3.3. Screening of the Activity of Mixed Bacteria Against Pine Wood Nematodes

After the screening process, strains CSX60, C5X134, CSZ71, and CSZ33 were chosen
for a mixed bacterial strain. A 48-h nematocidal activity assay (Figure 4) showed that the
fermentation filtrates of CSX134+CSZ71 and CSX60+CSZ71 had high nematode killing
effects, with corrected mortality rates of 97.10% and 96.46%, respectively. Hence, these two
groups of mixed bacteria were selected for further study.
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Figure 4. The nematicidal activity of mixed bacteria at 24-h and 48-h intervals is presented. Significant
variations in nematicidal efficacy among the different strains were observed at each time point
(p <0.05).
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3.4. Promotion of the Growth of P. massoniana Seedlings via Mixed Bacteria

P. massoniana seedling growth over 90 days of inoculation (Figure 5, Table 3) showed
significant enhancement with C5X134, CSX60, CSZ71, CSZ71+CSX60, and CSZ71+CSX134
treatments. CSZ71 treatment increased plant height, above-ground fresh weight, above-
ground dry weight, below-ground fresh weight, and below-ground dry weight by 10.70%,
38.55%, 29.71%, 22.22%, and 36.23%, respectively, compared to controls. CSX60 treatment
increased these parameters by 23.05%, 76.99%, 65.22%, 123.66%, and 101.45%. CSX134
treatment showed increases of 21.51%, 34.05%, 3.99%, 48.75%, and 28.99%. CSZ71+CSX60
and CSZ71+CSX134 treatments significantly boosted growth by 34.16%, 109.61%, 77.54%,
144.80%, and 94.20% and by 23.46%, 104.27%, 59.78%, 130.47%, and 137.68%, respectively,
compared to controls. These findings underscore the superior growth-promoting effects of
combined CSZ71+CSX60 and CSZ71+CSX134 treatments over single CSZ71, CSX60, and
(CS5X134 applications.

Figure 5. Growth of P. massoniana seedlings after 90 d under the following different treatments:
(A) sterile water control; (B) single CSX134 strain treatment; (C) single CSX60 strain treatment;
(D) single CSZ71 strain treatment; (E) double CSZ71+CSX134 composite treatment; (F) double
CSZ71+CSX60 composite treatment.

Table 3. Effect of different treatments on the growth of P. massoniana seedlings.

Treatments Shoot Fresh Shoot Dry Root Resh Root Dry

Weight (gt) Weight (g) Weight (g) Weight (g)
CK 2.81+0.15d 0.92+0.10c 0.93 £0.06 023 +£0.01b
CSz71 3.89 £0.27c 1.19+0.05b 1.14 + 0.09 ab 0.31 £0.05b
CSX60 497 £01.7b 152 +0.03a 2.08£0.16a 0.46 £0.03a
CSX134 3.77+0.10 c 0.96 £ 0.04 bc 1.38+0.10b 0.30£0.01b
CSZ71+CSX60  5.89 £0.06 a 1.63 £ 0.06 a 228 £0.03a 045+ 0.03a
CSZ71+CSX134 574+ 0.25a 147 £0.13a 214+0.10a 0.55+0.02a

Different lowercase letters in the same column indicate significant differences between treatments (p < 0.05).

3.5. Influence of Fermentation Filtrate of Mixed Bacteria on the SOD Activity of P. massoniana

Superoxide dismutase (SOD) is a crucial antioxidant enzyme that is found widely
in plants, enhancing resistance to aging, diseases, and environmental stressors. In
P. massoniana (Figure 6A), the SOD activity after 12 h of inoculation surpassed that
of the control in all groups except CSZ71. Control group SOD activity was lowest,
peaking at 242279 U/g-min~! by 96 h. CSZ71 treatment steadily increased, reach-
ing 246.652 U/ g-min’1 at 96 h. Under CSX60 treatment, SOD initially decreased to
151.272 U/g-min-1 at 24 h, peaking at 355.288 U/g-min-1 at 72 h. CSX134 showed a
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low of 112.405 U/g-min-1 at 24 h, rising to 267.689 U/g-min-1 by 96 h. C5Z71+CSX60 hit a
low of 135.156 U/g-min-1 at 48 h, peaking at 532.237 U/g-min-1 by 96 h. CSZ71+CSX134
saw a low of 162.730 U/g-min-1 at 48 h, peaking at 359.012 U/g-min-1 at 72 h, suggesting
significant induction in vivo.
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Figure 6. Variations in superoxide dismutase (SOD) activity within P. massoniana under different treat-
ments. (A) Fermentation filtrate from various treatments during the initial four days; (B) fermentation
filtrate from different treatments following nematode inoculation. CK (sterile water); CK1 (sterile
water with pine wood nematodes). Error bars represent standard deviation. Different lowercase
letters indicate significant differences between treatments (p < 0.05).

After 96 h of inoculation with pine nematodes, P. massoniana exhibited varying SOD en-
zyme activity. Figure 6B illustrates that, among the treatment groups, only CK1 (inoculated
with pine nematodes only) showed lower SOD activity than CK. In the CK group, SOD
activity initially increased, peaking at 312.45 U/g-min~! on day 7 and then decreasing by
day 28, except for the CSX134 and CSX60 treatment groups, where SOD activity remained
higher than CK. In P. equisetifolia, SOD activity showed an increasing trend until day 5,
and peaked at 415.45 U/g-min~! on day 3 under CSZ71 treatment, at 493.67 U/g-min~! on
day 3 under CSX60 treatment, and at 419.03 U/g-min~! on day 7 under CSX134 treatment.
Overall, there was a significant induction of SOD activity in P. massoniana tissues treated
with the mixed bacteria.

3.6. Influence of Fermentation Filtrate of Mixed Bacteria on PAL Activity of P. massoniana

Phenylalanine ammonia-lyase (PAL) is a significant enzyme involved in the defense
mechanisms of plants. In addition to its participation in phenylpropane metabolism, PAL
contributes to the synthesis of compounds such as lignin and phytoalexins. An evaluation
of PAL enzyme activity in P. massoniana (Figure 7A) revealed that all fermentation filtrate
treatment groups exhibited higher enzyme activity compared to the control group within
a 96 h period. Specifically, treatment with CSZ71+CSX60 and CSZ71+CSX134 composite
fermentation filtrates resulted in higher PAL activity compared to the single-strain fermen-
tation filtrate treatment group. Under CSZ71+CSX60 fermentation filtrate treatment, PAL
activity displayed a biphasic trend, characterized by an initial rise, followed by a decline
and a subsequent increase. The peak activity of 349.375 U/g-min~! was observed at 12 h,
while the lowest activity of 124.375 U/g-min~! was recorded at 72 h, before experiencing a
subsequent rise. In the case of CSZ71+CS5X134 fermentation filtrate treatment, PAL activity
exhibited two peaks at 12 h 181.667 U/g-min~! and 72 h 165.625 U/g-min .
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Figure 7. Variations in phenylalanine ammonia-lyase (PAL) activity within P. massoniana under
different treatments. (A) Fermentation filtrate from various treatments during the initial four days;
(B) fermentation filtrate from different treatments following nematode inoculation. CK (sterile water);
CK1 (sterile water with pine wood nematodes). Error bars represent standard deviation. Different
lowercase letters indicate significant differences between treatments (p < 0.05).

After 96 h period of fermentation filtrate treatment, subsequent inoculation with pine
wood nematodes led to significant alterations in PAL enzyme activity (Figure 7B). The
control group CK1, which was solely inoculated with pine wood nematodes, displayed
an initial increase in PAL activity, followed by a decline, and maintained lower activity
compared to the control group throughout the first 5 days. Under CSZ71+CSX60 fermen-
tation filtrate treatment, PAL activity exhibited a similar biphasic pattern, with an initial
rise, followed by a decline and a subsequent increase. Moreover, this treatment group
consistently displayed higher activity compared to the control group and the CSZ71 and
CSX60 single-strain treatment groups throughout the entire 28-day duration, with the
peak activity of 337.744 U/g-min~! being recorded at 28 days. Under the CSZ71+CSX134
fermentation filtrate treatment, PAL activity generally surpassed that of the control group
and the nematode-inoculated control group. Notably, the PAL activity remained relatively
stable under the CSZ71+CSX134 fermentation filtrate treatment and persisted until day 28.
Conversely, the PAL activity under the C5X134 single-strain fermentation filtrate treatment
reached its peak at 14 days 368.852 U/g-min~!, but displayed less stability, decreasing to
its lowest point of 103.323 U/g-min ! at 21 days. These results indicated that there was a
significant induction of PAL activity in P. massoniana tissues under the treatment with the
mixed bacteria.

3.7. Influence of Fermentation Filtrate of Mixed Bacteria on the CAT Activity of P. massoniana

Catalase (CAT) plays a pivotal role in the respiration of organisms by providing an
essential antioxidant defense mechanism and is primarily found in the chloroplasts and
mitochondria of plants. Within P. massoniana, the activity levels of CAT in Figure 8A were
examined under various treatment conditions. Following fermentation filtrate treatment,
the enzyme activity in all treatment groups exhibited a notable increase compared to
the control group over a 96 h period. Under the influence of CSZ71+CSX60 composite
fermentation filtrate treatment, CAT activity displayed an initial rise followed by a decline,
consistently surpassing the CK control group as well as the C5Z71 and CSX60 treatment
groups. The maximum activity was recorded at 330.165 U/g-min ! at 24 h, subsequently
decreasing to 219.747 U/g-min~! at 48 h, which was lower than that observed in the CSZ71
and CSX60 treatment groups. In the case of the C5Z71+CS5X134 composite fermentation
filtrate treatment, CAT activity was significantly higher than the CK control group but
lower than the CSZ71 and CSX134 treatment groups. The CSZ71 treatment group reached
its peak activity at 273.283 U/g-min~! at 48 h, while the CSX134 treatment group exhibited
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its highest activity at 316.622 U/g-min~! at 12 h. Subsequently, the CAT activity in the
CS5Z771+CSX134 composite fermentation filtrate treatment group outperformed the other
groups at 72 h.
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Figure 8. Variations in catalase (CAT) activity within P. massoniana under different treatments.
(A) Fermentation filtrate from various treatments during the first four days; (B) fermentation filtrate
from different treatments following nematode inoculation. CK (sterile water); CK1 (sterile water with
pine wood nematodes). Error bars represent standard deviation. Different lowercase letters indicate
significant differences between treatments (p < 0.05).

After 96 h of fermentation filtrate treatment, substantial variations in P. massoniana
CAT enzyme activity were observed upon inoculation with pine wood nematodes in Fig-
ure 8B. Only the CK1 group, which was exclusively inoculated with pine wood nematodes,
displayed an overall ascending and descending trend in CAT activity. In the CSZ71+CSX60
composite fermentation filtrate treatments, the CAT activity within P. massoniana surpassed
that of the CK and CK1 control groups. Specifically, in the CSZ71+CSX60 composite fermen-
tation filtrate treatment, CAT activity exhibited a fluctuating pattern, with enzyme activity
exceeding that of the CK control group and the individual CSZ71 and CSX60 treatment

1 was recorded

groups over an extended duration. The highest activity of 330.537 U/g-min~
at 14 days, while the lowest activity of 204.345 U/g-min ! was observed at 3 days. Under
the CSZ71+CSX134 fermentation filtrate treatment, CAT activity demonstrated an initial
increase followed by a decrease and subsequent increase, consistently surpassing the CK
control group, as well as the CSZ71 and CSX134 treatment groups, throughout the 28-day
period. The enzyme activity peaked at 337.866 U/g-min~! at 7 days, with significantly
higher CAT activity being observed in the CSZ71 and CSX134 treatment groups compared
to the CK and CK1 controls. These findings provide compelling evidence that there was a
significant induction of CAT activity in P. massoniana tissues under the treatment with the

mixed bacteria.

3.8. Effect of Fermentation Filtrate of Mixed Bacteria on the Control of Pine Wood
Nematode Disease

By day 28 of pine wood nematode inoculation, Figure 9 demonstrates that the mixed
bacterial fermentation filtrate CSZ71 + CSX60 and CSZ71 + CSX134 exhibited superior
control efficacy. Pine needles of P. massoniana treated with these filtrates remained green,
whereas those only inoculated with pine wood nematode displayed yellowing and red-
dening symptoms. In accordance with the methodology proposed by Xue et al. [41], the
disease severity classification and disease index calculation were performed for treatment
combinations using a double application of CSX134 and CSZ71 and double application of
CSX60 and CSZ71. The disease index was computed using the following formula: disease
index =} (proportion of trees in each disease severity class x representative value of the
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severity). As shown in Table 4, all the treatment combinations showed significant results
regarding disease control. Under the 28-day treatment conditions, the CSZ71+CSX60 com-
bination demonstrated the highest efficacy rate of 75.07%, followed by CSZ71+CSX134,
with an efficacy rate of 69.65%. The efficacy rates for CSX134, CSZ71, and CSX60 were
60.06%, 54.53%, and 52.15%, respectively. Therefore, the treatment combinations ranked in
descending order of efficacy are as follows: CSZ71+CSX60 > CSZ71+CSX134 > CSX60 >
CSX134 > CSZ71.

Figure 9. Growth of P. massoniana after 90 d under the following different treatments: (A) sterile
water CK control; (B) CK1 only accepting pine wood nematode; (C) single CSX60 strain treatment;
(D) single CSX134 strain treatment; (E) single CSZ71 strain treatment; (F) double CSX134+CSZ71
composite treatment; (G) double CSX60+CSZ71 composite treatment.

Table 4. Biological control of pine nematode disease in P. massoniana using a nematicide complex.

Treatments Disease Index (%) Biocontrol Efficacy (%)
CK 0 -
CK1 7750 £ 3.82 a -
CSX60 30.83 £+ 1.39 bc 60.06 £ 2.80 bc
CSX134 35.00 £ 2.89b 54.53 +5.36 d
Csz71 36.67 £3.00b 52.77 £2.37d
CSX134+CSZ71 23.33+£220cd 69.65 £ 4.00 ab
CSX60+CSZ71 1917 £1.67d 75.07 £ 3.07 a

Different lowercase letters in the same column indicate significant differences between treatments (p < 0.05).

3.9. Effects of Fermentation Filtrate of Mixed Bacteria on the Expression Levels of Related Genes of
P. massoniana

Based on the results of the defense enzyme activity assays and the efficacy chart, we
carefully selected the CSX60+CSZ71 and CSX134+CSZ71 combination treatments to investi-
gate their influence on the expression levels of defense-related genes in P. massoniana. In this
study, we aimed to assess the expression profiles of three genes, namely Chitinase, PmSOD,
and PmCAT, which are known to be associated with disease progression, defense response
enzyme synthesis, and stress tolerance in P. massoniana. Specifically, we examined the
expression patterns following treatment with the composite fungal strains CSZ71+CSX60
and CSZ71+CSX134. As illustrated in Figure 10A, it is noteworthy that the expression
level of the Chitinase gene displayed a biphasic trend over the entire experiment. Notably,
the CSZ71+CSX60 treatment group exhibited a peak in Chitinase expression at 7 days,
demonstrating a 43.5 times increase compared to the control group CK and a 2.68 times
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increase compared to the CK1 control group. Subsequently, the expression level declined
after 14 days. Overall, the CSZ71+CSX60 treatment group exhibited significantly higher
chitinase expression levels compared to the CK and CK1 control groups. Similarly, the
CSZ71+CSX134 treatment group also exhibited a peak Chitinase expression at 7 days, with
expression levels 28.3 times higher than the CK group and 1.73 times higher than the CK1
control group.
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Figure 10. Expression of resistance genes in needles of P. massoniana under the following different
treatments: (A) chitinase; (B) polyphenol oxidase (SOD); (C) catalase (CAT). CK: P. massoniana treated
with sterile distilled water; CK1: P. massoniana treated with pine wood nematode inoculation. Error
bars represent standard deviation. Different lowercase letters indicate significant differences between
treatments (p < 0.05).

Based on the findings depicted in Figure 10B, it is evident that the expression level
of the pmSOD in P. massoniana at 14 d under the treatment with CSZ71+CSX60 showed
a trend of first rising and then declining later, and reached its peak at 7 d, which was
2.4 times later than control group CK, and 1.6 times later than control group CK1. The
expression of the gene after 7 d was the lowest, but was still higher than the expression
of the treatment groups CK and CK1. The overall gene expression of pmSOD in the
CSZ71+CSX134 treatment group showed a trend of increasing and then decreasing, with
a peak at 5 d, when it was 2.3 times that of the control CK and 1.53 times that of CK1,
respectively.

From the data shown in Figure 10C, pmCAT gene expression in ponytail pine treated
with CS5Z71+CSX60 can be observed to initially increase, peaking on day 5 at 2.1 times
higher than the CK group and 1.6 times higher than CK1, then decreasing thereafter.
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Notably, at 7 days, the expression level was the lowest among the observed time points
but remained higher than that of the CK and CK1 control groups. In the CSZ71+CSX134
treatment group, the overall expression pattern of the pmCAT gene exhibited an initial
increase followed by a subsequent decrease. The highest expression level was recorded at 5
days, exhibiting a 2.3 times increase compared to the CK group and a 1.5 times increase
compared to the CK1 control group.

4. Discussion

In recent years, there has been an increasing focus on finding sustainable and envi-
ronmentally friendly methods for controlling pine wilt disease, with biological control
emerging as a promising approach. Microbes exert their control by directly or indirectly
inhibiting and eradicating pathogenic bacteria through various biocontrol mechanisms. Ad-
ditionally, microorganisms produce a wide array of hydrolytic enzymes, such as proteases,
chitinases, and cellulases, which facilitate the degradation of pathogen tissues [42-47]. In
addition, the induction of plant defense response and promotion of host plant growth
is also one of the biocontrols. Bacillus licheniformis YZCUQO202005, isolated by Medison,
inhibited the growth of five pathogenic fungi; they have the ability to secrete IAA, pro-
teases, amylases, and cellulases, and can promote host growth and disease resistance under
greenhouse conditions [48]. In this study, CSX134, CSX60, CSX71, and CSZ33 were shown
to have different PGP capacities, while an in vitro test showed that different strains of
bacteria, when used in the root irrigation treatment of P. massoniana plant height, signif-
icantly increase the aboveground dry weight, aboveground fresh weight, underground
dry weight, and underground fresh weight of soil urease, as well as soil acid phosphatase.
The CSX71+CSX60, CSX134+CSZ71 mixed bacterial fermentation filtrate treatments of
P. massoniana appeared to have the strongest effects. Meena et al. found that co-inoculation
of Pseudomonas striata and the endophytic fungus Piriformospora indica had a synergistic
effect on population build-up and plant dry mass of Cicer arietinum as compared to in-
oculation alone [49]. Several studies have reported the pivotal role played by specific
bacterial genera, including Bacillus, Serratia, Enterobacter sp., Aspergillus, and Estrella, which
demonstrate nematocidal activity through parasitic mechanisms or the production of toxic
compounds [46,47,50]. Notably, Enterobacter sp. strain AA4 has exhibited remarkable
nematocidal activity against pine wood nematode and demonstrated significant biocontrol
efficacy against Bursaphelenchus xylophilus-induced pine wilt disease [51]. Furthermore,
researchers have successfully isolated strain LCB-3 from plants, which exhibits potent
nematocidal activity and yielded bioactive compounds with nematocidal properties from
its fermentation broth [52].

Bailey et al. conducted a study that revealed the ability of endophytic fungi from
the Trichoderma genus to induce plant resistance through the production of xyloglucans or
other elicitors [53]. Furthermore, researchers have observed that Indian pear-shaped spores
can enhance the resistance of host plants. Mendoza and Sikora [54] demonstrated that the
combined application of non-toxic Fusarium oxysporum, which induces plant resistance, and
robust spore-forming Bacillus firmus, which exhibits strong larvicidal effects on root-knot
nematode second-stage juveniles, effectively reduces the population density of banana
root-lesion nematodes. Additionally, Peng et al. significantly decreased the incidence of
root-knot nematode disease by utilizing a fermentation broth derived from a blend of
two Streptomyces strains and three endophytic bacterial strains [55]. In our experimental
investigations, we isolated and screened four strains of bacteria, CSX134 (Bacillus mylolique-
faciens) and CSX60 (Enterobacter hormaechei), fungi CSZ71 (Arthropsis hispanica), and CSZ33
(Penicillium sclerotiorum), which showed significant nematicidal activity. Subsequently, we
conducted a composite screening assay using fermentation filtrates, whereby the nema-
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tocidal activity of the CSZ71+CSX60 and CSZ71+CSX134 combinations surpassed that of
the individual strains. Furthermore, a pot experiment employing the fermentation filtrates
of CSZ71+CSX60 and CSZ71+CS5X134 confirmed their superior efficacy in the biological
control of pine wood nematode disease in P. massoniana.

When plants face pathogen attacks, they activate defense responses. Systemic ac-
quired resistance (SAR) and induced systemic resistance (ISR) are key mechanisms in
plants” defense against pathogens. SAR relies on the salicylic acid (SA) pathway, while
ISR is primarily mediated by the jasmonic acid (JA) and ethylene (ET) pathways [56]. Wu
et al. conducted a study demonstrating that the treatment of two-year-old P. massoniana
with a suspension or inactivated suspension of Bacillus cereus NJSZ-13 led to an increase
in the activity of defense enzymes, including peroxidase (POD), superoxide dismutase
(SOD), and phenylalanine ammonia-lyase (PAL), indicating the strain’s potential to induce
resistance against pine wood nematode disease [57]. Chen et al. observed the involve-
ment of PAL in modulating the stress response during pine wood nematode infestation
in P. massoniana. Furthermore [58], Wang et al. revealed a significant enhancement in
the activity of antioxidant enzymes and PAL following the invasion of Japanese larch
by pine wood nematodes [59]. PAL assumes a prominent role as an essential defense
enzyme in plants, closely linked to systemic resistance. SOD and CAT participate in the
safeguarding of plants against potential hazards posed by reactive oxygen species (ROS)
and are intimately entwined with the host plant’s defense against pathogenic incursions.
The experiments demonstrated that fermentation filtrates from various treatments induced
plant disease resistance in P. massoniana. Treatment with composite fermentation filtrates of
CSZ71+CSX60 and CSZ71+CSX134 significantly increased PAL, POD, and CAT enzyme
activities over 28 days. Plant disease resistance genes detect nematode-secreted effectors,
triggering signaling pathways and various defense responses. The initial defense response
involves a burst of reactive oxygen species (ROS). Normally, plants maintain a dynamic
equilibrium of ROS production and removal, but stimulation from a foreign organism
can disrupt this balance, causing plant damage [60]. Xie observed a ‘first increase and
then decrease’ trend in the expression of ROS-related genes PmSOD and PmCAT in drug-
resistant and sensitive P. massoniana inoculated with pine wood nematode [38]. Zheng
et al. explored the transcriptomic response of disease-resistant P. massoniana GD5 seed
sources to pine wood nematode, revealing the significant upregulation of six chitinase
genes involved in the aldehyde dehydrogenase pathway of sennosine and nucleotide sugar
metabcompoundolism [61]. In the present experiment, the expression levels of chitinase,
pmSOD, and pmCAT in the fermentation filtrate of CSZ71+CSX60 and CSZ71+CSX134
bacteria in P. massoniana showed a tendency to increase and then decrease over 14 days,
and their expression was higher than that in the control group. Previous studies have
shown that resistance was cultivar-specific and that the increased activity of defense-related
enzymes depended on factors such as the inducing agent, plant genotype, and challenging
pathogen [62]. Therefore, the expression levels of defense-related genes are crucial in
Masson pine resistance to pine wood nematode, consistent with our observations, but their
relevance and mechanism require further validation.

The topics proposed for further research include the following: (1) the components
of secondary metabolites of the mixed bacteria can be analyzed to identify substances
with resistance-inducing and growth-promoting abilities; (2) changes in gene expression in
the fermentation filtrate of the mixed bacteria in pinus sylvestris can be comprehensively
analyzed through sequencing the transcriptome to identify differentially expressed genes
and associated signaling pathways, as well as the initiated signal transduction pathways.
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5. Conclusions

In this study, strains CSX134, CSX60, CSZ71, and CSZ33, which were shown to possess
a high killing rate of pine wood nematodes, were screened and functionally tested from the
inter-root soil in P. massoniana to synthesize a variety of metabolic substances and secrete
a series of pro-biotic substances. Strain CSX134 was identified as Bacillus amyloliquefa-
ciens, strain CSX60 was identified as Enterobacter hormaechei, strain CSX71 was identified
as Arthropsis hispanica, and strain CSZ33 was identified as Penicillium sclerotiorum. The
results of the screening of the mixed bacterial-killing line showed that C5X134+CSZ71
and CSX60+CSZ71 had significantly higher nematicidal activity than the single-bacterial
nematicidal activity. In vitro experiments demonstrated that pre- and post-inoculation with
pine nematode, the PAL, SOD, and CAT activities of the CSX134+CSZ71 and CSX60+CSZ71
mixed-bacteria fermentation filtrates were significantly higher than the controls in P. mas-
soniana-treated pines. Furthermore, these filtrates significantly induced the expression of
defense-related enzymes Chitinase, pmPOD, and pmCAT. These study results indicate
that the fermentation filtrates of the mixed cultures CS5X134+CSZ71 and CSX60+CSZ71
may control pine wilt disease in P. massoniana by enhancing the activity of defense-related
enzymes and the expression levels of associated genes.

Author Contributions: The co-first authors, ].Z. and M.L.; conceptualization, ].Z., Y.Z.,, M.L., G.Z. and
J.L.; conducted the experiments and analyzed the data, J.Z., Y.Z., M.L. and C.D.; wrote the manuscript,
J.Z.,M.L.,, G.Z. and ].L.; supervision, G.Z. and J.L.; project administration, G.Z. and J.L.; funding
acquisition, J.L. All authors have read and agreed to the published version of the manuscript.

Funding: National Key R&D Program of the 14th Five-Year Plan (No. 2021YFD1400904): Research
on disaster mechanism and sustainable prevention and control technology of pine wood nematode;
Provincial Forestry Disaster Prevention and Mitigation Funds (Xiangcai Environmental Index [2023].
No. 5); Central Finance Advance Batch of Funds for Forestry Harmful Biological Control (Xiangcai
Environmental Index [2023]. No. 70).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article; further inquiries can be directed to the corresponding authors.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

Abbreviations

Superoxide dismutase, SOD; Catalase, CAT; Phenylalanine ammonialyase, PAL; Proso millet peroxi-

dase gene, pmPOD; Catalasegene, pmCAT.

1. Nickle, W.R.; Golden, A.M.; Mamiya, Y.; Wergin, W. On the taxonomy and morphology of the pine wood nematode, Bursaphe-
lenchus xylophilus (Steiner &Buhrer 1934) Nickle 1970. J. Nematol. 1981, 13, 385. [PubMed]
2. Cheng, H; Lin, M,; Li, W,; Fang, Z. The occurrence of a pine wilting disease caused by a nematode found in Nanjing. ResearchGate

1983, 4, 1-5.

3.  Mota, M.M.; Braasch, H.; Bravo, M.A.; Penas, A.C.; Burgermeister, W.; Metge, K.; Sousa, E. First report of Bursaphelenchus
xylophilus in Portugal and in Europe. Nematology 1999, 1, 727-734. [CrossRef]

4. Yi, CK,; Byun, B.H,; Park, ].D.; Yang, S.I.; Chang, K.H. First finding of the pine wood nematode, Bursaphelenchus xylophilus
(Steiner et Buhrer) Nickle and its insect vector in Korea. Res. Rep. For. Res. Inst. 1992, 141-149. Available online: https:
/ /www.cabidigitallibrary.org/doi/full /10.5555/19920663349 (accessed on 15 March 2025).


https://www.ncbi.nlm.nih.gov/pubmed/19300780
https://doi.org/10.1163/156854199508757
https://www.cabidigitallibrary.org/doi/full/10.5555/19920663349
https://www.cabidigitallibrary.org/doi/full/10.5555/19920663349

Microorganisms 2025, 13, 790 21 of 23

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Zamora, P; Rodriguez, V.; Renedo, F; Sanz, A.V.; Dominguez, ].C.; Pérez-Escolar, G.; Martin, A.B. First report of Bursaphelenchus
xylophilus causing pine wilt disease on Pinus radiata in Spain. Plant Dis. 2015, 99, 1449. [CrossRef]

Futai, K. Pine wood nematode, Bursaphelenchus xylophilus. Annu. Rev. Phytopathol. 2013, 51, 61-83. [CrossRef]

Pan, J.L.; Yao, HW.; Dong, Y.Q. Analysis of the epidemic situation of pine wilt disease in China in 2019. For. Pest Dis. 2021, 40,
32-37. [CrossRef]

Yu, H.Y.,; Wu, H.; Huang, R.F; Wang, ].; Zhang, R.X.; Song, Y.S. Separation and identification of Bursaphelenchus xylophilus from
Pinus sylvestris var. mongolica in Fushun city. For. Pest Dis. 2020, 39, 6-10.

Hu, L.J; Wu, X.Q.; Li, H.Y,; Wang, Y.C.; Huang, X.; Wang, Y.; Li, Y. BxCDP1 from the pine wood nematode Bursaphelenchus
xylophilus is recognized as a novel molecular pattern. Mol. Plant Pathol. 2020, 21, 923-935. [CrossRef]

Xu, Q.; Zhang, X; Li, J.; Ren, J.; Ren, L.; Luo, Y. Pine wilt disease in Northeast and Northwest China: A comprehensive risk
review. Forests 2023, 14, 174. [CrossRef]

Zhu, L.Z. Cloning and Analysis of PmDXR Gene in Pinus massoniana; Nanjing Forestry University: Nanjing, China, 2022.

Kim, B.N.; Kim, ].H.; Ahn, J.Y,; Kim, S.; Cho, B.K.; Kim, Y.H.; Min, J. A short review of the pinewood nematode, Bursaphelenchus
xylophilus. Toxicol. Environ. Health Sci. 2020, 12, 297-304. [CrossRef]

Lee, S.M.; Chung, Y.J.; Moon, Y.S.; Lee, S.G.; Lee, D.W.; Choo, H.Y,; Lee, C.K. Insecticidal activity and fumigation conditions of
several insecticides against Japanese pine sawyer (Monochamus alternatus) larvae. J. Korean For. Soc. 2003, 92, 191-198.

Seleim, M.; Abo--Elyousr, K.; Mohamed, A.; Saead, F. First report of potato bacterial ring rot caused by Clavibacter michiganensis
subsp. sepedonicus in Africa. New Dis. Rep. 2014, 30, 15. [CrossRef]

Shahid, M.; Hameed, S.; Tariq, M.; Zafar, M.; Ali, A.; Ahmad, N. Characterization of mineral phosphate-solubilizing bacteria for
enhanced sunflower growth and yield-attributing traits. Ann. Microbiol. 2015, 65, 1525-1536. [CrossRef]

Zhou, H,; Ren, ZH.; Zu, X.; Yu, X.Y,; Zhu, H]; Li, X.J.; Zhong, J.; Liu, E.M. Efficacy of Plant Growth-Promoting Bacteria Bacillus
cereus YN917 for Biocontrol of Rice Blast. Front. Microbiol. 2021, 12, 684888. [CrossRef]

Zhang, W.; Zhao, L.; Zhou, J.; Yu, H.; Zhang, C.; Lv, Y.; Sun, ]J. Enhancement of oxidative stress contributes to increased
pathogenicity of the invasive pine wood nematode. Philos. Trans. R. Soc. B 2019, 374, 20180323. [CrossRef]

Cao, Y.F; Wang, L.F.; Wang, X.C.; Fan, ].H. Pathogenicity of Bursaphelenchus xylophilus to Larix olgensis Seedlings. Sci. Silv. Sin.
2022, 56, 108-115. Available online: http://www.linyekexue.net/EN/10.11707/j.1001-7488.20201111 (accessed on 15 March 2025).
Bakker, P.A.; Berendsen, R.L.; Doornbos, R.F.; Wintermans, P.C.; Pieterse, C.M. The rhizosphere revisited: Root microbiomics.
Front. Plant Sci. 2013, 4, 165. [CrossRef]

Chemeltorit, P.P.; Mutaqin, K.H.; Widodo, W. Combining Trichoderma hamatum THSW13 and Pseudomonas aeruginosa BJ10-86: A
synergistic chili pepper seed treatment for Phytophthora capsici infested soil. Eur. J. Plant Pathol. 2017, 147, 157-166. [CrossRef]
Bunbury-Blanchette, A.L.; Walker, A.K. Trichoderma species show biocontrol potential in dual culture and greenhouse bioassays
against Fusarium basal rot of onion. Biol. Control. 2019, 130, 127-135. [CrossRef]

Latha, P; Anand, T.; Prakasam, V.; Jonathan, E.I.; Paramathma, M.; Samiyappan, R. Combining Pseudomonas, Bacillus and
Trichoderma strains with organic amendments and micronutrient to enhance suppression of collar and root rot disease in physic
nut. Appl. Soil Ecol. 2011, 49, 215-223. [CrossRef]

Zhang, W.; Li, Y.; Zhon, L.; Shen, D.; Zhu, L.; Fan, B. Inhibition of pine wood nematode Bursaphelenchus xylophilus by rhizobac-
terium Bacillus velezensis FZB42. Acta Microbiol. Sin. 2021, 61, 1287-1298. [CrossRef]

Yang, H.L.; Sun, X.L.; Song, W. Current development on induced resistance by plant growth promoting and endophytic bacteria.
Acta Phytopathol. Sin. 2000, 30, 106-110.

Han, Z.M.; Hong, Y.D.; Zhao, B.G. A study on pathogenicity of bacteria carried by pine wood nematodes. J. Phytopathol. 2010, 151,
683-689. [CrossRef]

Gabriel, P; Diogo, N.P; Romeu, F; Paula, V.; Susana, S.S.; Luis, F,; Isabel, M.O.A.; Paula, V.M. Nematicidal Bacteria Associated to
Pinewood Nematode Produce Extracellular Proteases. PLoS ONE 2013, 8, €79705. [CrossRef]

Liu, M.J,; Hwang, B.S,; Jin, C.Z; Li, W.]J.; Park, D.J.; Seo, S.T.; Kim, C.J. Screening, isolation and evaluation of a nematicidal
compound from actinomycetes against the pine wood nematode, Bursaphelenchus xylophilus. Pest Manag. Sci. 2018, 75, 1585-1593.
[CrossRef]

Dong, J.Y,; Li, X.P; Li, G.H,; Liu, Y.J.; Zhang, K.Q. Preliminary results on nematicidal activity from culture filtrates of Basid-
iomycetes against the pine wood nematode, Bursaphelenchus xylophilus (Aphelenchoididae). Ann. Microbiol. 2006, 56, 163-166.
[CrossRef]

Elamary, R.; Salem, W. Optimizing and purifying extracellular amylase from soil bacteria to inhibitclinical biofilm-forming
bacteria. Peer] 2020, 8, €10288. [CrossRef] [PubMed]

Maehara, N.; Futai, K. Effect of fungal interactions on the numbers of the pinewood nematode, Bursaphelenchus xylophilus
(Nematoda: Aphelenchoididae), carried by the Japanese pine sawyer, Monochamus alternatus (Coleoptera: Cerambycidae).
Fundam. Appl. Nematol. 1997, 20, 611-617. [CrossRef]


https://doi.org/10.1094/PDIS-03-15-0252-PDN
https://doi.org/10.1146/annurev-phyto-081211-172910
https://doi.org/10.19688/j.cnki.issn1671-0886.20200042
https://doi.org/10.1111/mpp.12939
https://doi.org/10.3390/f14020174
https://doi.org/10.1007/s13530-020-00068-0
https://doi.org/10.5197/j.2044-0588.2014.030.015
https://doi.org/10.1007/s13213-014-0991-z
https://doi.org/10.3389/fmicb.2021.684888
https://doi.org/10.1098/rstb.2018.0323
http://www.linyekexue.net/EN/10.11707/j.1001-7488.20201111
https://doi.org/10.3389/fpls.2013.00165
https://doi.org/10.1007/s10658-016-0988-5
https://doi.org/10.1016/j.biocontrol.2018.11.007
https://doi.org/10.1016/j.apsoil.2011.05.003
https://doi.org/10.13343/j.cnki.wsxb.20200372
https://doi.org/10.1046/j.1439-0434.2003.00790.x
https://doi.org/10.1371/journal.pone.0079705
https://doi.org/10.1002/ps.5272
https://doi.org/10.1007/BF03174999
https://doi.org/10.7717/peerj.10288
https://www.ncbi.nlm.nih.gov/pubmed/33194439
https://doi.org/10.1159/000157256

Microorganisms 2025, 13, 790 22 of 23

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Yu, J. Isolation and Identification of Active Components of Endophytic fungi of Melia azedarach Against Bursaphelenchus xylophilus and Its
Nematicidal Mechanism; Zhejiang Sci-Tech University: HangZhou, China, 2023; p. 15.

Li, L.; Tan, J.; Chen, F. The screening and identification of two bacterial strains with nematicidal activity against Bursaphelenchus
xylophilus. |. Nanjing For. Univ. 2017, 41, 37—41. [CrossRef]

Kakhki, A.M.; Amoozegar, M.A.; Khaledi, E.M. Diversity of hydrolytic enzymes in haloarchaeal strains isolated from salt lake.
Int. ]. Environ. Sci. Technol. 2021, 8, 705-714. [CrossRef]

Habibi, S.; Djedidi, S.; Ohkama-Ohtsu, N.; Sarhadi, W.A.; Kojima, K.; Rallos, R.V.; Yokoyama, T. Isolation and screening of
indigenous plant growth-promoting rhizobacteria from different rice cultivars in Afghanistan soils. Microbes Environ. 2019, 34,
347-355. [CrossRef] [PubMed]

Ai, W,; Guo, T.; Lay, K.D.; Ou, K,; Cai, K,; Ding, Y.; Liu, J.; Cao, Y. Isolation of soybean-specific plant growth-promoting
rhizobacteria using soybean agglutin and evaluation of their effects to improve soybean growth, yield, and soil nutritional status.
Microbiol. Res. 2022, 261, 127076. [CrossRef] [PubMed]

Xu, H.C; Luo, Y.Q.; Zhang, Q. Changes in Water Content, Pigments and Antioxidant Enzyme Activities in Pine Needles of Pinus
thunbergii and Pinus massoniana Affected by Pine Wood Nematode. Sci. Silv. Sin. 2012, 48, 140-143.

Xie, W.E; Li, HM.; Huang, A.Z.; Feng, L.Z.; Zhang, F.P. The Dynamic Change of Gene Expression from Pinus massoniana in
Response to Bursaphelenchus xylophius Infestation. J. Fujian Agric. For. Univ. 2017, 32, 403—409. [CrossRef]

Xie, Y.N.; Liu, B.; Gao, K.; Zhao, Y.X.; Li, W.H.; Deng, L.L.; Zhou, Z.C.; Liu, Q.H. Comprehensive Analysis and Functional
Verification of the Pinus massoniana NBS-LRR Gene Family Involved in the Resistance to Bursaphelenchus xylophilus. Int. ]. Mol. Sci.
2023, 24, 1812. [CrossRef]

Xie, W.; Liang, G.; Zhang, F. Effect of Bursaphelenchus xylophilus infestation to the gene expression of Pinus massoniana. |. For.
Environ. 2018, 38, 481-487. [CrossRef]

Yu, C,; Rong, M.; Liu, Y.; Sun, P,; Xu, Y.; Wei, ]. Genome-Wide Identification and Characterization of HSP70 Gene Family in
Aquilaria sinensis (Lour.) Gilg. Genes 2021, 13, 8. [CrossRef]

Xue Q, Wu X Q, Wu F; et al. Transcriptome analysis of Bursaphelenchus xylophilus uncovers the impact of Stenotrophomonas
maltophilia on nematode and pine wilt disease. Forests 2020, 11, 908. [CrossRef]

Deshmukh, S.; Hiickelhoven, R.; Schifer, P; Imani, J.; Sharma, M.; Weiss, M.; Kogel, K.H. The root endophytic fungus Piriformo-
spora indica requires host cell death for proliferation during mutualistic symbiosis with barley. Proc. Natl. Acad. Sci. USA 2006,
103, 18450-18457. [CrossRef]

Franken, P. The plant strengthening root endophyte Piriformospora indica: Potential application and the biology behind. Appl.
Microbiol. Biot. 2012, 96, 1455-1464. [CrossRef]

Hu, J.; Wei, Z.; Friman, V.P; Gu, S.H.; Wang, X.E; Eisenhauer, N.; Yang, T.].; Ma, ].; Shen, Q.R.; Xu, Y.C.; et al. Probiotic diversity
enhances rhizosphere microbiome function and plant disease suppression. MBio. 2016, 7, 10-1128. [CrossRef] [PubMed]
Leclere, V.; Béchet, M.; Adam, A.; Guez, ].S.; Wathelet, B.; Ongena, M.; Thonat, P.; Gancel, F.; Cholletimbeert, M.; Jacques, P.
Moycosubtilin overproduction by Bacillus subtilis BBG100 enhances the organism’s antagonistic and biocontrol activities. Appl.
Environ. Microbiol. 2005, 71, 4577-4584. [CrossRef]

Oku, H.; Shiraishi, T.; Ouchi, S.; Kurozumi, S.; Ohta, H. Pine wilt toxin, the metabolite of a bacterium associated with a nematode.
Naturwissenschaften 1980, 67, 198-199. [CrossRef]

Le Dang, Q.; Son, S.W.; Cheon, H.M.; Choi, G.]J.; Choi, YH.; Jang, K.S.; Kim, J.C. Pyochelin isolated from Burkholderia arboris
KRICT1 carried by pine wood nematodes exhibits phytotoxicity in pine callus. Nematology 2011, 13, 521-528. [CrossRef]

Xia, Y.D,; Liu, J.N.; Chen, C.; Mo, X.L,; Tan, Q.; He, Y.; Wang, Z.K,; Yin, J.; Zhou, G.Y. The Multifunctions and Future Prospects of
Endophytes and Their Metabolites in Plant Disease Management. Microorganisms 2022, 10, 1072. [CrossRef] [PubMed]

Meena, K.K.; Mesapogu, S.; Kumar, M.; Yandigeri, M.S.; Singh, G.; Saxena, A.K. Co-inoculation of the endophytic fungus
Piriformospora indica with the phosphate solubilising bacterium Pseudomonas striata affects population dynamics and plant growth
in chickpea. Biol. Fertil. Soil. 2010, 46, 169-174. [CrossRef]

Zhao, B.G.; Wang, H.L.; Han, S.F; Han, ZM. Distribution and pathogenicity of bacteria species carried by Bursaphelenchus
xylophilus in China. Nematology 2003, 5, 899-906. [CrossRef]

Zhao, Y,; Yuan, Z.; Wang, S.; Wang, H.; Chao, Y.; Sederoff, R.R.; Sederoff, H.; Yan, H.; Pan, ].; Peng, M.; et al. Gene sdaB Is Involved
in the Nematocidal Activity of Enterobacter ludwigii AA4 Against the Pine Wood Nematode Bursaphelenchus xylophilus. Front.
Microbiol. 2022, 113, 870519. [CrossRef]

Han, G.; Mannaa, M.; Kim, N.; Jeon, HW.,; Jung, H.; Lee, H.H.; Kim, J.; Park, J.; Park, A.R.; Kim, J.C.; et al. Response of Pine
Rhizosphere Microbiota to Foliar Treatment with Resistance-Inducing Bacteria against Pine Wilt Disease. Microorganisms 2021,
9, 688. [CrossRef]

Bailey, B.A.; Lumsden, R.D. Direct effects of Trichoderma and Gliocladium on plant growth and. Trichoderma And Gliocladium,
Volume 2: Enzymes. Biol. Control. Commer. Appl. 1998, 2, 185.


https://doi.org/10.3969/j.issn.1000-2006.201601057
https://doi.org/10.1007/BF03326255
https://doi.org/10.1264/jsme2.ME18168
https://www.ncbi.nlm.nih.gov/pubmed/31527341
https://doi.org/10.1016/j.micres.2022.127076
https://www.ncbi.nlm.nih.gov/pubmed/35636091
https://doi.org/10.19303/j.issn.1008-0384.2017.04.010
https://doi.org/10.3390/ijms24031812
https://doi.org/10.13324/j.cnki.jfcf.2018.04.015
https://doi.org/10.3390/genes13010008
https://doi.org/10.3390/f11090908
https://doi.org/10.1073/pnas.0605697103
https://doi.org/10.1007/s00253-012-4506-1
https://doi.org/10.1128/mBio.01790-16
https://www.ncbi.nlm.nih.gov/pubmed/27965449
https://doi.org/10.1128/AEM.71.8.4577-4584.2005
https://doi.org/10.1007/BF01086307
https://doi.org/10.1163/138855410X528271
https://doi.org/10.3390/microorganisms10051072
https://www.ncbi.nlm.nih.gov/pubmed/35630514
https://doi.org/10.1007/s00374-009-0421-8
https://doi.org/10.1163/156854103773040817
https://doi.org/10.3389/fmicb.2022.870519
https://doi.org/10.3390/microorganisms9040688

Microorganisms 2025, 13, 790 23 of 23

54.

55.

56.

57.

58.

59.

60.

61.

62.

Martinuz, A.; Schouten, A.; Menjivar, R.D.; Sikora, R.A. Effectiveness of systemic resistance toward Aphis gossypii (Hom.,
Aphididae) as induced by combined applications of the endophytes Fusarium oxysporum Fol62 and Rhizobium etli G12. Biol.
Control. 2012, 62, 206-212. [CrossRef]

Peng, S.; Yang, R.; Yan, S.Z.; Chen, S.L. Control effect of the antinematode endophytic bacteria and rhizosphere actinomycetes to
root-knot nematodes of tomato plant. Acta Phytophyl. Sin. 2012, 39, 63-69. [CrossRef]

Pieterse, C.M.; Zamioudis, C.; Berendsen, R.L.; Weller, D.M.; Van Wees, S.C.; Bakker, P.A. Induced systemic resistance by beneficial
microbes. Annu. Rev. Phytopathol. 2014, 52, 347-375. [CrossRef] [PubMed]

Wu, J.W,; Yin, Y.N.; Tan, ].J.; Hao, D.J. A preliminary study on resistance of Pinus massoniana induced by Bacillus cereus NJSZ-13
strain to Bursaphelenchus xylophilus. ]. Nanjing For. Univ. 2022, 46, 4. [CrossRef]

Chen, Y.H.; Ye, ].R.; Wei, C J. Effect of Pine Wood Nematode (PWN) Infection on Phenylpropanes Metabolism in Masson Pine
Seedlings. Sci. Silvae Sin. 2006, 12, 37.

Wang, ].G,; Jiang, X.; Luan, Q.S.; Feng, J.; Wang, J.J.; Liu, M. Effects of Bursaphelenchus xylophilus Infestation on Physiological
Indexes of Larix kaempferi. |. Southwest For. Univ. 2023, 43, 6. [CrossRef]

Custers, ].H.; Harrison, S.J.; Sela-Buurlage, M.B.; Van Deventer, E.; Lageweg, W.; Howe, PW.; Van Der Meijs, PJ.; Ponstein, A.S,;
Simons, B.H.; Melchers, L.S.; et al. Isolation and characterisation of a class of carbohydrate oxidases from higher plants, with a
role in active defence. Plant J. 2004, 39, 147-160. [CrossRef]

Zheng, H.].; Xu, L.L,; Xie, C.X,; Liu, Y.P; Ye, ].R. Analysis of Resistance Genes in Pinus massoniana provenances against pine wood
nematode disease. J. Anhui Agric. Univ. 2023, 50, 379-388. [CrossRef]

Zeynadini-Riseh, A.; Mahdikhani-Moghadam, E.; Rouhani, H.; Moradi, M.; Saberi-Riseh, R.; Mohammadi, A. Effect of some
probiotic bacteria as biocontrol agents of Meloidogyne incognita and evaluation of biochemical changes of plant defense enzymes
on two cultivars of Pistachio. J. Agr. Sci. Tech. 2018, 20, 179-191. Available online: https://jast. modares.ac.ir/browse.php?a_id=
9389&sid=23&slc_lang=en (accessed on 15 March 2025).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.biocontrol.2012.05.006
https://doi.org/10.13802/j.cnki.zwbhxb.2012.01.009
https://doi.org/10.1146/annurev-phyto-082712-102340
https://www.ncbi.nlm.nih.gov/pubmed/24906124
https://doi.org/10.12302/j.issn.1000-2006.202006051
https://doi.org/10.11929/j.swfu.202209002
https://doi.org/10.1111/j.1365-313X.2004.02117.x
https://doi.org/10.13610/j.cnki.1672-352x.20230625.006
https://jast.modares.ac.ir/browse.php?a_id=9389&sid=23&slc_lang=en
https://jast.modares.ac.ir/browse.php?a_id=9389&sid=23&slc_lang=en

	Introduction 
	Materials and Methods 
	Sample Collection and Treatment 
	Microbial Strains 
	Pine Wood Nematode 
	Medium 
	Isolation and Screening of Pine Wood Nematode Fungi 
	Determination of the Nematicidal Activity of Fungal Fermentation Filtrates and Fungal Mycelia 
	Determination of Bacterial Fermentation Filtrates and Bacteriophage Nematicidal Activity 
	Molecular Biology Techniques for Identification Purposes 
	Determination of the Metabolites and Growth-Promoting Properties of Bacterial Strains 
	Screening of the Activity of Mixed Bacteria Against Pine Wood Nematodes 
	Evaluation of the Growth-Promotion Using Mixed Bacteria on P. massoniana Seedlings 
	Variation in Defense Enzyme Activities of P. massoniana Leaves After Different Treatments 
	Control of Pine Nematode Disease in P. massoniana Using Mixed Bacterial Agents 
	RNA Extraction and Real Time-Quantitative Polymerase Chain Reaction (RT-qPCR) 
	Statistical Analysis 

	Results 
	Isolation and Screening of Pine Wood Nematode-Killing Fungi and Bacteria 
	Determination of Fungal Nematicidal Activity 
	Determination of Bacterial Fermentation Filtrate and Bacteriophage Nematicidal Activity 
	Molecular Biological Identification of Four Bacterial Strains 

	Determination of the Metabolites and Growth-Promoting Properties of Nematicidal Strains 
	Screening of the Activity of Mixed Bacteria Against Pine Wood Nematodes 
	Promotion of the Growth of P. massoniana Seedlings via Mixed Bacteria 
	Influence of Fermentation Filtrate of Mixed Bacteria on the SOD Activity of P. massoniana 
	Influence of Fermentation Filtrate of Mixed Bacteria on PAL Activity of P. massoniana 
	Influence of Fermentation Filtrate of Mixed Bacteria on the CAT Activity of P. massoniana 
	Effect of Fermentation Filtrate of Mixed Bacteria on the Control of Pine Wood Nematode Disease 
	Effects of Fermentation Filtrate of Mixed Bacteria on the Expression Levels of Related Genes of P. massoniana 

	Discussion 
	Conclusions 
	References

