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Abstract

Endophytic bacteria are an important biological control for nematodes. We isolated the nematicidal Bacillus cereus
NJSZ-13 from healthy Pinus elliottii trunks. Bioassay experiments showed killing of all tested nematodes by proteins
from the NJSZ-13 culture filtrate within 72 h. Degradation of the nematode cuticles was observed, suggesting the
action of extracellular bacterial enzymes. The responsible protease was purified by ammonium sulfate precipita-
tion, hydrophobic interaction chromatography, ion-exchange chromatography, and SDS-PAGE. The protease had a
molecular weight of 28 kDa and optimal activity at 55°C and pH 9, indicating an alkaline protease. The study suggests
the potential for using this B. cereus NJSZ-13 strain protease to prevent pinewood nematode infection.
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Introduction

Bursaphelenchus xylophilus, the pinewood nematode,
causes pine wilt. Due to the severity of its effects, the
pinewood nematode is considered as an important
quarantine pest in many countries. Pine wilt disease is
dependent on a variety of factors, including the host tree,
long-horned beetles, fungi, bacteria, environmental fac-
tors, as well as B. xylophilus infection [1]. The mechanism
of pathogenesis remains unknown, and thus prevention
and management are of global concern. In response to
the appeal of green agriculture in the current environ-
mentally friendly social atmosphere, traditional chemical
controls are no longer considered adequate for the man-
agement of the pinewood nematode. Chemical pesticides
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are undesirable due to their adverse effects on the envi-
ronment and ecological balance, and also because exten-
sive use may result in the development of resistance by
the target species leading to diminishing control effi-
ciency [2, 3]. Biological means are, therefore, increasingly
seen as alternatives for effective pest control.

Biological controls aim to reduce the nematode popu-
lation by introducing predators, parasites, or toxins
produced by such natural enemies. Several efficient bio-
logical control agents against nematodes, many derived
from nematophagous fungi, are currently available [4,
5]. Bacterial biocontrol of plant-parasitic nematodes has
recently become an important topic in biological control
with the identification of numerous suitable bacteria and
the documentation of their actions. Specifically, “Bacillus
thuringiensis [6]’, Pasteuria penetrans (7], Pseudomonas
spp. [8], and plant growth-promoting rhizobacteria [9]
have been shown to be effective for nematode control.
The value of such bacterial biological controls is gradu-
ally being recognized. Previously, most biological control
agents were isolated from the rhizospheric soil. How-
ever, these soil microorganisms are not only sensitive to
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external conditions but also less competitive among soil,
rhizospheric, or phyllospheric organisms. This has greatly
affected their practical value [10]. In contrast, endophytic
bacteria of plants have many advantages as biological
control agents. Endophytic bacteria are distributed in
different tissues of plants; they have abundant nutrients;
they are protected by plant tissues and are sheltered from
intense sunlight, UV radiation, wind, and rain, mean-
ing that their environment is very stable [11]. Therefore,
endophytic bacteria are often more effective as biological
controls than other bacteria.

Plant endophytic bacteria and pinewood nematodes
both live in plant tissues. It can thus be assumed that after
endophytic bacteria with nematicidal activity are inocu-
lated into the susceptible parts of pine trees, the bacteria
can directly reach the tissues infected by the pinewood
nematodes. This can not only control the nematodes
but also assist the growth-promoting activities of the
endophytic bacteria [11]. We have previously described
an endophytic bacterium from the interior of a healthy
Pinus elliottii tree in the Nanjing Zhongshan Botanical
Garden; this was identified as B. cereus strain NJSZ-13
[12]. In this study, histological observation showed that
the extracellular proteases from strain NJSZ-13 degrad-
ing nematode cuticles were involved in the process of
penetrating the epidermis and finally digest them. Sub-
sequently, the cuticle-degrading enzyme was chromato-
graphically purified and characterized.

Materials and methods

Culturing of strain NJSZ-13 and pinewood nematode

The B. cereus strain NJSZ-13 was grown in NB medium
(1% peptone, 0.3% beef extract, 0.5% NaCl, pH7.2+0.2)
at 28°C on a rotary shaker at 200rpm. The test species
was the pinewood nematode B. xylophilus which was
cultured in Botrytis cinerea for 5-7 days at 25°C and har-
vested using the Baermann funnel technique [13]. An
nematode suspension (5 nematodes/pL) in sterile PBS
(pH7.4) was used as working stock.

Bioassay

The bioassay was performed as previously described [14].
Briefly, the NA medium (1% peptone, 0.3% beef extract,
0.5% NaCl, 2% agar, pH7.2+£0.2) plates were covered
with axenic cellophane paper to prevent movement
of the nematodes into the medium. The bacteria were
placed on the cellophane and cultivated in an incubator
at 28°C. When the entire plate was covered by the bacte-
rial colony, 100 uL of the nematode suspension (contain-
ing about 500 nematodes) was transferred to the plate
center. The plates were each divided into 20 sections,
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and every 24, five sections were randomly selected and
the nematode mortality assessed using a light dissecting
microscope. Experiments were conducted in triplicate,
and at least 30 nematodes were observed each time. Non-
pathogenic bacteria (Escherichia coli, ATCC 25922) were
used as a control.

Nematodes treated with strain NJSZ-13 were picked
up and gently mounted in sterile PBS containing 1.42g/L
Na,HPO,, 0.27 g/L. KH,PO,, 0.2g/L KCl, and 8g/L NaCl,
pH?7.4 before examination under light microscopy and
scanning electron microscopy (SEM). If the nematodes
did not move when examined under the light microscope
or if they did not respond to light tapping with a needle,
they were considered dead. The percentage of dead nem-
atodes was described as the mortality rate.

Extraction of extracellular proteins from NJSZ-13

The strain NJSZ-13 was inoculated into a 250-mL
Erlenmeyer flask containing 100 mL NB medium and
incubated at 28°C on a rotary shaker (200rpm) for
4 days. The culture solution was centrifuged at 8500¢
and 4°C for 15 min, the supernatant retained, and suf-
ficient (NH,),SO, added to 100% saturation. After
standing at 4°C overnight, the solution was centri-
fuged at 5500g at 4°C for 30 min and the precipitate
was dissolved in 10mL of sterile PBS (pH7.4). The
solution was loaded into a dialysis bag with a cut-off
molecular weight of ~8000-15,000Da. The dialysis
bag was then immersed in 20 volumes of phosphate
buffer, changed four times with each dialysis lasting
approximately 3h. The resulting component was the
crude extracellular protein extract of the strain NJSZ-
13. The crude extract was filtered through a 0.22-pym
filter and used immediately.

Measurement of the effects of the protein extract
against the pinewood nematode
Two hundred microliters of the protein extract were
placed in sterile 1.5 mL Eppendorf tubes with 200 uL of
the nematode suspension (approximately 1000 nema-
todes) and incubated at 25°C. Each 24 h, a 20 uL aliquot
of the protein-nematode suspension (approximately 50
nematodes) was placed on a glass slide and the nema-
tode mortality assessed under light microscopy. Experi-
ments were conducted in parallel with five replications
and were repeated three times. Controls contained
sterile PBS (pH7.4), NB medium, NJSZ-13 culture
supernatant, and heat-denatured (100°C for 15min)
protein extract.

Changes in the cuticles of the nematodes were assessed
under light microscopy and SEM.
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Preparation of nematode samples for the light microscope
and SEM

The treated nematodes were immersed in sterile PBS
(pH7.4). The nematodes were then observed and pho-
tographed under the light microscope (Axio Imager M2;
Zeiss, Oberkochen, Germany).

For the SEM observation, the nematodes were first
pre-fixed in glutaraldehyde (4%) in sterile PBS at 4°C
for 2h then dehydrated in serial ethanol concentrations
(50, 70%, two changes of 90%, and three changes of 100%
ethanol for 10min each) at room temperature. The dehy-
drated nematodes were then dried by a critical point dry-
ing instrument (K850; Emitech, East Sussex, UK) and
sputter-coated with Au-Pd using ion-sputtering equip-
ment (E-1010; Hitachi, Tokyo, Japan) before being exam-
ined and photographed with a “desktop SEM (NeoScope
JCM-5000; Nikon, Tokyo, Japan)”.

Protease purification

Five hundred milliliters of NJSZ-13 culture was centri-
fuged at 8500¢ and 4°C for 15 min. Sufficient (NH,),SO,
was added to the supernatant to achieve 20% saturation.
After standing overnight at 4°C, the solution was centri-
fuged (5500g, 4°C, 30min), and the supernatants were
pooled. Then, (NH,),SO, was added to reach 40, 60, 80%,
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and finally 100% saturation, solutions were centrifuged
as above, and the nematicidal pellet was dissolved in PBS
for chromatography.

Hydrophobic interaction chromatography (HIC). The
dissolved precipitate with nematicidal activity was sup-
plemented with 1 M (NH,),SO, and applied to a HiTrap""
phenyl FF column (high sub, 1mlL; General Electric
Company, Boston, USA) that had been equilibrated
with sterile PBS containing 1M (NH,),SO, (pH7.4).
The bound proteins were eluted with a linear gradient of
1-0M (NH,),SO, in PBS with a flow rate of 1 mL/min.
Fractions (1 mL) were collected, dialyzed, and the pro-
tease and nematicidal activity was measured.

Ion-exchange chromatography (IEC). Fractions posi-
tive for protease and nematicidal activities were pooled
and applied to a HiTrap" Capto Q column (1mL; Gen-
eral Electric Company, Boston, USA) equilibrated with
sterile PBS (pH6.0). Bound proteins were eluted with a
linear gradient of 0—1 M NaCl (pH 6.0) with a flow rate of
1 mL/min. Fractions (1 mL) were collected, dialyzed, and
their protease and nematicidal activities evaluated.

SDS-PAGE. Fractions positive for protease and nemati-
cidal activity were electrophoresed by SDS-PAGE (12%
running gel and 4% concentration gel). Gels were “stained
with Coomassie brilliant blue R-250” for 2 h.

Fig. 1 Infection of B. xylophilus with B. cereus strain NJSZ-13 seen under light microscopy: A Most of the control nematodes were mobile within 72 h;
B More than 80% of nematodes were dead after 72 h; C Body of nematode treated with NJSZ-13 for 48 h; D Degradation and digestion of nematode

cuticle after treatment with NJSZ-13 for 72 h
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Fig. 2 Effects of treatment with strain NJSZ-13 on B. xylophilus observed under SEM: A Smooth and intact cuticles seen in the control groups
after 72 h; B Body of a nematode showing binding by strain NJSZ-13; C Cracks containing bacteria visible on the nematode surface; D Complete

destruction of the body of a nematode

Table 1 The nematicidal activity of the protein extract from
strain NJSZ-13 against B. xylophilus

Samples Mortality of B. xylophilus/%(SD)

24h 48h 72h
Culture filtrate 163412 321£21 58607
Crude extracellular 383+25 724+£28 100+ 0
protein extract
Crude extracellular 1334+09 198+ 19 287 +£26
protein extract,
boiled
NB medium 22101 35+03 56+ 12
PBS 14£06 21+£02 28+03

Note: SD represents standard deviation (n=3)

Protease assays

Protease activity was measured with 1% casein solution
as substrate. One hundred and twenty-five microliters
of 1% casein in sterile PBS (pH7.4) and the protease-
containing sample were incubated in 1.5mL-Eppendorf
tubes at 37°C for 10 min. The reaction was halted by the

addition of 250puL of 0.4M trichloroacetic acid (TCA),
and the solution was centrifuged at 4°C and 8500g for
15min. The supernatant was transferred to tubes con-
taining 2.5mL of 0.4M sodium carbonate and 0.5mL
Folin phenol reagent, incubated at 37°C for 20 min, and
the OD at 680nm read in a spectrophotometer. A tyros-
ine-containing standard was used for calibration and the
protease activity in the samples was assessed as the tyros-
ine increase over 1 min at 37°C.

The protein content was measured using an enhanced
BCA protein assay kit (Beyotime, Shanghai, China) with
bovine serum albumin (BSA) as the standard.

Characterization of the protease
To determine the optimum temperature for proteolytic
reaction, the activity of the protease was measured by
incubating the reaction mixture at 20, 30, 37, 45, 50, 55,
60, 70, 80 and 90°C as described above. The optimum
pH was measured with the “Britton Robinson universal
buffer system” at pH4.0, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0, and
11.0, respectively.

Samples were incubated in the presence of different
metals (Li*, K*, Nat, Mg?t, Ca?*, Mn?*, Zn>", and Ba*>")
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Fig. 3 Toxicity of the NJSZ-13 protein extract against B. xylophilus seen under light microscopy: A In PBS, the nematode was mobile and alive after
72h; B In NB medium, the cuticle was complete and smooth after 72 h; C Treatment with the protein extract damaged the cuticle within 24 h; D
Degradation of the nematode cuticle after 48 h of treatment with the protein extract; E After 72 h, only cellular fragments of nematodes were visible

to measure the effects of metals on the enzyme with pro-
tease activity without any metal ions set to100%.

Results
Nematicidal activity of strain NJSZ-13
Strain NJSZ-13 exhibited significant nematicidal behav-
ior in the bacterial infection experiments. Within 48h,
41.6% of the nematodes were dead, and 87.3% were dead
after 72h in the NJSZ-13-containing plates. In the nega-
tive control containing a non-pathogenic bacterium (E.
coli), the majority was normally mobile, and the mortality
of the nematodes remained 8.2% within 72h.

The light microscope (Fig. 1) and SEM (Fig. 2) were
used to record histopathological changes and the

infectious process of nematodes treated with strain
NJSZ-13. Under the light microscope, degradation
and destruction of the nematode cuticles was clearly
visible (Fig. 1B, C, D). To observe the infectious pro-
cess of the nematodes treated with NJSZ-13, the nem-
atodes were picked up and gently mounted in sterile
PBS (pH7.4) and then were observed with the SEM.
Strain NJSZ-13 first bound to the epidermis before
penetrating and degrading the cuticle (Fig. 2B), lead-
ing to holes full of bacteria on the nematode sur-
face (Fig. 2C). Later, broken nematode bodies were
observed (Fig. 2D). In contrast, the nematodes in the
control groups appeared normal with smooth cuticles
after 72 h (Fig. 1A, and Fig. 2A).
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Fig. 4 Toxicity of the NJSZ-13 protein extract against B. xylophilus observed under SEM: A, B Smooth surfaces in nematodes in PBS and LB medium
after 72 h showing clear striae and lateral lines; C Scars and flaws in the cuticle visible after treatment for 48 h; D Exfoliation of the cuticle visible after

72h

Toxic effect of the NJSZ-13 protein extract
against the pinewood nematode
As shown in Table 1, both the culture filtrate of NJSZ-
13 and its crude extracellular protein extract had
nematicidal activities. The nematicidal activities of
these two treatments increased with increasing treat-
ment time during the test period. For the culture fil-
trate, the mortality rates of the nematodes were 16.3,
32.1 and 58.6% after 24h, 48h, and 72h treatments,
respectively. When nematodes were incubated in the
protein extract, the mortality rates were 38.3, 72.4 and
100% after 24 h, 48h, and 72h, respectively. Although
some nematodes treated with the PBS and NB medium
died, the mortality was very low (below 6% after 72 h).
The above results indicated that the strain NJSZ-13
protein extract had significant toxicity against pine-
wood nematodes. However, in the control with the
boiled extract, the mortality of the nematodes was
only 28.7% after 72 h, and the cuticles of the nematodes
were not degraded. This suggested that the nematicidal
material from the crude extracellular protein extract
was not heat stable.

Cuticle destruction of the nematodes by the crude
extracellular protein extract was observed with light

microscopy (Fig. 3) and SEM (Fig. 4). Under the light
microscope, it was observed that the mobility of the
treated nematodes gradually decreased; some nema-
todes began moving abnormally, and other nema-
todes hardly showed any signs of mobility within
24h. By 48h, most nematodes were immobile; only
a small percentage of the nematodes showed slight
mobility when touched with dissecting needles. After
72h, no nematodes showed signs of life. No signs
of life were observed after the nematodes were sub-
sequently washed with fresh water. The cuticles of
over 90% of the dead nematodes were almost totally
destroyed after 72h. Initially, the cuticles of the
nematodes were observed to be incomplete (Fig. 3C);
afterward, the cuticles began to be degraded and
digested (Fig. 3D). Finally, only cellular fragments of
nematodes remained (Fig. 3E). In contrast, the nema-
todes treated with NB medium and PBS in the control
groups appeared unaffected; no cuticle degradation
was observed, and the cuticles were smooth and
intact after 72 h (Fig. 3A, B).

To closely examine the cuticular changes of nema-
todes treated with the crude extract, the nematodes
were observed under the SEM. The nematode cuticles
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Fig. 5 Purification of the protease from strain NJSZ-13 culture filtrates: A Elution profile after HIC; B Elution profile after [EC; C SDS-PAGE of the
purified protease from strain NJSZ-13. Lanes 1-3 represent three aliquots of purified protease in parallel; lane M indicates the marker (ColorMixed

Protein Marker; Solarbio, Beijing)

in the control groups were smooth and complete, and
distinct stripes and lateral lines were clearly visible
(Fig. 4A, B). However, the cuticles of nematodes treated
with the crude extract were destroyed. When treated
for 48h, large cracks and indentions appeared on the
bodies of the nematodes and inclusions inside the bod-
ies of the nematodes were discharged (Fig. 4C). After

72 h, exfoliation was visible with only the broken exocu-
ticle remaining (Fig. 4D).

Purification of the extracellular protease from NJSZ-13
culture filtrates

The extracellular protease degrading nematode cuticles
was purified by 40-60% ammonium sulfate salting-out
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Table 2 The purification efficiency of the extracellular protease
from strain NJSZ-13

Steps Total Total Specific Purification

protein(mg) enzyme activity(U/ efficiency
activity(U) mg)

Culture 415 1959.6 472 1.0

filtrate

Salting out of 161 1732.8 107.6 23

ammonium

sulfate

HIC 77 15143 196.7 4.2

IEC 43 12582 2926 6.2

and exhibited a nematicidal activity of 90.6%. Follow-
ing HIC, protease and nematicidal activities were
assayed in each peak. One peak (II) shown in Fig. 5A
was detected as containing protease and nematicidal
activities, but for the others, no obvious nematicidal
activity was visible. The peak was further purified by
IEC (Fig. 5B). Both protease and nematicidal activities

>

100 r

80

Relative enzyme activity (%)
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were detected in only one peak (II-1). The fraction
was pooled and SDS-PAGE of the aliquots showed a
highly enriched protein band with a molecular mass
about 28 kDa (Fig. 5C). The enzyme activity was meas-
ured after each step, and the purification efficiency was
shown in Table 2.

Characterization of the protease

Temperature studies showed that the enzyme had
the highest activity at 55°C, suggesting that the
enzyme was a moderate temperature protease, and
the optimum catalytic temperature was about 55°C.
The activity of the enzyme increased gradually when
the temperature was in the range of 20-55°C and
decreased gradually in the temperature range of
55-90°C. When the temperature was over 80°C, the
activity of the enzyme almost lost (Fig. 6A). The
enzyme was active over a broad pH range (5.0-11.0)
with an optimum at pH9.0 (Fig. 6B), suggesting the
enzyme is an alkaline protease.

30 40

50 60

Temperature (C)

os)

100

80

60 r

40 r

Relative enzyme activity (%)

6

Fig. 6 Optimum temperature and pH of the protease. A, temperature; B,

7 8 9 10 11
pH

pH. Error bars are standard deviations (n=3)
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Table 3 Effects of metal ions on the NJSZ-13 protease activity

Metal ions Relative enzyme activity/% (SD)
0.5mM 5mM 30mM

LiCl 832+ 21 81.7+32 563+ 47
KCl 906+ 1.3 80.7+£12 688+ 23
Nacl 1106 £ 26 893+56 727 +£27
MgCl, 853+ 14 692 +43 238128
CaCl, 1024 +£28 164.2 £ 45 87.7+£20
MnSO, 863 +£25 747 £ 34 618+ 04
ZnSO, 1036 £36 1227 £42 56.7 £09
BaCl, 819+69 721126 369+ 24
Without metal ions 100+0

Note: SD represents standard deviation (n=3)

The effect of different metal ions on the protease activ-
ity is shown in Table 3. 0.5mM of Nat had a weak acti-
vation effect on the enzyme activity, and 5mM Ca**
and Zn*" showed strong enhancement with the relative
enzyme activity of 164.2 and 122.7%, respectively. Lit,
K*, Mg?*, Mn?", and Ba®" inhibited the activity of the
enzyme and the inhibition becomes stronger with the
increase of concentration.

Discussion

In nature, the natural enemies of the pinewood nematodes
include fungi, bacteria, viruses, predatory nematodes,
insects, and protozoa. These are important biological fac-
tors in the control, balance, and regulation of the nematode
population [15-17]. Recently, the use of bacteria against
nematode infestations has been the subject of intensive
research as bacteria have the advantages of straightfor-
ward isolation and rapid growth and reproduction.

In this study, endophytic bacterial strain NJSZ-13 iso-
lated from Pinus elliottii in Nanjing was selected for
antagonistic effects against the pinewood nematode. In
the bioassay experiment, Bacillus cereus NJSZ-13 showed
significant nematicidal activity. Specifically, over 85% of
the nematodes treated with NJSZ-13 were killed within
72h, and the cuticles of the nematodes were degraded.
These results demonstrated the potential of the bacteria
in the biocontrol of the pinewood nematode. The genus
Bacillus has gradually become increasingly important in
the study of the mechanism of bacterial infection of nem-
atodes. At present, the species of Bacillus with known
nematicidal effects are B. penetrans [18], B. firmus [19],
B. thuringiensis [20], B. nematocida B16 [21], and B.
amyloliquefaciens FZB42 [22]. The nematicidal mecha-
nisms of these Bacillus spp. vary among the species.

In bioassay experiments, the fact that the crude extra-
cellular protein extract exhibited strong toxic activ-
ity against the pinewood nematode suggested that the
extracellular proteases, as a potential pathogenic factor,
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may be involved in the infectious process. Similar cuti-
cle destruction was associated with protease activity in
nematophageous fungi [23, 24]. Therefore, we purified
the protease with nematicidal activity. The purified pro-
tease killed about 80% of the tested nematodes and finally
destroyed them within 72 h. The results showed that the
extracellular protease should be an important cause of
death of nematodes and a pathogenic factor of infection.

It is widely known that nematodes have rigid cuticles
mainly composed of chitinous microfibers within a pro-
tein matrix; in particular, the outer portion of the cuticle
is covered by a protein-containing membrane that acts as
an effective barrier against infection [25]. Therefore, the
extracellular protease that can degrade the cuticle protein
membrane of nematodes becomes an important toxin
factor to infect nematodes. The roles of extracellular pro-
tease, especially serine protease including P32, PII, and
pSP-3 have been studied extensively in nematophagous
fungi in the infection of nematodes in previous reports
[26—28]. Some studies have shown that, during the infec-
tion process, protease can promote the growth of host
microorganisms by releasing nutrients (mainly amino
acids and small peptides), on the other hand, it can pro-
mote the penetration of microorganisms or toxins into
the host by digesting the host cuticle [29].

In addition, we noted that the mortality of nematodes
caused by purified protease (80%, 72h) was lower than
that of crude extracellular protein extract (100%, 72h),
indicating that most (but not all) nematicidal activity is
due to extracellular protease. Thus, it cannot be excluded
that other pathogenic factors such as toxic peptide which
also contribute to the nematode infection of strain NJSZ-
13. It is necessary to identify other pathogenic factors
to better understand the infection mechanism of strain
NJSZ-13 to nematodes.

Biochemical activity assays of the protease showed the
maximum protease activity was obtained at 55°C and
pH9.0, which is an alkaline protease. Among the tested
metal ions, Ca** (5mM) showed strong enhancement of
the protease activity. However, Li*, KT, Mn**, Ba*", and
Mg?* inhibited the protease activity moderately. Ghor-
bel et al. [30] isolated and purified alkaline protease from
Bacillus cereus BG1. Ca®>" and Mg*™ (5mM) stimulated
the protease activity by 450 and 285.5% respectively,
which is different from the results in this paper. The
research showed that Ca®" can significantly enhance the
thermal stability of most alkaline proteases [31], and the
mechanism is mainly that under certain temperature
conditions, Ca’" can protect alkaline proteases from
thermal denaturation, and can also prevent their con-
formation from changing under high temperature [32].
However, some studies have found that the effect of
Mg?* on alkaline protease from different sources is often
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quite different, which may be related to the amino acid
sequence and higher structure of different alkaline pro-
tease [33].

To our knowledge, this is the first study utilizing endo-
phytic bacteria isolated from native Pinus elliottii to con-
trol the pinewood nematode. The details concerning the
control effect of the endophytic bacterium NJSZ-13 in
nature need further exploration.

Acknowledgements

We are grateful for the assistance of all staff and students in the Institute of
Forest Protection, Nanjing Forestry University, Nanjing, People’s Republic of
China. We would like to thank LetPub (www.letpub.com) for providing linguis-
tic assistance during the preparation of this manuscript.

Authors’ contributions

LLL and JJT conceived and designed the experiments. LLL, JJT, FMC,YFS and
DJH performed the experiments and analyzed the data. LLL and YFS wrote
and revised the manuscript. All authors have read and agreed to the pub-
lished version of the manuscript.

Funding

This work was supported by the National Key R & D Program of China
[2021YFD1400900], Distinguished Youth Talent Training Project of Henan
Academy of Sciences [200405006], Major scientific research focused projects
of Henan Academy of Sciences [210105002], Tackling Key Scientific and Tech-
nological Problems of Henan Province [222102110309].

Availability of data and materials
All data generated or analyzed during this study are included in this published
article [and its supplementary information files].

Declarations

Ethics approval and consent to participate
This article does not contain any studies with human participants or animals
performed by any of authors.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 27 June 2022 Accepted: 29 December 2022
Published online: 10 January 2023

References

1. Zhao BG, Futai K, Sutherland JR, Takeuchi YK. Pine wilt disease. Tokyo:
Springer; 2008.

2. Dong JY, Li XP, Li L, Li GH, Liu YJ, Zhang KQ. Preliminary results on
nematicidal activity from culture filtrates of Basidiomycetes against the
pine wood nematode Bursaphelenchus xylophilus(Aphelenchoididae).
Ann Microbiol. 2006;56(2):163-6.

3. Ryss AY, Kulinich OA, Sutherland JR. Pine wilt disease: a short review of
worldwide research. Forestry Studies in China. 2011;13(2):132-8.

4. Ahman J. Extracellular serine proteases as virulence factors in
nematophagous fungi:molecular characterization and functional
analysis of the Pl protease in Arthrobotrys oligospora. Doctoral disserta-
tion, Lund University; 2000.

5. Tikhonov VE, Lopez-Llorca LV, Salinas J, Jansson HB. Purification
and characterization of chitinases from the nematophagous fungi
Verticillium chlamydosporium and V. suchlasporium. Fungal Genet Biol.
2002;35:67-78.

20.

22.

23.

24.

25.

26.

27.

28.

Page 10 of 11

Wei JZ, Hale K, Carta L, Platzer E, Wong C, Fang SC, et al. Bacil-

lus thuringiensis crystal proteins that target nematodes. PNAS.
2003;100:2760-5.

Davies KG, Opperman CH. A potential role for collagen in the attach-
ment of Pasteuria penetrans to nematode cuticle. Multitrophic Interac-
tions in the Soil. 2006;29:11-6.

Siddiqui 1A, Haas D, Heeb S. Extracellular protease of Pseudomonas fluore-
scens CHAO, a biocontrol factor with activity against the root-knot nema-
tode Meloidogyne incognita. Appl Environ Microbiol. 2005;71:5646-9.
Ramamoorthy V, Viswanathan R, Raguchander T, Prakasam V, Samiyap-
pan R. Induction of systemic resistance by plant growth promoting
rhizobacteria in crop plants against pests and diseases. Crop Prot.
2001;20:1-11.

Li CS. A review on research progress of the biological control of
soil-borne plant diseases with bacteria. Chinese Journal of Biological
Control. 1992,8:168-72.

. YiYJ, Luo K, Liu EM. Effect of Endophytic bacteria on biological

control of plant disease. Journal of Nuclear Agricultural Sciences.
2007;21(5):474-7.

Li LL, Tan JJ, Chen FM. The screening and identification of two bacterial
strains with nematicidal activity against Bursaphelenchus xylophilus. J
Nanjing For Univ (Nat Sci Ed). 2017;41(4):37-41.

Gray NF. Ecology of nematophagous fungi: comparison of the soil
sprinkling method with the Baermann funnel technique in the isola-
tion of endoparasites. Soil Biol Biochem. 1984;16:81-3.

Ahman J, Johansson T, Olsson M, Punt PJ, van den Hondel CAMJJ,
Tunlid AS. Improving the pathogenicity of a nematodetrapping fungus
by genetic engineering of a subtilisin with nematotoxic activity. Appl
Environ Microbiol. 2002,;689:3408-15.

Mankau R. Biological control of nematode pests by natural enemies.
Annu Rev Phytopathol. 1980;18:415-40.

Stirling GR. Biological control of plantparasitic nematode:progress,
problems and prospects. Wallington: CAB International; 1991.

Huang BW, Yu ZN, Huang ZP. Biocontrol of plant-parasitic nematodes
by bacteria. Journal of Fujian Agricultural University. 1998,27(3):316-21.
Stirling GR, Wachtel MF. Mass production of Bacillus penetrans for

the biological control of root-knot nematodes. Nematologica.
1980;26:308-12.

Kerenzur M, Antonov J, Bercovitz A, Feldman K, Husid A, Kenan G, et al.
Bacillus firmus formulations for the safe control of root-knot nema-
todes. In: Proceedings of the Brighton crop protection conference on
pests and diseases; 2000. p. 47-52.

Giannakou |0, Karpouzas DG, Prophetouathanasiadou D. A novel non-
chemical nematicide for the control of root-knot nematodes. Appl Soil
Ecol. 2004;26(1):69-79.

. Niu QH, Huang XW, Tian BY, Yang JK, Liu J, Bacillus sp. B16 kills nema-

todes with a serine protease identified as a pathogenic factor. Appl
Microbiol Biotechnol. 2006;69:722-30.

Chen XH, Koumoutsi A, Scholz R, Eisenreich A, Schneider K, Heine-
meyer |, et al. Comparative analysis of the complete genome sequence
of the plant growth-promoting bacterium Bacillus amyloliquefaciens
FZB42. Nat Biotechnol. 2007;25:1007-14.

Tunlid A, Jansson S. Proteases and their involvement in the infection
and immobilization of nematodes by the nematophagous fungus
Arthobotrys oligospora. Appl Environ Microbiol. 1991;57:2868-72.
Segers R, Butt TM, Kerry BR, Peberdy JF. The nematophagous fungus
Verticillium chlamydosporium Goddard produces a chymoelastase-like
protease which hydrolyses host nematode proteins in situ. Microbiol-
0gy. 1994;140:2715-23.

Tunlid A, Rosen S, Ek B, Rask L. Purification and characterization of

an extracellular serine protease from the nematodetrapping fungus
Arthrobotrys oligospora. Microbiology. 1994;140:1687-95.

Singh J, Batra N, Sobti R. Serine alkaline protease from a newly isolated
Bacillus sp. SSR1. Process Biochem. 2001;36:781-5.

Beg Q, Gupta R. Purification and characterization of an oxidation-sta-
ble, thiol-dependent serine alkaline protease from Bacillus mojavensis.
Enzym Microb Technol. 2003;32:294-304.

Veeraraghavan B, Jesudason M, Sridharan G, Subramanian K. Detection
of virulence attributes of Burkholderia pseudomallei. Indian J Med Res.
2004;119:101-6.


http://www.letpub.com

Li et al. BMC Microbiology

29.

30.

31

32.

33.

(2023) 23:10

Leger RJ, Cooper RM, Charnley AK. Production of cuticle-degrading
enzymes by the entomopathogen Metarhizium anisopliae during
infection of cuticles from Calliphora vomitoria and Manduca sexta.
Microbiology. 1987;133(5):1371-82.

Ghorbel B, Sellami-Kamoun A, Nasri M. Stability studies of protease
from Bacillus cereus BG1. Enzym Microb Technol. 2003;32(5):513-8.
Yang J, Shih I, Tzeng Y, Wang S. Production and purification of protease
from a Bacillus subtilis that can deproteinize crustacean wastes. Enzym
Microb Technol. 2000;26(5-6):406-13.

Michels PC, Clark DS. Pressure-enhanced activity and stability of a
hyperthermophilic protease from a Deep-Sea methanogen. Appl
Environ Microbiol. 1997;63(21):3985-91.

Yu X, Zhang G, Ao X. Effect and mechanism of metal ions on the activity
of microbial protease. Journal of Chinese Institute of Food Science and
Technology. 2019;19(4):287-94.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 11 of 11

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	An alkaline protease from Bacillus cereus NJSZ-13 can act as a pathogenicity factor in infection of pinewood nematode
	Abstract 
	Introduction
	Materials and methods
	Culturing of strain NJSZ-13 and pinewood nematode
	Bioassay
	Extraction of extracellular proteins from NJSZ-13
	Measurement of the effects of the protein extract against the pinewood nematode
	Preparation of nematode samples for the light microscope and SEM
	Protease purification
	Protease assays
	Characterization of the protease

	Results
	Nematicidal activity of strain NJSZ-13
	Toxic effect of the NJSZ-13 protein extract against the pinewood nematode
	Purification of the extracellular protease from NJSZ-13 culture filtrates
	Characterization of the protease

	Discussion
	Acknowledgements
	References


