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Abstract: (1) Background: Wood decay is a serious issue that results from the presence of wood-
destroying fungi and has a great influence on the international wood industry. The utilization of
biological control methods offers good prospects for wood preservation. (2) Methods: The plate-
screening experiment, the soil block test of the Chinese stand method (GB/T 13942.1), and the
characterization of wood blocks were used to achieve biological control of brown rot and white
rot. (3) Results: Through isolation, screening, and identification, the antagonistic bacterium Bacillus
velezensis Nhw-B72 strain was obtained. In the plate-screening experiment, the inhibition zone
diameter of Nhw-B72 for Gloeophyllum trabeum was 1.68 cm and that for Coriolus versicolor was
2.33 cm. After inhibition, the morphology of mycelia was distorted, malformed, and broken. In the
soil block test, the average weight loss percentage of wood blocks in the control group was 61.66%. In
the treatment group, the average weight loss percentage of the wood blocks with drying was 28.18%
and that of the wood blocks without drying was 34.97%. (4) Conclusions: The strain has an obvious
antagonistic effect on the wood-destroying fungi and the sterile fermentative liquid can effectively
inhibit wood decay. In addition, compared to the drying of wood blocks, the air-drying of blocks
after impregnation with the fermentative liquid had a better inhibition effect.

Keywords: Bacillus velezensis; soil block test; biological control; wood conversation

1. Introduction

Wood is widely used in nearly all aspects of people’s lives. Wood decay occurs
gradually under natural conditions, especially in humid environments, and a variety of
microorganisms are involved in the process [1,2]. Brown rot and white rot are two principal
models in the homobasidiomycetes [3]. Brown and white rot fungi showed completely
different decomposition patterns in the wood structure [4-6]. Brown rot is one of the most
common types of wood decay. It has a great influence on wood properties in the later
stages of wood decay, and also causes serious economic loss [6,7].

Bacillus has been widely used in many fields as an antagonistic bacteria [8-10]. It
can produce a variety of antagonistic enzymes and has a broad spectrum of antimicrobial
activity [11-13]. In addition, Bacillus produces endospores under conditions of nutrient
deficiency [14]. Endospores have strong resistance to high temperature, acid and alkali,
ultraviolet light, and can withstand a variety of adverse conditions [15]. Therefore, Bacillus
has been a concern among both domestic and foreign scholars [8,16]. Sajitha, K. L isolated
seven strains of Bacillus from different sources of aerobic composts. These seven strains
showed good inhibitory effects on the wood sap-stain fungus Lasiodiplodia theobromae (G.
& M.) on rubberwood, indicating that Bacillus is an important source of strains in the
field of wood preservation [17]. Devkota conducted an in vitro antibiosis experiment with
27 strains of Bacillus velezensis and plant pathogens from six different genera, and found
that Bacillus velezensis has good prevention and control effects against wood sapstain in
pine trees and rhizosphere diseases in Pinales [18]. This fact indicates that Bacillus velezensis
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has potential as a biological control agent for wood preservation. Nevertheless, there is still
a lack of knowledge surrounding Bacillus velezensis (R.) in the field of wood preservation.

The main way to prevent wood decay at present is through chemical treatments.
Although chemicals are highly effective against wood-destroying fungi, they always leak to
some extent, causing environmental pollution and potential harm to human beings [19-21].
In today’s society, which has begun to pay increasing attention to human health, environ-
mental protection and ecology have become the key development directions in the field of
wood protection [22]. Only biological control measures have these characteristics and, as a
result, will become the inevitable trend in wood protection [23]. Bacillus has the advantages
of good safety and strong resistance, and can be applied to prevent wood decay.

This study isolated and screened antagonistic bacteria against common wood-destroying
fungi from the soil by means of plate-screening experiments and the soil block test (GB/T
13942.1). The purpose was to investigate whether these bacteria strains can be used as a
biological control agent for the prevention and control of wood fungal decay.

2. Materials

Landy medium, Luria—Bertani (LB) medium, and potato dextrose agar (PDA) medium
were used after autoclaved treatment in the course of the experiment. Eighteen sapwood
samples that were free of visible defects were used (Populus ussuriensis Kom.) (Dong-
fanghong Forest Farm, Harbin, China). The samples were prepared from a board and
were cut to 20 mm (R) x 20 mm (L) x 10 mm (T). The wood rot fungi were selected as
Coriolus versicolor (Q.) and Gloeophyllum trabeum (M.) (GB/T 13942.1). The source of the
wood-destroying fungi was the China Forestry Culture Collection Center (CFCC), and the
GenBank accession of the Nhw-B72 strain was no. MW776613.

3. Methods
3.1. Isolation of Antagonistic Bacteria

According to the diagonal principle, a 20 m x 20 m standard plot was set in the forest
farm of Northeast Forestry University, and 3 plots of 20 m x 20 m were used to repeat.
Five Pinus sylvestris var. were selected according to the Z-shaped curve in each standard
plot. In the crown projection, we removed the dead branches, shrubs, and herbaceous
vegetation on the soil surface first, and then dug the root system of Pinus sylvestris var. The
soils of the rhizosphere of Pinus sylvestris var. were collected by the shaking method. The
different soils of the rhizosphere in the same standard soil were mixed into one sample of
soil. After collecting the soil, 1 g of screened soil was added into a 50 mL conical flask, and
sterile water was added to the volume of 50 mL. The soil suspension was heated to 80 °C
for 20 min by means of the water bath method. The supernatant was taken for gradient
dilution, and the spread plate method was adopted. After 2 days, single bacterial colonies
were isolated according to morphology and other characteristics, and the bacteria were
purified and preserved.

3.2. Screening of Antagonistic Bacteria

The antagonistic bacteria were screened by the agar plate-screening method. The
purified strains were activated on LB plates and shaken overnight. Then, the bacterial
solution was diluted to 1.2 x 108 CFU/mL. Wood-destroying fungi were cultured on one
PDA medium, and then a 5 mm small agar disc was made with a hole puncher and placed
in the other center of the PDA medium. According to the GB/T 13942.1, Gloeophyllum
trabeum was selected as the representative species of brown rot fungi, and Coriolus versicolor
was selected as the representative species of white rot fungi. Gloeophyllum trabeum and
Coriolus versicolor were cultured on potato dextrose agar medium. With a small agar disc of
Gloeophyllum trabeum and Coriolus versicolor as the center, the same bacteria were inoculated
3.5 cm away from the center. Each treatment was repeated three times, and Petri dishes
were kept at room temperature. Three Petri dishes with no bacteria were used as controls.
Wood-destroying fungi with poor inhibitory effects were selected to observe the growth
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of mycelia. The inhibition zone of the treatment group was observed, and the diameter
of the inhibition zone was calculated until the wood-destroying fungi in the center of the
medium of the control group grew to the edge of the medium. The line from the center of
the antagonistic bacteria to the center of the wood-destroying fungi had an intersection
point with the edge of the wood-destroying fungi. The distance between the intersection
points and the center of antagonistic bacteria was the radius of the inhibition zone. After
comparing the diameters of the inhibition zone, an antagonistic strain was selected for
subsequent experiments. The diameter of the inhibition zone was processed by Microsoft
Excel (Microsoft Corp., version16.44, Redmond, WA, USA).

3.3. Identification of the Antagonistic Bacteria
3.3.1. Colony Morphology

The antagonistic strains with good inhibitory effects on wood-decay fungi were
activated on LB plates. After culturing for 2 days, various colony morphological features,
such as form, size, margin, elevation, and texture, were observed and noted.

3.3.2. PCR Amplification, Sequencing and Phylogenetic Analysis

The genomes of the screened strains were extracted and identified by molecular bi-
ology. The 165 rDNA-encoding gene unit was amplified by a polymerase chain reaction
(PCR). The total volume of PCR was 20 pL. There was 1 pL of each universal primer 27F
(5’-AGAGTTTGATCCTGGCT-CAG-3') and 1492R (5'-TACGGCTACCTTGTTAC-GACT-3'),
7 uL of the premix, 10 pL of DDH2O, and 1 pL of the template in the system. Amplification
was carried out with a preliminary denaturation step at 94 °C for 5 min, followed by denat-
uration (94 °C for 30 s), primer annealing (55 °C for 30 s), and an extension (72 °C for 90 s).
After 30 cycles of PCR amplification, the PCR products were screened by electrophoresis
and sent to biotech companies for sequencing. After obtaining the sequence results, the
BLAST function of National Center of Biotechnology Information (NCBI) was used for
DNA sequence homology alignment. Sequence analysis was conducted with Mega X 10.0.5
software, and a phylogenetic tree was constructed based on the neighbor-joining method
of Mega X 10.0.5 software.

3.4. Preparation of Fermentative Liquid of Antagonistic Bacteria

The preserved purified strain was activated on an LB plate and shaken overnight, and
the bacterial solution was diluted to 1.2 x 108 CFU/mL. Six conical flasks were placed
in 100 mL of Landy medium, and 10 mL of bacterial liquid from each 1000 mL conical
flask was placed into a shaker for 60 h and removed. The bacterial liquid was centrifuged
twice at 13,000 rpm for 20 min at 4 °C, and the supernatant was filtered through a bacterial
liquid filter.

3.5. Pretreatment of Wood Blocks

The sapwood lumber of Populus ussuriensis that was free of visible defects was cut into
18 blocks (20 mm x 20 mm X 10 mm) and oven-dried at 103 °C until reaching a constant
weight. The wood blocks were numbered and steam sterilized for 30 min at 121 °C. The
12 wood blocks were soaked in the prepared sterile fermentative liquid for 20 min and then
removed. Six wood blocks were air-dried and six wood blocks were undried.

3.6. Soil Block Test

According to the method for laboratory test of natural decay resistance (GB/T 13942.1),
wood blocks treated with sterile fermentative liquid were used to perform the soil block
test. The media of the soil block test were prepared, and a feeder strip was placed on the
soil surface. The media were autoclaved for 45 min at 121 °C. After cooling, a small agar
disc cut from the edge of a growing culture of Gloeophyllum trabeum was placed on the
feeder strip surface, next to the feeder strip. When the feeder strips were covered with
wood-destroying fungi, the soaked and unsoaked wood blocks were placed on top of
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the feeder strips. The mediums were incubated at 28 °C for 12 weeks. After 12 weeks,
blocks were removed from the media and scraped clean of adhering soil and mycelium.
Blocks were then oven-dried at 60 °C and weighed to determine mass loss during the
fungal exposure period. These data were processed by Microsoft Excel (Microsoft Corp.,
version16.44, Redmond, WA, USA) and imported into Origin (Origin Lab, version 2018,
Northampton, MA, USA) for drawing. The significance analysis was performed using
Origin software (Origin Lab, version 2018, Northampton, MA, USA).

3.7. Characterization of Wood Block

Scanning electron microscopy (SEM, Quanta200, FEI Co., Hillsboro, OR, USA) was
used to analyze the microscopic morphology of the samples without impregnation and
those impregnated for 20 min. The treated samples were cut into small pieces (8 mm (R) x
8 mm (T) x 1 mm (L)). The small samples were sputter-coated with gold. The acceleration
voltage was set to 5 kV, the beam spot size was 8, and the working distance was 10 mm.
The degree of block decay in the treatment group and control group was observed.

4. Results
4.1. Isolation and Screening of Antagonistic Bacteria

In the forest farm of Northeast Forestry University, 81 strains of bacteria were isolated
according to colony morphology and other characteristics. The isolated strains were
subjected to a plate-screening experiment with Coriolus versicolor; several strains had
certain inhibitory effects on Coriolus versicolor, among which B1, B2, B3, B4, B28, B29, B72,
and B81 strains had obvious inhibitory zones on Coriolus versicolor. The diameter of the
inhibition zone is shown in Tables 1 and Al. By comparison, the diameter of the inhibition
zone of B72 was the largest at 2.33 cm. As shown in Figure 1, B72 formed an obvious
inhibition zone against Coriolus versicolor, which had the best inhibition effect.

Table 1. Diameter of the inhibition zone of the strains against Coriolus versicolor and Gloeophyllum trabeum.

. Diameter of the Inhibition Zone of Diameter of the Inhibition Zone of
The Number of the Strains . .
Coriolus versicolor/cm Gloeophyllum trabeum/cm
1 2.18 1.42
2 2.23 1.52
3 2.23 1.53
4 2.26 1.43
28 2.13 1.63
29 1.82 1.52
72 2.33 1.68
80 1.78 1.49
81 2.22 1.22
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Figure 1. (a) The control group of Coriolus versicolor. (b) The inhibition zones produced by B72 strain against Coriolus versicolor.

The isolated strains were subjected to a plate-screening experiment with Gloeophyllum
trabeum, where the B1, B2, B3, B4, B28, B29, B72, B80, and B81 strains showed obvious
inhibitory zones against Gloeophyllum trabeum. The diameter of the inhibition zone is shown
in Tables 1 and A2. By comparison, the diameter of the inhibition zone of B72 was the
largest. The diameter of the inhibition zone of B72 was 1.68 cm.

As shown in Figure 2, B72 formed an obvious inhibition zone against Gloeophyllum tra-
beum, which had the best inhibition effect. Gloeophyllum trabeum was selected to observe the
mycelia. The mycelia of Gloeophyllum trabeum inhibited by B72 were distorted, malformed,
and broken (Figure 3).

Figure 2. Cont.
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Figure 2. (a) The control group of Gloeophyllum trabeum. (b) The Inhibition zones produced by B72 strain against

Gloeophyllum trabeum.

Figure 3. (a) The mycelia of Gloeophyllum trabeum of the control group. (b) The mycelia of Gloeophyllum
trabeum of the treatment group. (1. Broken mycelia. 2. Thickened mycelia. 3. Malformed and
distorted mycelia. 4. Leakage of protoplasm).

4.2. The Result of Identification of Antagonistic Bacteria

The B72 strain was activated and cultured in LB medium for 48 h. The colony of strain
B72 was observed. As shown in Figure 4, the colony of strain B72 was round and slightly
yellow, with a relatively smooth surface, a few folds, and irregular edges.

Figure 4. Morphology of the colony of strain B72.
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The isolated strain B72 was identified based on 165 rDNA gene sequence analysis. The
165 rDNA sequence of strain B72 was put into the NCBI database for BLAST analysis to find
similar strains with high homology. The B72 strain showed a 99% sequence homology to the
16S rDNA gene sequence of Bacillus velezensis BvLO3 (GenBank accession no. MN093810.1).
The phylogram showing genetic similarities displayed a major clade with the isolated
strain and the most similar accessions from the NCBI GenBank. Phylogenetic trees were
constructed using Mega X 10.0.5 software. As shown in Figure 5, the Pantoea agglomerans
strain DSM 3493 was used as the outgroup in the phylogenetic tree. The B72 strain was
clustered in the same branch as the Bacillus velezensis strain BvL03. The genetic distance of
the branch was the closest, and the support rate was 99%. Based on the results of similarity
comparison and morphological characteristics, the B72 strain was identified as Bacillus
velezensis. The 165 rDNA gene sequence of B72 was deposited into the NCBI GenBank
(GenBank accession no. MW776613).

MNO093810.1 Bacillus velezensis strain BvL03
NR 116240.1 Bacillus velezensis strain CBMB205
B72
NR_115325.1 Bacrilus nematocida strain B-16
NR_151897.1 Bacillus nakamuraf strain NRRL B-41091
NR_027552.1 Bacillus subtilis strain DSM 10
NR_024693.1 Bacillus mojavensis strain IFO15718
s1IINR_115063.1 Bacillus halotolerans strain DSM 8802
NR 157608.1 Bacillus swezeyi strain NRRL B-41294
NR 042338.1 Bacillis aerius strain 24K
NR 112637.1 Bacillus pumilus strain NBRC 12092

NR_042337.1 Bacillus altitudinis 41KF2b
_ | NR_042336.1 Bacillus stratosphericus strain 41KF2a
NR_041978.1 Pantoea agglomerans strain DSM 3493

kel

72

62

100

95

99

100
g

0.02

Figure 5. The phylogenetic tree of B72 strain.

4.3. Inhibitory Effect of Sterile Fermentative Liquid on Wood Decay
4.3.1. External Morphology of the Blocks

After 12 weeks of culture, the blocks were observed. As shown in Figure 6, the surface
of blocks that were not soaked in sterile fermentative liquid was completely covered by
colonies of wood-destroying fungi. The thickness of colonies of wood-destroying fungi
was approximately 3 mm, as measured on a scale. The surface of the block that was soaked
in the sterile fermentative liquid and air-dried basically had no mycelium, while the surface
of the block that was soaked in the sterile fermentative liquid but not air-dried was covered
with a thin layer of mycelium. After the blocks were soaked in sterile fermentative liquid,
the mycelia on the dried blocks were different from those on the undried blocks. The
thickness of the mycelium on the surface of the undried block was slightly greater, and the
thickness of the colony of the wood-destroying fungus was approximately 1 mm.
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Figure 6. (a) Dried blocks soaked in sterile fermentative liquid after 12 weeks. (b) Undried blocks soaked in sterile
fermentative liquid after 12 weeks. (c) Blocks not soaked in sterile fermentative liquid after 12 weeks.

After the mycelia were scraped off, the wood blocks of the control group and the
treatment group were dried and weighed. The loss of mass and the percentage of block
decay are shown in Figure 7. The average weight loss of wood blocks in the control group
was 1.137 g, the average weight loss of wood blocks in the dry group was 0.532 g, and the
average weight loss of wood blocks in the undried group was 0.657 g. The average weight
loss percentage of wood blocks in the control group was 61.66%. In the treatment group,
the average weight loss percentage of the wood blocks with drying was 28.18% and that of
the wood blocks without drying was 34.97%. As can be seen from the significance analysis
results in Figure 7, the average weight loss of wood blocks in the control group and the
average weight loss of wood blocks in the dry group showed significant a difference. There
was also a significant difference between the average weight loss of wood blocks in the
control group and the average weight loss of wood blocks in the undried group.



Forests 2021, 12, 785

90f13

100%

2g | [ mass of undecayed block

' [_Jloss of mass of decayed wood o 90% 2

— * —@— The percentage of wood decay 8

2824 * 480% 5

2 i 3

E ik 470% @

© =

s 19%
=

= B

20 {s0% 2

o e

2 ©

) 440% o

> 2

o H30% £

- 2

2 H200% &
=

=

- 10%

0%
control treatment(dry) treatment(undry)

Figure 7. The degree of wood block decay in the treatment group and control group. * indicates no
significant difference and ** indicates a significant difference.

4.3.2. Internal Morphology of the Blocks

As shown in Figure 8, the interior of blocks that were not soaked in sterile fermentative
liquid had a lot of mycelia. Because the wood-destroying fungi colonized the wood, there
were many mycelia inside the wood. The internal morphology of the undried blocks that
were soaked in the sterile fermentative liquid after 12 weeks is shown in Figure 9. The
mycelia in the wood-destroying fungi were reduced, but some mycelia were still attached
to the wood interior. The dried blocks that soaked in the sterile fermentative liquid after
12 weeks are shown in Figure 10. The mycelia of wood-destroying fungi could not be
observed inside the wood.

det | HFW
.8 mm_ETD 414 ym

Figure 8. The internal morphology of the control group.
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Figure 10. The internal morphology of the dried blocks.

5. Discussion

At present, research on the use of microorganisms and their fermentation products
for wood preservation mainly focuses on preventing wood sapstain [24-26]. This study
was the first attempt to inhibit wood decay by brown and white rot fungi using a sterile
fermentative liquid of microorganisms. In this study, the screened Bacillus velezensis Nhw-
B72 was used to test the inhibition of wood-destroying fungi on plates. Bacillus velezensis
Nhw-B72 showed an obvious inhibition zone against Gloeophyllum trabeum and Coriolus
versicolor, indicating potential inhibitory effects. The plate-screening experiment was
performed under ideal conditions, and the soil block test was used to further explore the
antifungal properties of Bacillus velezensis Nhw-B72. The result of the soil block test was
consistent with the result of the plate-screening experiment, which indicated that the strain
deserves further investigation.

According to the diameters of the inhibition zone obtained by the plate-screening
experiment with Gloeophyllum trabeum and Coriolus versicolor, the average diameters of
the inhibition zone obtained by plate screening with Coriolus versicolor was 0.6 cm larger
than that of Gloeophyllum trabeum. When Gloeophyllum trabeum was used as the opposing
strain, the inhibition zone diameters of both B28 and Nhw-B72 strains were greater than
1.6 cm. The effect of the two strains on the plate was basically the same, but strain B28
did not show an inhibition zone when Coriolus versicolor was used as the opposing strain.
When Coriolus versicolor was used as the opposing strain, the inhibitory zone diameters of
the B2, B3, B4, B81, and Nhw-B72 strains were all greater than 2.2 cm, but the inhibitory
zone formed by the B2, B3, B4, and B81 strains was too small compared to Gloeophyllum
trabeum on the plate. B28 and B29 strains also have good antagonistic effects, as shown in
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the Table 1. By morphological identification and 16S rDNA identification, the B28 strain
was Bacillus subtilis, and the B29 strain was Bacillus amyloliquefaciens.

Some Bacillus can produce a variety of antagonistic enzymes, such as (3-1,3-glucanase,
cellulase, and protease [27,28]. The cell wall of fungi is damaged under the action of
these enzymes, which is one of the most important mechanisms of Bacillus against fungal
diseases [13,29]. Velmurugan [30] isolated high-activity antifungal lipopeptides against
Ophiostoma flexuosum, Ophiostoma tetropii, Ophiostoma polonicum, and Ophiostoma ips from
Bacillus subtilis and Bacillus licheniformis. The isolated lipopeptides may belong to the
surfactin and iturin family. Possible mechanisms between the antagonistic activity of
lipopeptides and fungal samples have also been discussed [31]. The mycelia of wood-
destroying fungi after the plate-screening experiment with Nhw-B72 in this study were
observed, and the mycelia were found to be malformed and broken. It was speculated
that this was because Bacillus velezensis Nhw-B72 produced some active substance, which
destroyed the cell wall of mycelia and thus inhibited the growth of mycelia.

After 12 weeks, the air-dried blocks in Figure 6a had almost no mycelia. The average
percentage of wood decay was only 28.18%. The surfaces of the blocks in Figure 6¢c were
completely covered by wood rot fungus colonies. The average percentage of block decayed
was 61.66%. Figure 6a compared with Figure 6¢ shows that the sterile fermentative liquid
of strain Nhw-B72 can effectively inhibit the growth of mycelia of wood-destroying fungi
on the wood block. The undried blocks in Figure 6b were covered by a few mycelia. The
average percentage of block decayed was 34.97%. In Figure 6a, compared with Figure
6b, it could be concluded that drying the blocks after being soaked in sterile fermentative
liquid will affect the inhibition effect, and that the dried method is better than the undried
method in inhibiting wood decay.

6. Conclusions

In this study, the Nhw-B72 strain was isolated and screened from the soil under
decaying Pinus sylvestris var. It was confirmed that the strain had an obvious inhibitory
effect on Gloeophyllum trabeum and Coriolus versicolor by the plate-screening method. The soil
block test using the sterile fermentative liquid of Bacillus velezensis showed that the sterile
fermentative liquid of strain Nhw-B72 could effectively inhibit wood decay. In addition,
the air-drying of blocks after impregnation with the fermentative liquid increased the
inhibition effect. These conclusions can provide a theoretical basis for production practice.
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Appendix A

Table Al. Diameter of the inhibition zone of the strains against Coriolus versicolor. The data in one row are three sets of
replicates of the same strain.

Numbers of the Confronting Strains of CV 1 2 3 4 1 2 4 1 2 3 4  Average
1 24 22 22 19 22 24 2 19 22 23 23 21 2.18
2 21 22 2 24 25 22 23 24 22 22 24 19 2.23
3 22 25 23 22 2 23 23 21 2 25 21 23 223
4 23 21 24 22 27 24 22 21 22 22 24 19 2.26
28 2 21 2 21 21 25 24 2 2 19 21 24 2.13
29 15 19 13 2 22 18 17 19 19 2 19 17 1.82
72 22 24 22 23 21 21 26 26 24 23 24 23 2.33
80 16 17 17 15 2 19 19 19 18 2 19 15 1.78
81 25 23 21 21 23 22 19 22 22 23 23 22 222

Table A2. Diameter of the inhibition zone of the strains against Gloeophyllum trabeum. The data in one row are three sets of
replicates of the same strain.
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