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Abstract Strain NF87-2 is an aerobic, non-motile and
rod-shaped Gram-negative bacterium. It was isolated
from the rhizosphere of green pepper. In the present
study, sequence analyses of the 16S rRNA and copA
genes revealed that strain NF87-2 belongs to the species
Lysobacter capsici. Strain NF87-2 could produce
chitinase, cellulase, protease and siderophore. The strain
showed a broad spectrum of antifungal activities against
phytopathogens, including Alternaria brassicae, Rhi-
zoctonia solani, Sclerotinia sclerotiorum, Botrytis
cinerea, Colletotrichum gloeosporioides and Fusarium
oxysporum. The secondary metabolites secreted by
strain NF87-2 could inhibit the growth of both bacteria
and fungi, but the mixture of peptides and proteins
extracts from a suspension of strain NF87-2 could only
inhibit the mycelia growth of fungi. Our results also
have shown that strain NF87-2 could control pepper
damping off caused by R. solani effectively in a green-
house setting. Our findings provide a new source for a
biocontrol agent and shed light on the mechanism of the
antagonistic activity of L. capsici.
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Introduction

Soil-borne plant pathogens can cause significant reduc-
tions in both yield and quality in vegetable crops. Man-
agement of plant pathogens with pesticides has resulted
in environmental pollution and pathogen resistance
(Fernando et al. 2005). It was reported that soils sup-
pressive of various soil-borne plant pathogens such as
Gaeumanomyces graminis var. tritici, Fusarium
oxysporum, Fusarium solani, Phytophthora cinnamomi,
Rhizoctonia solani and Sclerotinia sclerotiorum, can
limit disease development and provide a favorable en-
vironment (Cook and Baker 1983). The suppressive
activity is due to the presence of antagonistic microbes.
For example, plant growth-promoting rhizobacteria
(PGPR), such as Pseudomonas, Bacillus and
Azospirillum species, play a vital role in disease control,
crop protection and growth promotion (Fernando et al.
2005).

The genus Lysobacter was first described as PGPR
bacteria by Christensen and Cook (1978). Members of
this genus are strongly proteolytic and characteristically
lyse a variety of microorganisms such as Gram-positive
(including Actinomycetes), Gram-negative bacteria, fun-
gi, and green algae, as well as nematodes (Qian et al.
2009). Many strains of Lysobacter can produce exoen-
zymes and antibiotics that are of ecological and biotech-
nological interest (Postma et al. 2010). These strains can
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be potentially used as biocontrol agents (Hayward et al.
2010).

Lysobacter enhances the disease resistance of plants
via various mechanisms, such as production of
chitinases, lipases, proteases and [3-1,3-glucanases (Ko
et al. 2009; Palumbo et al. 2003), plant colonization
(Islam et al. 2005; Ji et al. 2008), and induction of
systemic resistance (Kilic-Ekici and Yuen 2004). In
addition, Lysobacter is a source of bioactive natural
products (Nett and Konig 2007; Xie et al. 2012; de
Bruijn et al. 2015). For example, dihydromaltophilin, a
heat stable anti-fungal factor (HSAF), has been shown
to have antifungal activity and was isolated from
L. enzymogenes OH11, a bacterium used in the biolog-
ical control of fungal diseases in plants (Lou et al. 2011).
4-Hydroxyphenylacetic acid, which is used for control
of Phytophthora blight, was isolated from
L. antibioticus HS124 (Ko et al. 2009).
L. enzymogenes 3.1 T8 was found to produce a polyke-
tide synthase that can be used against Pythium
aphanidermatum (Folman et al. 2004). Several
Lysobacter species produce potent antibacterial metab-
olites, including cyclic peptide lysobactin and cyclic
lipodepsipeptide WAP-8294A2 (Wang et al. 2013).

Strain NF87-2 was isolated from the rhizo-
sphere of green pepper and was described as an
antagonist to many plant pathogens, including
Alternaria brassicae, Botrytis cinerea,
Colletotrichum gloeosporioides, F. oxysporum, R.
solani and S. sclerotiorum (Liu 2016). In the cur-
rent study, we further characterized the strain
NF87-2 by identifying its active compounds and
determining its effects on soil-borne pathogens
in vitro. Our results provide insight into the anti-
fungal mechanism of strain NF87-2 against soil-
borne plant pathogens.

Materials and methods
Microorganisms, media and culture conditions

Bacterial and fungal strains used in this study are listed
in Table 1. The bacterial strains were routinely cultured
at 28 °C on Luria-Bertani agar (LBA) and preserved in
20% glycerol at =80 °C. The plant-pathogenic fungi
were cultured on potato dextrose agar (PDA) at 28 °C
for 2—7 days and stored at 4 °C.
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Morphological, biochemical, and physiological features

Gram staining, flagella staining, and motility assays
were performed according to standard protocols (Fang
1998). The morphology of individual cells was ob-
served using a transmission electron microscope
(TEM) (Tecnai G2 F30, FEI, Thermo Fisher Scientific,
Waltham, MA). Activities of chitinase, cellulase, prote-
ase and siderophore were detected as described previ-
ously (Liu et al. 2012). Briefly, nutrient broth (NB)
medium was used for the chitinase assay. NF87-2 cells
were spotted onto the plates and incubated at 28 °C for
3 days to observe the clear zones around the colony.
Carboxymethyl cellulose (CMC) agar medium was used
for cellulase assay. NF87-2 cells were spotted onto the
plates and incubated at 28 °C for 3 days, and Gram’s
iodine solution was poured onto the CMC plates to
observe the clear zones around the colony. Skim milk
agar was used for the protease assay. NF87-2 cells were
spotted onto the surface of the medium and incubated at
28 °C for 3 days. Protease production was determined
by formation of a clear zone around the colony due to
breakdown of milk protein. Chrome Azurol S (CAS)
agar containing 0.01 mmol L™' FeCly-6H,0 was used
for the siderophore assay. NF§7-2 cells were spotted
onto the surface of the medium and incubated at 28 °C
for 3 days. Siderophore activity was represented by a
yellow zone around the colony.

NF87-2 cells were prepared as follows: strain NF§7—
2 was cultured in LB liquid medium at 28 °C on a shaker
(150 r/min) for 36 h. Then the culture was centrifuged at
10,000%xg at 10 °C for 10 min, after which the cell pellet
was re-suspended in 0.05 M phosphate buffer (pH 7.2)
to the desired concentration of 2 x 10°* colony-forming
units per mL (CFU/mL). Next, a 5-uL suspension of
strain NF87-2 was inoculated onto each plate and
incubated.

16S rRNA sequence and phylogenetic analysis

Genomic DNA extraction of strain NF87-2 was per-
formed using the cetyl trimethylammonium bromide
(CTAB) protocol (Ausubel 1988). The 16S rRNA was
amplified by polymerase chain reaction (PCR) from
genomic DNA by using universal primers 27f and
1492r (Lane 1991). PCR was performed as previously
described (Sambrook et al. 1989). Direct sequencing of
the PCR products was performed by Invitrogen (Shang-
hai, China). The 16S rRNA sequence was generated
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Table 1 Strains used in this study

Strains Source Crop Location Year References
Lysobacter capsici NF87-2 Rhizosphere Pepper Enshi, China 2014 Liu 2016
Bacillus subtilis PTS-394 Rhizosphere Tomato Hangzhou, China 2011 Liu et al. 2012
Bacillus megaterium 329 Soil Rice Beijing, China 2002 Liu 2016
Xanthomonas oryzae pv. oryzicola (Xooc) RS11 Diseased leaf Rice Nanjing, China 2008 Liu 2016
Alternaria brassicae Diseased leaf Cabbage Nanjing, China 2002 Liu 2016
Botrytis cinerea Diseased leaf Tomato Nanjing, China 2002 Liu 2016
Colletotrichum gloeosporioides Diseased fruit Pepper Nanjing, China 2002 Liu 2016
Fusarium oxysporum Diseased stem Tomato Nanjing, China 2002 Liu et al. 2012
Rhizoctonia solani Soil Pepper Nanjing, China 2002 Liu 2016
Sclerotinia sclerotiorum Diseased stem Pepper Nanjing, China 2002 Liu 2016

from three independent sequencing reactions, and the
Seqman program of the Lasergene software package
(DNASTAR Inc., Madison, WI) was used to construct
the final sequence of the 16S rRNA gene. Multiple
sequence alignment with 16S rRNA gene sequences
from the GenBank database (www.ncbi.nlm.nih.gov)
was performed using the Lasergene software package.
Phylogenetic analysis with a bootstrap analysis of 1000
samplings was conducted using MEGA version 4.0
software (Tamura et al. 2007).

Cloning of copA gene from Lysobacter sp. NF87-2
and phylogenetic analysis

Lysobacter is able to resist copper ions and its resistance
is probably due to the presence of conserved genes
coding for copper oxidase (copA) and copper exporting
Pip-type ATPases (ctpA) (Puopolo et al. 2014b). The
gene encoding CopA in Lysobacter sp. NF87-2 was
cloned using previously reported primers. PCR was
performed as previously described (Puopolo et al.
2014b). The amplified PCR product was used for direct
sequencing by Invitrogen (Shanghai, China), and align-
ment of nucleotide sequences was carried out using the
BLAST function of GenBank (www.ncbi.nlm.nih.gov).

Antibacterial and antifungal activities of Lysobacter sp.
NF87-2

A 5-uL suspension of strain NF87-2 sample as described
above was inoculated onto each LBA plate and incubated
at 28 °C for 72 h. Distilled water was used as the control.
The bacterial strains Bacillus megaterium 329 and

Xanthomonas oryzae pv. oryzicola (Xooc) strain RS11
(Table 1) were used as test strains. Suspensions of the two
test strains were prepared in the same way as strain
NF87-2.The antibacterial effect of NF§7-2 was evaluat-
ed using the plate bioassay protocol on LBA plates as
described previously (Gu et al. 2009). Each treatment was
replicated three times. Each experiment was repeated
three times independently. The diameters of the inhibitory
zones of Lysobacter sp. NF87-2 were measured when
the test strains covered the entire control plate.

The fungal pathogens (Table 1) were grown on PDA
plates at 28 °C for 72 h. A 0.5-cm-diameter mycelial
disk was placed at one side of a new PDA plate (9-cm-
diameter), and a 5-pL suspension of strain NF87-2 was
inoculated on the other side of the PDA plate, equidis-
tant between the plate edge and center. Distilled water
was used as the control. Each treatment was replicated
three times. Each experiment was repeated three times
independently. The diameters of the pathogen colonies
and the inhibition bands of Lysobacter sp. NF87-2
against the fungal pathogens were measured when the
mycelia covered the entire control plate.

The inhibition rate was calculated using the follow-
ing formula: inhibition rate = (diameter of colonies of
control — diameter of colonies of treated group)/(diam-
eter of colonies of control) x 100%.

Extraction and evaluation of active compound of strain
NF87-2

Strain NF87-2 was grown on LB liquid medium at
28 °C on a shaker (150 rpm) for 72 h. Secondary

metabolites were extracted from a 100-mL fermented
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liquid of strain NF87-2 following a previously de-
scribed method (Ko et al. 2009) and dissolved in 1 mL
water/methanol (vol/vol = 1:2). The mixture of peptides
and proteins (MPP) was extracted from 100 mL
fermented liquid of strain NF87-2 by the ammonium
sulphate method (Liu et al. 2010) and dissolved in
10 mL of 25 mM phosphate buffer (pH 7.0).

Secondary metabolites and MPP were evaluated
using the plate bioassay protocol on LBA and PDA
plates as described previously (Liu et al. 2010). Briefly,
four 0.5-cm-diameter holes were punched in each LBA
or PDA plate equidistant from the plate edge and center
using a stainless-steel rod. Then 5 uL, 10 uL or 20 uL of
suspension was added to each hole. As a control, 20 puL
of sterile water/methanol (for secondary metabolites) or
phosphate buffer (for MPP) was applied in the left hole.
Each treatment was replicated three times. Each exper-
iment was repeated three times. The diameters of the
inhibitory zones or bands were measured to evaluate
antimicrobial activities of secondary metabolites or
MPP secreted by strain NF87-2 when the test strains
covered the entire control hole.

Biocontrol effect of strain NF87-2 against R. solani
under greenhouse conditions

Pepper damping off caused by R. solani is a common
soil-borne disease throughout pepper-growing areas. The
pepper cultivar “sujiao 5 was used as the host plant to
test the biocontrol effect of strain NF87-2 against
R. solani. The sujiao 5 seeds were provided by the
Institute of Vegetable Crops, Jiangsu Academy of Agri-
cultural Sciences. Fifty seeds were planted in each plastic
tray (35 mm x 25 mm) and supplied with a vermiculite/
nutrition soil mixture at a 1:1 ratio. The plants were
grown in a greenhouse at the Institute of Plant Protection,
Jiangsu Academy of Agricultural Sciences, with 12-h
light/dark cycle at 28 °C and 75% relative humidity.

The fungal pathogen R. solani was grown on PDA
plates at 28 °C for 3 days. A 0.5-cm-diameter mycelial
disk was then transferred to a new PDA plate (9-cm
diameter) and grown for 3 days when mycelia covered
the entire PDA plate. The suspension of strain NF87-2
with the concentration of 2 x 10* CFU/mL was prepared
as described above. The bacterial strain B. subtilis PTS-
394, an antagonistic bacterium against many fungal
pathogens (Liu et al. 2012), was used for comparison.
B. subtilis PTS-394 was cultured under the same condi-
tion as the strain NF87-2.
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The biocontrol experiment involved five different
treatment (1) treatment with R. solani only (used as
control): the soil was inoculated with the fungal patho-
gen R. solani collected from 12 plates (heavy inocula-
tion), six plates (medium inoculation) or three plates
(light inoculation); The plates were prepared as de-
scribed in above paragraph; (2) treatment with
R. solani and water-diluted suspension of strain NF87—
2: the soil was inoculated with different amounts of
R. solani (above (1)) and then treated with 20 mL of
al00-fold diluted suspension of strain NF87-2; (3) treat-
ment with R. solani and original solution of NF§7-2: the
soil was inoculated with different amounts of R. solani
(above (1)) and then treated with 20 mL of the original
suspension of strain NF87-2; (4) treatment with
R. solani and water-diluted suspension of strain PTS-
394: the soil was inoculated with different amounts of
R. solani (above (1)) and then treated with 20 mL of a
100-fold diluted suspension of strain PTS-394; and (5)
treatment with R. solani and original solution of PTS-
394: the soil was inoculated with different amounts of
R. solani (above (1)) and then treated with 20 mL of the
original suspension of strain PTS-394. Soil supplied
with the same amount of sterile water was used as a
blank treatment. Each treatment was replicated three
times. The experiment was repeated three times. All
the treatments were kept at constant humidity and tem-
perature for 3 weeks, and then the rate of seedling
emergence was measured and the biocontrol efficiency
was calculated as follows:

Control efficiency = (the rate of seedling emergence
of treatment — the rate of seedling emergence of control)/
(the rate of seedling emergence of control) x 100%.

Statistical analysis

Data were processed by analysis of variance (ANOVA)
using the SAS GLM procedure (SAS Institute, Inc.,
Cary, NC). P<0.05 was considered statistically signif-
icant, and significant means were further compared by
Fisher’s protected least significant difference (PLSD).
Results

Phenotypic characteristics of strain NF§7-2

Culturing of strain NF87-2 on LBA plates at 28 °C for
2 days yielded colonies that were yellow in color,
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circular, and glossy in appearance. Strain NF§7-2 was
observed to be a non-motile, rod-shaped, Gram-negative
bacterium (Fig. 1). Strain NF87-2 was able to grow at
5-35 °C, and the optimal growth temperature was 28—
30 °C. Spot assays showed that strain NF87-2 produced
chitinase, cellulase, protease and siderophore (Fig. 2).

Phylogenetic analyses of the 16S rRNA and copA genes

The nearly full-length 16S rRNA gene sequence
(1457 bp) of strain NF87-2 was determined and depos-
ited into the GenBank database (Accession No.
KJ147476). This sequence shared high identities with
those of the Lysobacter species, further confirming that
strain NF87-2 belongs to the genus Lysobacter. A phy-
logenetic tree derived from these 16S rRNA sequences
was constructed to illustrate the position of strain NF87—
2 and 16 other Lysobacter species. The phylogenetic
tree revealed that strain NF87-2 is very closely related
to the species L. capsici (Fig. 3).

The copA gene is one of the genetic determinants
involved in bacterial resistance to copper (Lejon et al.
2007). Several copA genes belonging to Lysobacter
species were collected from GenBank and used for
phylogenetic analyses. The results further indicate that
strain NF87-2 is a member of L. capisici (Fig. 4).

Antibacterial and antifungal activities of strain NF87-2

The antibacterial activities of strain NF87-2 were
determined on LBA plates. The results showed that
strain NF87-2 possessed antibacterial activities
against the Gram-negative bacterium Xooc strain
RS11 and the Gram-positive bacterium
B. megaterium 329 (Fig. 5a, b), with clear inhibitory
surrounding the colonies of strain NF87-2. The

Fig. 1 Morphology of NF87-2
colony on LBA plate (a) and
morphology of an individual cell
(b) observed by transmission
electron microscopy

diameters of the inhibitory zones against
B. megaterium 329 and Xooc strain RS11 were
19.2+1.6 mm and 20.5+ 1.4 mm, respectively. In
addition, strain NF87-2 strongly inhibited the radial
growth of some phytopathogenic fungi on PDA agar
(Fig. Sc—h), with clear inhibitory bands surrounding
the colonies of strain NF§7-2. Compared with those
on the control plates, the inhibitory bands against
A. brassicae, B. cinerea, C. gloeosporioides,
F. oxysporum, R. solani and S. sclerotiorum were
38.1+£0.6 mm, 24.2+1.3 mm, 32.4+0.8 mm, 30.5
+0.5 mm, 34.3+1.1 mm and 23.7+1.1 mm, with
the inhibition rate 42.33+0.67%, 26.89 +1.44%,
36.00+0.89%, 33.89+0.56%, 38.11+1.22% and
26.33 £ 1.22%, respectively.

Antimicrobial activities of active compounds
from the culture suspension of strain NF§7-2

We first examined the antimicrobial activities of the
secondary metabolites secreted by strain NF87-2 to-
ward B. megaterium 329, Xooc strain RS11 and several
fungal pathogens. As shown in Fig. 6, the inhibitory
against B. megaterium 329 (Fig. 6a) and Xooc strain
RS11(Fig. 6b) increased significantly as the volume of
suspension increased from 5 to 20 pL. Similar results
were observed for the tested fungal pathogens. The
inhibitory bands for R. solani (Fig. 6c), A. brassicae
(Fig. 6d), and S. sclerotiorum (Fig. 6e) were 6.0+
0.3 mm, 4.5+0.4 mm, and 11.0 + 0.6 mm, respectively,
when treated with 20-uL suspensions of secondary me-
tabolites of strain NF87-2.

Next, we examined the antimicrobial activities of
MPP extracted by the ammonium sulphate method.
The results showed that MPP had no obvious inhib-
itory effect against B. cinerea, R. solani,
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Fig. 2 Assay of chitinase (a), cellulase (b), protease (¢) and
siderophore (d) secretion by strain NF87-2. Nutrient broth (NB)
medium was used for the chitinase assay (a). NF87-2 cells were
spotted onto the plates and incubated at 28 °C for 3 days to observe
the clear zones around the colony. Carboxymethyl cellulose
(CMC) agar medium was used for the cellulase assay (b).
NE87-2 cells were spotted onto the plates and incubated at
28 °C for 3 days. Gram’s iodine solution was poured onto the
CMC plates to observe the clear zones around the colony. Skim
milk agar was used for the protease assay (c). NF87-2 cells were
spotted onto the surface of the medium and incubated at 28 °C for
3 days. Protease production was determined by formation of a
clear zone around the colony due to breakdown of milk protein.
Chrome Azurol S (CAS) agar medium containing 0.01 mmol L'
FeCl;-6H,0 was used for the siderophore assay (d). NF87-2 cells
were spotted onto the surface of the medium and incubated at
28 °C for 3 days. A, B and C, enzyme activity is shown as clear
zones around colonies on chitin agar, CMC medium and milk
medium, respectively. D, siderophore activity is shown as a yellow
zone around the colony

B. megaterium 329, or Xooc strain RS11, but an
apparent antifungal effect toward A. brassicae,
C. gloeosporioides, F. oxysporum, and
S. sclerotiorum (Fig. 7). However, the inhibition by
MPP was much weaker than that by the strain
NF87-2 itself, suggesting that secondary metabo-
lites and some unknown natural products secreted
by strain NF87-2 may also contribute to the antimi-
crobial activity in addition to MPP. Among the test-
ed fungal pathogens, F. oxysporum and
S. sclerotiorum showed the highest sensitivity to
MPP. The inhibitory bands were 7.5+ 1.2 mm and
9.2+ 1.6 mm, respectively, after treatment with
20-uL suspensions of MPP of strain NF87-2.
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Biocontrol efficacy of strain NF87-2 against R. solani
in greenhouse settings

Greenhouse experiments revealed that inoculation of the
soil with R. solani greatly reduced the rate of seedling
emergence of the control (Table 2). Addition of suspen-
sion of NF87-2 significantly recovered the rate of seed-
ling emergence, especially in the medium-inoculated
soil, in which the rate of seedling emergence increased
from 52.95 £ 1.31% to 80.24 = 1.50%, with a biocontrol
efficiency of 51.54 + 1.44%. The biocontrol efficacy of
the original suspension of NF87-2 was higher than that
of the water-diluted liquid, which was 35.03 +1.26% in
the medium-inoculated soil. No significant difference in
the seedling emergence rate was observed between the
groups treated with original suspension and diluted lig-
uid of NF87-2 in the light-inoculated soil. The biocon-
trol efficiency ranged from 21.69+1.25% to 15.50 +
1.58%. With application of the same treatment, the rate
of seedling emergence in the heavy-inoculated soil was
much lower than those in the light-inoculated soil and
medium-inoculated soil.

B. subtilis PTS-394 was also a good biocontrol strain.
In this study the biocontrol efficiency treatment with
PTS-394 suspension reached 53.22 +2.03% and 23.09
+1.87% in the medium inoculated soil and heavy inoc-
ulated soil, respectively. When treated with diluted lig-
uid of PTS-394, the biocontrol efficiency reduced from
39.91+£2.33% to 6.35+1.93%. (Table 2).

Discussion

Some strains of Lysobacter spp., such as 3.1 T8, HS124,
AZ78, and OH11, have been reported to be effective at
controlling both soil-borne and foliar diseases (Folman
et al. 2004; Ko et al. 2009; Puopolo et al. 2014a; Qian
et al. 2009). In the present work, the antagonistic effects
of Lysobacter strain NF87-2 against some bacteria and
plant-pathogenic fungi were studied. In addition, repeat-
ed experiments indicated that the antagonistic capability
of the NF87-2 strain was stable and persistent. These
data suggest that strain NF87-2 has potential as a bio-
control agent.

It has been reported that resistance to copper is a trait
shared by Lysobacter species and associated with the
presence of the copper oxidase gene (copA) (Puopolo
et al. 2014b). Phylogenetic analysis indicated that the
copA sequence of L. capsici AZ78 clustered with gene
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Fig. 3 Phylogenetic tree derived
from 16S rRNA gene sequences
of Lysobacter strain NF87-2 and
other Lysobacter type strains
using the neighbor-joining meth-
od. Scale bar represents an evo-
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homologs from Azotobacter vinelandi strain CA6, Pseu-
domonas fluorescens strain PfO-1, and P. stutzeri strain
CCUG 29243, bacterial species that are phylogenetical-
ly distant from the genus Lysobacter (Puopolo et al.
2016). In the present study, genes coding for CopA were
collected in Lysobacter spp. and some other bacterial
strains for phylogenetic analysis. We found that gene
copA was commonly expressed in many Lysobacter
species. Phylogenetic analysis of copA sequences fur-
ther confirms the sequence analysis of 16S rRNA gene
and strongly suggests that Lysobacter sp. NF87-2 may-
be a member of L. capsici.

It is well known that certain Lysobacter strains can
produce antibacterial and antifungal products. In the
present study, we demonstrated that secondary metabo-
lites and MPP play a key role in the biocontrol activity
of strain NF87-2 against fungal pathogens. Secondary
metabolites secreted by strain NF87-2 could

Fig. 4 Phylogenetic tree derived
from copA sequences of
Lysobacter strain NF87-2 and
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significantly inhibit the mycelial growth of R. solani,
A. brassicae, and S. sclerotiorum, while MPP extracted
from the suspension of strain NF87-2 could inhibit the
mycelial growth of A. brassicae, C. gloeosporioides,
F oxysporum, and S. sclerotiorum. The results indicate
that different phytopathogenic fungi have different sen-
sitivities to active compounds of strain NF87-2. We also
showed that secondary metabolites secreted by strain
NF87-2 could inhibit the growth of B. megaterium
and Xooc, whereas MPP could not inhibit the growth
of bacteria. This suggests that different mechanisms
may be employed by strain NF87-2 against bacterial
and fungal pathogens. The bacteria tested in the study
were only sensitive to secondary metabolites, whereas
the tested fungi were sensitive to both secondary metab-
olites and MPP.

It is currently unknown which types of antimicrobial
compounds are released by the strain NF87-2. Previous

59[ Lysobacter capsici M143 (KF298253)
52| ~Lysobacter capsici AZ78 (KF196836)
Lysobacter capsici PG4 (KF298254)

other Lysobacter type strains
using the neighbor-joining meth-
od. Scale bar represents an evo-

8

Lysobacter capsici YC5194 (KF298255)
Lysobacter sp. NF87-2 (KJ147476)

Lysobacter antibioticus DSN2044 (KF298252)

lutionary distance (Kpye) of 0.02

Stenotrophomonas maltophiia AAPS6 (FJ514243)

76

002

Pe
F

Lysobacter enzymogenes DSM2043 (KF298256)
Lysobacter gummosus DSM6980 (KF298257)

4, 32

su

is 11-1 (CP002446)

99

@ Springer



866

Eur J Plant Pathol (2019) 155:859-869

Fig. 5 Antibacterial (a—b) and antifungal (c—h) activities of strain
NF87-2. For analysis of antibacterial activity, 5 pL suspension of
strain NF87-2 was spotted on the center of LBA plates, incubated
at 28 °C for 3 days and then sprayed with B. megaterium 329 (a) or
X. oryzae pv. oryzicola (Xooc) strain RS11 (b). The over-sprayed
plates were further incubated for 24 h at 28 °C. For analysis of

studies showed that Lysobacter species could produce
secondary metabolites with antimicrobial activities,
such as antifungal HSAF and antibacterial WAP-

antifungal activity, strain NF87-2 was co-cultured with the fol-
lowing fungi on PDA plates (spotted on opposite sides of the
plate):A. brassicae (¢); B. cinerea (d); C. gloeosporioides (e);
F oxysporum (f); R. solani (g) and S. sclerotiorum (h). The plates
were incubated at 28 °C for 2-5 days

8294A2 produced by L. enzymogenes C3 and
L. capsici 55, lysobactin produced by L. gummosus
3.2.11, and phenazine with antifungal activity produced

Fig. 6 Antibacterial (a—b) and antifungal (c—e) activities of sec-
ondary metabolites secreted by strain NF§7-2. For analysis of
antibacterial activity, different dosages (5 uL, 10 uL and 20 uL)
of secondary metabolites secreted by strain NF87-2 were poured
into 0.5-cm-diameter holes on LBA plates. 20 uL water/
methanolwas used as control (CK). The plates were sprayed with
B. megaterium 329 (a) and X. oryzae pv. oryzicola (Xooc) strain
RS11 (b) and then incubated at 28 °C for 3 days. For analysis of
antifungal activity, different dosages (5 uL, 10 uL and 20 uL) of
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secondary metabolites secreted by strain NF87—-2 were poured into
0.5-cm-diameter holes on PDA plates. 20 uL water/methanol was
used as control (CK). Different fungi, including R. solani (c),
A. brassicae (d), and S. sclerotiorum (e), were spotted at the center
of'the plate (equidistant from each hole) and incubated at 28 °C for
3 days. The diameters of the inhibitory zones or bands were
measured to evaluate antimicrobial activities of secondary metab-
olites secreted by strain NF87-2
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Fig. 7 Antifungal activities of the mixture of peptides and pro-
teins (MPP) secreted by strain NF87-2. Different dosages of MPP
(5 uL, 10 puL and 20 pL) secreted by strain NF87-2 were poured
into 0.5-cm-diameter holes on PDA plates. 20 puL phosphate
buffer was used as control (CK). Different fungi, including

by L. antibioticus ATCC29479 (de Bruijn et al. 2015;
Wang et al. 2013). These reports provide a good basis
for us to explore whether NF87-2 could produce these
characterized and potentially new secondary metabo-
lites via genome mining in future.

Most L. capsici strains have been recently recognized
as biocontrol agents for plant-pathogenic fungi,
oomycetes, and nematodes. For example, L. capsici
YS1215 can produce lactic acid and lytic enzymes to
control the root-knot nematode (Lee et al. 2014; Lee

CK
5pL

10 pL

A. brassicae (a), C. gloeosporioides (b); F. oxysporum (c), and
S. sclerotiorum (d), were spotted at the center of the plate (equi-
distant from each hole) and then incubated at 28 °C for 3 days. The
diameters of the inhibitory bands were measured to evaluate
antimicrobial activities of MPP secreted by strain NF§7-2

et al. 2015). Four strains of L. capsici showed in vitro
activity against 9 fungi and 4 oomycetes pathogens,
except for X. campestris (Gomez et al. 2015). Interest-
ingly, antibacterial compounds released by L. capsici
AZ78 are toxic to Gram-positive bacteria only
(Puopolo et al. 2016). In this study, we found that the
strain NF87-2 has two advantages compared to most
previously characterized L. capasici strains: (1) it has
both antibacterial and antifungal activities in vitro, and
(2) it can inhibit the growth of both Gram-positive and

Table 2 Control effect of strain NF87-2 against R. solani on pepper seedling emergence

Treatments Light inoculation soil Medium inoculation soil Heavy inoculation soil Control soil
Seedling Control Seedling Control Seedling Control Seedling
emergence efficiency emergence efficiency emergence efficiency emergence
percentage (%) (%) percentage (%) (%) percentage (%) (%) percentage (%)
Suspension of 85.44 +1.12% 21.69+1.25% 80.24+1.50" 51.54+1.44" 38.18+2.15° 25.06+1.98" 91.52+0.45"
NE87-2

100-fold 81.09+1.41°% 15.50+1.58* 71.50+1.33* 35.03+1.26° 31.66+1.02° 3.70+£0.82°  90.09+1.32°
dilution of
NEF87-2

Suspension of 86.17 +1.09* 2273+ 1.17* 81.13+2.17* 53.22+2.03" 37.58+1.69° 23.09+1.87" 91.31+0.68"
PTS-394

100-fold 82.27+3.05" 17.18£2.77% 74.08 £2.56" 39.91+2.33% 32.47+1.74° 6.35+193° 91.18+021°
dilution of
PTS-394

Water 7021£125> 52.95+£131°  / 30.53 £ 1.11° / 90.74+1.55°

Data are mean + SD. Values in columns followed by similar letters were not significantly different according to Fisher’s protected LSD test

(P=0.05)
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Gram-negative bacteria. These results suggest that the
antibacterial substances secreted by NF87-2 may be
different from those secreted by other L. capsici strains
as reported previously.

Biocontrol bacteria with in vitro antagonistic activity
may not effectively control plant diseases in the field.
For example, strains of L. capsici showed strong in vitro
activity against R. solani. However, no significant and
consistent suppression of R. solani damping-off disease
was observed when the strains were introduced into soil
(Gomez et al. 2015). In this study, the strain NF87-2
could inhibit the mycelial growth of many pathogenic
fungi including R. solani in vitro and control well the
damping off of pepper in the greenhouse. The results
suggest that strain NF87-2 is a promising biocontrol
bacterium. Additional studies about the biological char-
acteristics of strain NF87-2, such as colonization, sur-
vival ability and product formulation, are needed to
confirm the biocontrol effect of strain NF87-2 in the
field.

Conclusions

In summary, our study identified strain NF87-2 as a
new strain of L. capsici that possesses significant antag-
onistic activities against plant-pathogenic fungi and bac-
teria, including both Gram-positive and Gram-negative
bacteria. Secondary metabolites and mixture of peptides
and proteins from the strain NF87-2 were identified as
active compounds against bacteria and plant-pathogenic
fungi. The antibacterial substances secreted by NF87-2
appeared to be different from other L. capsici strains
reported previously. These findings could help expand
the biocontrol spectrum of L. capasici strains currently
used. Our study could also provide a new source for a
biocontrol agent and a solid basis for understanding the
antagonistic mechanism of strain NF87-2.
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