SOCIETY FOR

] weean  Applied and Environmental
-L MICROBIOLOGY MiCrObiO|09y®

Bacillomycin D Produced by Bacillus
amyloliquefaciens Is Involved in the
Antagonistic Interaction with the
Plant-Pathogenic Fungus Fusarium
graminearum

Qin Gu,® Yang Yang,® Qiming Yuan,? Guangming Shi,® Liming Wu,? Zhiying Lou,?
Rong Huo,® Huijun Wu,? Rainer Borriss,? Xuewen Gao?

Department of Plant Pathology, College of Plant Protection, Nanjing Agricultural University, Key Laboratory of
Integrated Management of Crop Diseases and Pests, Ministry of Education, Nanjing, People's Republic of
China#; Institut fur Biologie, Humboldt-Universitat Berlin, Berlin, Germany®

ABSTRACT Fusarium graminearum (teleomorph: Ascomycota, Hypocreales, Gibber-
ella, Gibberella zeae) is a destructive fungal pathogen that threatens the production
and quality of wheat and barley worldwide. Controlling this toxin-producing patho-
gen is a significant challenge. In the present study, the commercially available strain
Bacillus amyloliquefaciens (Bacteria, Firmicutes, Bacillales, Bacillus) FZB42 showed
strong activity against F. graminearum. The lipopeptide bacillomycin D, produced by
FZB42, was shown to contribute to the antifungal activity. Purified bacillomycin D
showed strong activity against F. graminearum, and its 50% effective concentration
was determined to be approximately 30 ug/ml. Analyses using scanning and trans-
mission electron microscopy revealed that bacillomycin D caused morphological
changes in the plasma membranes and cell walls of F. graminearum hyphae and
conidia. Fluorescence microscopy combined with different dyes showed that bacillo-
mycin D induced the accumulation of reactive oxygen species and caused cell death
in F. graminearum hyphae and conidia. F. graminearum secondary metabolism also
responded to bacillomycin D challenge, by increasing the production of deoxynivale-
nol. Biological control experiments demonstrated that bacillomycin D exerted good
control of F. graminearum on corn silks, wheat seedlings, and wheat heads. In re-
sponse to bacillomycin D, F. graminearum genes involved in scavenging reactive ox-
ygen species were downregulated, whereas genes involved in the synthesis of
deoxynivalenol were upregulated. Phosphorylation of MGV1 and HOG1, the mitogen-
activated protein kinases of F. graminearum, was increased in response to bacillomy-
cin D. Taken together, these findings reveal the mechanism of the antifungal action
of bacillomycin D.

IMPORTANCE Biological control of plant disease caused by Fusarium graminearum is
desirable. Bacillus amyloliquefaciens FZB42 is a representative of the biocontrol bac-
terial strains. In this work, the lipopeptide bacillomycin D, produced by FZB42,
showed strong fungicidal activity against F. graminearum. Bacillomycin D caused
morphological changes in the plasma membrane and cell wall of F. graminearum, in-
duced accumulation of reactive oxygen species, and ultimately caused cell death in
F. graminearum. Interestingly, when F. graminearum was challenged with bacillomy-
cin D, the deoxynivalenol production, gene expression, mitogen-activated protein ki-
nase phosphorylation, and pathogenicity of F. graminearum were significantly al-
tered. These findings clarified the mechanisms of the activity of bacillomycin D
against F. graminearum and highlighted the potential of B. amyloliquefaciens FZB42
as a biocontrol agent against F. graminearum.
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he filamentous fungus Fusarium graminearum Schwabe (teleomorph: Gibberella

zeae) can cause Fusarium head blight (FHB) on wheat and barley, stalk and ear rot
diseases on maize, and seedling blight on maize and wheat (1). In addition to severe
yield losses and reduction of grain quality, F. graminearum can produce several
mycotoxins, such as deoxynivalenol (DON) and zearalenone, in infested grains. These
metabolites represent a significant threat to the health of animals (2, 3). Despite the
large economic and health impacts of FHB, no highly resistant varieties of wheat or
barley are available (4, 5). In fact, FHB management relies heavily on synthetic antifun-
gal agents, such as benzimidazole fungicides (6, 7). However, the continuous use of
these synthetic antifungal agents has resulted in the emergence of resistant F.
graminearum, which poses a potential risk to the environment and human health (7-9).
Therefore, it is essential to develop alternative methods and agents, which show low
toxicity and are environmentally friendly, for the efficient control of FHB. Among them,
biocontrol agents that are friendly to the environment and ecosystems have attracted
increasing attention worldwide (10).

Plant-growth-promoting rhizobacteria (PGPR), which live within or near plant roots,
can suppress soilborne plant pathogens and promote plant growth. These beneficial
biological activities have led to the development of many PGPR strains as commercial
biocontrol agents that are able to control plant diseases (11). Among them, some
species from the Bacillus genus, as typical representatives of PGPR, are considered the
best candidates to develop as efficient biocontrol agents, because of their production
of a wide range of bioactive compounds and their ability to form highly adversity-
resistant endospores (10). Their protective effects might rely on different mechanisms
that antagonize pathogen growth directly (12) or indirectly, via the stimulation of
induced systemic resistance of plants and growth promotion (13). In addition, Bacillus
species can compete with plant pathogens for nutrients, especially iron, which is
another important factor in plant protection (13). Several Bacillus-based commercial
products are available, such as Quantum-400 (Bacillus subtilis GB03), Serenade (B.
subtilis QST713), and Rhizovital (Bacillus amyloliquefaciens FZB42) (14, 15).

B. amyloliquefaciens FZB42, now renamed as B. amyloliquefaciens subsp. plantarum
FZB42, is the model strain of Gram-positive PGPR (16). FZB42 is known for its efficient
rhizosphere colonization, its plant-growth-promoting properties, and its ability to
suppress different plant pathogens (17, 18). Genome analysis revealed that 10 gene
clusters in FZB42, covering nearly 10% of the whole genome, are responsible for the
production of secondary metabolites with antimicrobial and nematocidal activities
(10). Seven of these secondary metabolites, including three lipopeptides (surfactin,
bacillomycin D, and fengycin) (17), three polyketides (macrolactin, bacillaene, and
difficidin) (19, 20), and one siderophore (bacillibactin), are synthesized using a
4'-phosphopantetheinyl transferase (Sfp)-dependent nonribosomal mechanism (10).
Bacilysin is produced via an Sfp-independent nonribosomal pathway (21). Plantazolicin
and amylocyclicin are processed and modified peptides are synthesized by ribosomes
(22, 23). These 10 compounds play important roles in the biocontrol properties of
FZB42. Bacillomycin D and fengycin have antifungal activities, especially against fila-
mentous fungi (17). The three polyketides, bacilysin, and amylocyclicin are associated
with antibacterial action (19-21, 24). Plantazolicin has nematocidal activity (22). Bacil-
libactin, which acts as a siderophore, suppresses pathogens by competition for iron
uptake (10). The lipopeptide surfactin has antiviral and anti-Mycoplasma activities and
plays a key role in biofilm formation and root colonization (25).

In the present study, we found that FZB42 has strong antagonistic activity toward
F. graminearum strain PH-1. Using mutants of FZB42, we demonstrated the involvement
of bacillomycin D in this antagonism. Bacillomycin D, a member of the iturin family of

October 2017 Volume 83 Issue 19 e01075-17

Applied and Environmental Microbiology

aem.asm.org 2


http://aem.asm.org

Antifungal Bacillomycin D from B. amyloliquefaciens

Applied and Environmental Microbiology

A

FIG 1 Antagonistic activities against F. graminearum PH-1 of FZB42 and its mutants (A) and of the secondary metabolite extract (B).

FZB42 and its mutants are described in Materials and Methods. CK, control (LB medium or methanol).

lipopeptides, is a heptapeptide interlinked with a B-amino fatty acid that forms a cyclic
ring structure (17, 26). Although many lipopeptides produced by Bacillus have anti-
phytopathogen actions, their mechanism of action remains poorly understood. The
general opinion is that the lipopeptides might form a pore in the cell membrane of the
microorganism, resulting in leakage of the cytoplasm. In the present study, to clarify
the mechanism underlying the antifungal activity of bacillomycin D, we performed a
detailed analysis of the effect exerted by bacillomycin D, because this lipopeptide is the
main factor in the B. amyloliquefaciens-F. graminearum interaction.

RESULTS

Antagonistic activity toward F. graminearum of bacillomycin D produced by B.
amyloliquefaciens FZB42. Antagonism assays showed that both FZB42 and a crude
extract of its secondary metabolites could suppress the growth of F. graminearum. To
identify the fungicidal agents acting against F. graminearum, corresponding mutants of
FZB42 were used. In FZB42, the Sfp protein 4’-phosphopantetheinyl transferase acts as
the peptidyl carrier protein and is essential for the production of three lipopeptides and
three polyketides (10, 17). When the Sfp-deficient mutant CHO3 was used in the assays,
the strain and its secondary metabolites showed no antifungal activity (Fig. 1A and B).
This finding indicated that lipopeptides and polyketides produced through the Sfp-
dependent pathway were involved in the suppression of F. graminearum growth.
Consequently, further mutant strains were used. Three polyketide-deficient mutants,
namely, CHO6 (deficient in bacillaene), CHO7 (deficient in macrolactin), and CH08
(deficient in difficidin), together with CHO1 (deficient in surfactin), showed antifungal
activity similar to that of wild-type FZB42 (Fig. 1A and B). This finding indicated that
these four non-ribosomally synthesized compounds had no antifungal activity. A
common characteristic of these four mutants is that they all produce bacillomycin D
and fengycin. When the bacillomycin D- and fengycin-deficient double mutant AK3 was
tested, the antifungal activity was abolished. However, the mutants AK1 (surfactin and
fengycin producer) and AK2 (surfactin and bacillomycin D producer), which can pro-
duce two lipopeptides, had antifungal activity similar to that of FZB42 (Fig. 1A and B).
We then tested two double mutants, CH02 and AK1S. CHO2 produces only one
lipopeptide, bacillomycin D, and AK1S synthesizes only one lipopeptide, fengycin. Both
mutants could suppress the growth of F. graminearum (Fig. 1A and B). Previously,
surfactin was reported to have no antifungal activity (7, 17). Thus, the results indicated
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FIG 2 Purification and characterization of bacillomycin D from B. amyloliquefaciens CH02. (A) Bacillomycin D was purified from B.
amyloliquefaciens CHO2 using reverse-phase HPLC. (B) Five fractions (I to V) were separated and collected by reverse-phase HPLC and were
used for the analysis of antagonistic activity. 45% acetonitrile (vol/vol) served as the control (CK). (C) The purity of bacillomycin D collected
from peak | was analyzed by HPLC.

that both bacillomycin D and fengycin acted as fungicidal factors and were responsible
for in vitro suppression of F. graminearum growth, confirming earlier findings obtained
with Fusarium oxysporum (teleomorph: Ascomycota, Hypocreales, Nectriaceae) (17).
Fengycin, which is a lipodecapeptide that has a B-hydroxy fatty acid in its side chain
and has a different structure, compared with bacillomycin D (17), has attracted more
attention (27, 28). Therefore, in this study we focus on the mechanism of action of
bacillomycin D, which was shown previously to be the main antifungal agent produced
by FZB42 (17).

To identify the mechanism of action of bacillomycin D, the CHO2 mutant, which
produces only bacillomycin D, was grown and used for purification. High-performance
liquid chromatography (HPLC) analysis showed five peaks between 21 min and 30 min
(Fig. 2A). The substances extracted from these five peaks all showed inhibitory activity
against F. graminearum (Fig. 2B). Matrix-assisted laser desorption ionization-time of
flight mass spectrometry (MALDI-TOF MS) analysis showed that the major component
in those five peaks was bacillomycin D. There were molecular ion peaks [(M+H)*] for
C,¢ bacillomycin D at m/z 1,059.6, ion peaks [(M+K)*] for C,, bacillomycin D at m/z
1,111.6, and ion peaks [(M+Na)*] for C,, to C,4 bacillomycin D at m/z 1,053.5, 1,067.5,
1,081.7, 1,095.6, and 1,109.6 (see Fig. S1 in the supplemental material). Among these
molecules, all containing the same ion, there were 14-Da differences in molecular mass,
suggesting the presence of fatty acid chains of different lengths within bacillomycin D
(CH, is 14 Da). These results were identical to a previous report (17). The purity of
bacillomycin D collected from peak |, which was used for further study, was determined
to be 96.6% (Fig. 2C). We tested a range of concentrations to determine the 50%
effective concentration (EC,,) of purified bacillomycin D against F. graminearum. The
results showed that the inhibitory activity increased with the concentration of purified
bacillomycin D (Fig. S2), and the ECy, was calculated as approximately 30 png/ml.

Microscopic and ultrastructural changes to F. graminearum hyphae and conidia
caused by bacillomycin D. The morphological variations of fungal mycelia and spores
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FIG 3 Effect of bacillomycin D on the morphology of F. graminearum PH-1 hyphae and conidia. (A) Effect of 9 ug/ml bacillomycin D on the morphology of F.
graminearum PH-1 hyphae and conidia observed with a light microscope. (B and C) Ultrastructural effects of 30 ug/ml bacillomycin D on F. graminearum PH-1
after 12 h, as determined by scanning electron microscopy (B) and transmission electron microscopy (C). CW, cell wall; cy, cytoplasm; pm, plasma membrane;
S, septum. In all of the experiments, 6.67% (vol/vol) methanol served as the control (CK).

treated with bacillomycin D at a relatively low concentration of 9 ug/ml were revealed
clearly by microscopic observation. The structure of untreated F. graminearum mycelia
was well organized, while structures appeared swollen in the presence of bacillomycin
D (Fig. 3A). These swollen structures were observed both at the tip and in the central
part of the treated hyphae. A similar phenomenon was also found in the conidia (Fig.
3A). The untreated conidia germinated and appeared normal. With bacillomycin D
treatment, the germination of conidia was inhibited, and the conidia that were pro-
duced appeared swollen (Fig. 3A). However, these swollen structures were gradually
reduced as the concentration of bacillomycin D was increased (Fig. S3). In further
experiments, scanning electron microscopy and transmission electron microscopy were

October 2017 Volume 83 Issue 19 e01075-17 aem.asm.org 5


http://aem.asm.org

Gu et al.

used to detect the damage to F. graminearum, at the ultrastructural level, caused by a
relatively high concentration of bacillomycin D (30 wg/ml).

The results of scanning electron microscopy showed that the untreated control
hyphae and conidial spores of F. graminearum appeared regular, intact, and plump,
with a column-like trunk, and were typically multiseptate on the outer surface. The
germ tubes generated from the conidia were visible (Fig. 3B). Upon exposure to
bacillomycin D, substantial exterior destruction of hyphae and conidia was found, such
as irregular shapes, loose cell walls, surface subsidence, and shriveled trunks (Fig. 3B).
This finding indicated that the cytoplasm was leaking out of the cells as a result of
treatment with bacillomycin D. To verify this observation, transmission electron mi-
croscopy was used. In the absence of bacillomycin D, the hyphae and conidia showed
a distinct cell wall, intact plasma membranes and septum, and a uniformly distributed,
electrodense, and clearly visible cytoplasm (Fig. 3C). In contrast, the cell walls of the
treated hyphae and conidia showed an irregular structure, with no discernible layers,
uneven thickness, and even gapped structures (Fig. 3C). Bacillomycin D treatment also
resulted in plasmolysis and caused fragmentation of the plasma membranes. Further-
more, the damage to the cell wall and membranes finally resulted in leakage of the
cytoplasm, as indicated by the higher electron density in the treated cells versus the
control cells.

Accumulation of reactive oxygen species and cell death of F. graminearum
caused by bacillomycin D. High concentrations of reactive oxygen species (ROS) are
harmful to cells and result in cell death (29). To investigate whether F. graminearum
cells accumulate ROS as a result of bacillomycin D treatment, a ROS assay kit was used.
The treated hyphae and conidia of F. graminearum showed stronger green fluorescence
than did those of the control. In particular, for the hyphae, nearly the entire mycelium
showed green fluorescence (Fig. 4A). Subsequent flow cytometry assays confirmed that
the treated conidia had stronger fluorescence intensity than did the controls (Fig. S4).
F. graminearum contains five putative extracellular ROS-scavenging enzymes, i.e., three
putative catalases (FGSG_02881, FGSG_06554, and FGSG_06733) and two putative
peroxidases (FGSG_02974 and FGSG_12369) (30). The results of quantitative real-time
PCR (qRT-PCR) analysis showed that all five genes in F. graminearum were downregu-
lated after treatment with bacillomycin D, especially those for two catalases
(FGSG_02881 and FGSG_06554) (Fig. 4B).

Therefore, to further detect whether cell death occurred, fluorescein diacetate and
propidium iodide double fluorescence staining was used to analyze live and dead cells,
in combination with phase-contrast and fluorescence microscopy. Fluorescein diacetate
is an enzyme activity probe that is recognized by nonspecific esterases. This recognition
releases green fluorescence once the compound enters living cells, and the compound
thus serves as an indicator of live cells. Propidium iodide fluoresces red in response to
membrane damage and is used as an indicator of dead cells. As shown in Fig. 5, the
untreated hyphae and conidia had few dead cells (red fluorescence). Accordingly, their
typical shape, outlined by green fluorescence (live cells), could be identified easily. In
contrast, after 12 h of exposure to 30 ug/ml bacillomycin D, the proportion of cells with
red fluorescence in the hyphae and conidia increased, and the green fluorescence
showed blurred shapes (Fig. 5). Combined with the results of scanning and transmission
electron microscopy, these observations indicated that bacillomycin D could destroy
the membranes as well as the cell wall, thus inhibiting the growth of F. graminearum.

Bacillomycin D inhibition of the formation and germination of F. graminearum
conidia. The formation and germination of conidial spores are important for F.
graminearum infection of plants. When the mycelia were cultured in carboxymethyl
cellulose (CMC) medium containing 3 to 9 ug/ml bacillomycin D, the formation of F.
graminearum conidial spores was inhibited significantly. At concentrations of bacillo-
mycin D above 9 pg/ml, almost no conidia were observed (Fig. 6A). In the control,
mycelia could form conidia normally (Fig. 6A). Furthermore, the germination of F.
graminearum conidia was inhibited by bacillomycin D in a dose-dependent manner
(Fig. 6B); with 30 wg/ml bacillomycin D, the germination rate was only 5.44%.
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Bacillomycin D reduction of the pathogenicity of F. graminearum on plants and
induction of the DON production on wheat kernels. We next investigated whether
bacillomycin D could influence the pathogenicity of F. graminearum on plants. The
results showed that corn silks treated with different concentrations of bacillomycin D
exhibited significant reductions in F. graminearum virulence, relative to the controls.
The lengths of reddish-brown lesions on the corn silks caused by F. graminearum
decreased remarkably, and the effect was most pronounced at 90 wg/ml bacillomycin
D (Fig. 7A; also see Fig. S5). Similar results were obtained when wheat seedlings were
treated with the same concentrations of bacillomycin D (Fig. 7B). These results indi-
cated that 90 ng/ml bacillomycin D could reduce the pathogenicity of F. graminearum
on corn silks and wheat seedlings markedly. When wheat heads were treated with this
concentration, the wheat heads were covered with fewer mycelia and remained green;
45% of the grains were healthy (Fig. 7C; also see Table S1). By comparison, the
untreated wheat heads were almost completely covered with mycelia and turned
completely gray; nearly all of the grains also turned gray (Fig. 7C). Thus, bacillomycin D
could reduce the pathogenicity of F. graminearum in plants.
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To characterize the effect of bacillomycin D on the biosynthesis of DON in F.
graminearum, we inoculated the fungus on sterilized wheat kernels treated with or
without 30 ug/ml bacillomycin D. After 20 days of incubation, we found that bacillo-
mycin D could stimulate the accumulation of DON on wheat kernels significantly
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FIG 6 Analyses of F. graminearum conidiation (A) and conidial spore germination (B) for cultures treated with different concentrations of bacillomycin D. Data
are expressed as means = SDs. *, significant difference, compared with the control (P < 0.01). The experiment was repeated independently three times, and
6.67% (vol/vol) methanol served as the control (CK).

October 2017 Volume 83 Issue 19 e01075-17 aem.asm.org 8


http://aem.asm.org

Antifungal Bacillomycin D from B. amyloliquefaciens

90 pg/ml
Bacillomycin D (pug/ml) Bacillomycin D

5 & t)) *

CK 30 60 90
Bacillomycin D (pg/ml)

FIG 7 Bacillomycin D effects on F. graminearum PH-1 infection of corn silks, wheat seedlings, and wheat
heads. (A) Corn silks were inoculated with a 0.6-cm-diameter plug containing F. graminearum PH-1
mycelia and then were treated with 30 to 90 pg/ml bacillomycin D; 6.67% (vol/vol) methanol served as the
control. White arrows show the reddish-brown discoloration in the corn silks. (B) Wheat seedlings were
inoculated with conidial suspensions of F. graminearum PH-1 and then were treated with 30 to 90 pg/ml
bacillomycin D. A conidial suspension (10¢ conidia/ml) with 2% (wt/vol) gelatin and 6.67% (vol/vol) methanol
served as the control. Black arrows show the black discoloration in the wheat seedlings. (C) Wheat heads were
point inoculated with conidial suspensions of F. graminearum PH-1 and then were treated with 90 pg/ml
bacillomycin D. A conidial suspension with 6.67% (vol/vol) methanol served as the control.

(Fig. 8A). In F. graminearum, the DON biosynthetic enzymes and direct regulators are
encoded by 15 tri genes (31). To further determine the molecular mechanism under-
lying the regulation of DON production by bacillomycin D, the tri5, tri6, tri10, and tri12
expression levels were analyzed. As shown in Fig. 8B, bacillomycin D induced the
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FIG 8 Effects of bacillomycin D on deoxynivalenol (DON) biosynthesis (A) and the expression of
DON-related genes (B) of F. graminearum. Data are expressed as means =+ SDs. *, significant difference,
compared with controls (P < 0.01). In the quantitative real-time PCR analysis, values were normalized to
the levels of the actin gene, as an internal reference; gene expression values are reported as means *=
SDs, relative to control values. The experiments were repeated independently three times.
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FIG 9 Phosphorylation of FgHOG1 and FgMGV1 in F. graminearum after exposure to bacillomycin D. (A)
Western blotting assay. (B) Bar graphs representing quantification of the levels of phosphorylated
FgHOG1 or FgMGV1, relative to the GAPDH reference. Prepared conidia of F. graminearum PH-1 were
incubated in PDB with 30 ug/ml bacillomycin D, and 6.67% (vol/vol) methanol was used as the control
(CK). Anti-phospho-p44/42 MAPK, anti-phospho-p38 MAPK, and anti-GAPDH were used as antibodies.

expression of tri5, tri6, and tri10 dramatically. These results suggested that, at the stated
dose, bacillomycin D influences DON biosynthesis positively.

Involvement of bacillomycin D in the phosphorylation of HOG1 and MGV1 of
F. graminearum. In Saccharomyces cerevisiae, the cell wall integrity (CWI) and high
osmolarity glycerol (HOG) signaling pathways are involved in cell wall stress responses
and the regulation of high osmotic stress responses, respectively. Phosphorylation of
two mitogen-activated protein kinases (MAPKs), i.e, MPK1 and HOGT, are required for
these two signaling pathways to respond to multiple environmental stresses (32, 33). In
the current study, 30 pg/ml bacillomycin D, which could suppress the growth of
one-half of the F. graminearum mycelia, could be regarded as an environmental stress
for F. graminearum. Therefore, the phosphorylation of FgMGV1 and FgHOG1, which are
the orthologs of MPK1 and HOGT, respectively, from S. cerevisiae (34, 35), was analyzed.
As indicated in Fig. 9, significantly increased levels of phosphorylated FgMGV1 and
FgHOG1 were observed in the strain treated with bacillomycin D for 2 h. These results
indicated that, at the stated concentration, bacillomycin D induced the activation of the
CWI and HOG signaling pathways in F. graminearum.

DISCUSSION

In the present study, we showed that the bacillomycin D synthesized by FZB42
inhibited F. graminearum growth strongly (Fig. 1). Until now, the mechanism of the
activity of bacillomycin D was poorly understood. Elucidation of the mechanism of
the antifungal activity of bacillomycin D in biocontrol Bacillus strains is necessary for
the efficient application of such compounds in agriculture.

Bacillomycin D is produced by several Bacillus strains and has antagonistic activities
against different microorganisms, such as Candida species (teleomorph: Ascomycota,
Saccharomycetales, Debaryomycetaceae) (36), Aspergillus flavus (teleomorph: Ascomy-
cota, Eurotiales, Aspergillaceae) (37), Sclerotinia sclerotiorum (teleomorph: Ascomycota,
Helotiales, Sclerotiniaceae) (38), and Botrytis cinerea (teleomorph: Ascomycota, Helotia-
les, Sclerotiniaceae) (39). In our previous studies, we also showed that bacillomycin D
could inhibit the growth of Monilinia fructicola (teleomorph: Ascomycota, Helotiales,
Sclerotiniaceae) and F. oxysporum (teleomorph: Ascomycota, Hypocreales, Nectriaceae)
(17, 40). Here, we used scanning electron microscopy and transmission electron mi-
croscopy to better understand the mechanism of bacillomycin D. The results showed
that bacillomycin D disrupted the plasma membranes of the hyphae and conidia of F.
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graminearum, resulting in the leakage of cytoplasm and plasmolysis (Fig. 3). These
results were consistent with those reported for other lipopeptides. Surfactin induces
the leakage and lysis of lipid membranes using POPC (1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphatidylcholine) vesicles (41). Fengycin and iturin cause cell lysis and cytoplasm
extravasation of M. fructicola and Verticillium dahlia (anamorph: Hyphomycetes, Monil-
iales, Verticillium), respectively (40, 42). Accordingly, using interfacial monolayers as
biomimetic membranes, Nasir and Besson suggested that the alcohol group of sterol
was involved in the bacillomycin D-sterol interaction (43). Sterol is a major constituent
of the fungal plasma membrane and is vital for the survival of a fungus. In addition,
transmission electron microscopy revealed that the cell walls of the hyphae and conidia
were damaged to some extent by bacillomycin D, with an irregular appearance, large
depressions, loss of turgidness, and even gapped structures (Fig. 3C). This result differed
from a previous report that showed no visible alterations in the Podosphaera fusca
(teleomorph: Ascomycota, Erysiphales, Podosphaera) cell wall upon treatment with B.
subtilis lipopeptides (44). The fungal cell wall protects the cell from changes in osmotic
pressure and other environmental stresses. Taken together, our results and previous
results suggested that bacillomycin D causes severe damage to the plasma membranes
and alterations to the cell walls of F. graminearum hyphae and conidia, resulting in cell
death.

Further study of the mechanism of action of bacillomycin D showed that it induced
high ROS accumulation in F. graminearum hyphae and conidia (Fig. 4A). Additionally,
bacillomycin D could induce the expression of the glutathione reductase and thiore-
doxin genes in F. graminearum, which are involved in the synthesis of ROS. In addition,
five genes encoding putative ROS-scavenging enzymes, i.e., catalases (FGSG_02881,
FGSG_06554, and FGSG_06733) and peroxidases (FGSG_02974 and FGSG_12369), were
significantly downregulated when F. graminearum was treated with bacillomycin D (Fig.
4B). Low ROS concentrations act as intracellular messengers for many molecular events;
however, large amounts of ROS are associated with cell death (29). Further experiments
using double fluorescence staining with fluorescein diacetate and propidium iodide
showed that bacillomycin D induced significant cell death of F. graminearum hyphae
and conidia (Fig. 5). Similar results were observed for other lipopeptides. Recent reports
indicated that bacillomycin D and surfactin could induce apoptosis and cell death in
human cancer cells and fungi, respectively, via ROS generation (45, 46). The induction
of ROS bursts by iturin was suggested to contribute to cell death in V. dahlia (42).

Conidial spore formation and germination represent the first steps triggering the
asexual life cycle of F. graminearum and also play important roles in spreading the
disease. In this study, both the formation and germination of conidial spores were
inhibited strongly by bacillomycin D (Fig. 6). When the conidial spores of F.
graminearum were used as the resource to infect wheat seedlings and wheat heads,
the damage to the conidia and the inhibition of conidial germination caused by
bacillomycin D resulted in markedly reduced disease symptoms in these two plant
materials (Fig. 7). In addition, because of the negative effect of this compound on the
hyphae, bacillomycin D could inhibit the infection of corn silks by F. graminearum
hyphae (Fig. 7A). Therefore, the use of microorganisms producing antifungal com-
pounds that inhibit hyphal growth and conidial germination should be considered a
potential means for biocontrol of fungal diseases.

The MAPK signaling pathways have been well characterized in F. graminearum (47,
48). Phosphorylation of the MAPKs FgHOG1 and FgMGV1 regulates environmental
stress responses and DON production positively (34, 35). Here, we observed that
30 pg/ml bacillomycin D was sufficient to stimulate DON biosynthesis in F.
graminearum. Fengycin and surfactin were also reported to induce significant fumoni-
sin production by Fusarium verticillioides (teleomorph: Ascomycota, Hypocreales, Nec-
triaceae) (28). Interestingly, bacillomycin D appeared to act as an activator for the
phosphorylation of FgHOG1 and FgMGV1 (Fig. 9). The iturins were observed to induce
HOGT1 activation of V. dahlia (42). Thus, we hypothesized that bacillomycin D induces
DON production via positive regulation of FgHOG1 and FgMGV1 in F. graminearum,
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TABLE 1 Fungal and bacterial strains used in this study

Strain Description? Source or reference
Fusarium graminearum
PH-1 Wild type (lineage 7) 30
Bacillus amyloliquefaciens
FZB42 Wild type; producer of lipopeptides (surfactin, bacillomycin D, and fengycin) and 17
polyketides (macrolactin, bacillaene, and difficidin)
AK1 FZB42 AbmyA:Em"; deficient in bacillomycin D synthesis 17
AK2 FZB42 AfenA:Cm'; deficient in fengycin synthesis 17
AK3 FZB42 AbmyA:Em" AfenA:Cm'; deficient in bacillomycin D and fengycin synthesis 17
AK1S FZB42 AbmyA:=Em" AsrfA:Cmr; deficient in bacillomycin D and surfactin synthesis This study
CHO1 FZB42 AsrfA:Em'"; deficient in surfactin synthesis 17
CHO02 FZB42 AfenA:Cmr AsrfA:Em"; deficient in fengycin and surfactin synthesis 19
CHO3 FZB42 Asfp:Em; deficient in lipopeptide (surfactin, bacillomycin D, and fengycin) 19
and polyketide (macrolactin, bacillaene, and difficidin) synthesis
CHO06 FZB42 Abae:Cm; deficient in bacillaene synthesis 19
CHO7 FZB42 Amin:Cmr; deficient in macrolactin synthesis 19
CHO08 FZB42 Adfn:Emr; deficient in difficidin synthesis 19

aCmr, chloramphenicol resistance; Em", erythromycin resistance.

although further experimental evidence is needed. In summary, we report that B.
amyloliquefaciens FZB42 and its product bacillomycin D have potential as biocontrol
agents against F. graminearum.

MATERIALS AND METHODS

Bacterial and fungal strains and growth conditions. B. amyloliquefaciens FZB42 and its corre-
sponding mutants that were tested for activity against F. graminearum PH-1 are described in Table 1. B.
amyloliquefaciens strains were cultivated routinely in Luria-Bertani (LB) medium solidified with 1.5% agar
and were fermented in Landy medium (17). When required, antibiotics were added at the following final
concentrations: ampicillin, 100 wg/ml; chloramphenicol, 5 ug/ml; erythromycin, 10 ug/ml.

For conidial spore cultures, fresh mycelia of each strain (50 mg), taken from the periphery of a
3-day-old colony, were inoculated in a 50-ml flask containing 20 ml of mung bean liquid (MBL) broth
(10 g of mung beans were boiled in 1 liter of water for 20 min and filtered through cheesecloth). After
incubation at 25°C for 4 days in a shaker (180 rpm), the number of conidia in each flask was determined
using a hemacytometer.

Construction of the AK1S mutant. The AK1S mutant, which was deficient in the synthesis of both
bacillomycin D and surfactin and produced one lipopeptide, fengycin, was constructed as follows.
Genomic regions of about 600 bp upstream and downstream of the srfAA gene were amplified from B.
amyloliquefaciens FZB42 chromosomal DNA. The two gel-purified double-stranded DNA fragments were
linked by a chloramphenicol resistance cassette and then ligated into vector pMD-18T. The linearized
plasmid was transformed into the AK1 mutant (erythromycin resistant and deficient in surfactin) and
integrated into the genome by double-crossover recombination to produce the AK1S mutant. The
specific primers used are listed in Table 2.

Antifungal activity assay and EC,, determination. The antifungal activities of FZB42 and its
mutants, extracts of their secondary metabolites, and purified bacillomycin D were analyzed as follows.
The preparation of the secondary metabolite extracts and the purification of bacillomycin D are
described below. Briefly, the antifungal activities were assessed on potato dextrose agar (PDA). A
0.6-cm-diameter plug containing mycelium was placed at the center of the PDA plates, 5 ul of bacterial
suspension (optical density at 600 nm [ODy,,] of 2), or the corresponding secondary metabolite extract,
was patched 3 cm from the fungus, and the plates were incubated at 25°C for 48 h; subsequently, the
diameters of the inhibition zones were measured. The EC,, of purified bacillomycin D was evaluated as
follows. A 0.6-cm-diameter plug containing mycelium was placed at the center of PDA plates containing
different concentrations of bacillomycin D (12.5, 25, 50, and 100 pg/ml), and the plates were incubated
at 25°C for 48 h. The diameters of the colonies were measured, and the EC., was calculated using
statistical analysis.

Purification of bacillomycin D from the CH02 mutant and MALDI-TOF MS analysis. The CH02
mutant, which could produce only one lipopeptide, bacillomycin D, was used for purification of this
compound. The use of CHO2 excludes the possibility of contamination by other lipopeptides (surfactin
and fengycin) in our preparation. A single CHO2 colony was inoculated into 20 ml of LB medium in a
100-ml flask and cultured for 18 h at 37°C. Six milliliters of this culture was then inoculated into 200 ml
of Landy medium in a 500-ml flask and cultured for 48 h at 30°C. The supernatant was collected following
centrifugation at 12,000 X g for 20 min at 4°C (Beckman Coulter Avanti J-26S XP centrifuge with a JA-10
rotor). Lipopeptides in the supernatant were precipitated by adjusting the pH to 2 and centrifuging the
mixture at 12,000 X g for 20 min at 4°C. The precipitates were redissolved in methanol and adjusted to
pH 7.0 using 1.0 M NaOH (49). The supernatant was then passed through a silica gel column using
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TABLE 2 DNA primers used in this study

Primer name Sequence (5’ to 3')

SrfAA1-F CTCGGAATGGACAAGG

SrfAA1-R TCAAAGCCTTGTGTATCATGATGGAAATAGACACCC
SrfAA2-F TCGGTTTTCTAAGTCACGAAACAAACGGATTCTACCA
SrfAA2-R CATGCGTCAAGGAGGG

Cat-F GGGTGTCTATTTCCATCATGATACACAAGGCTTTGA
Cat-R TGGTAGAATCCGTTTGTTTCGTGACATTAGAAAACCGA
FGSG_02881-F TAATAACCCGGAAGGCATCC

FGSG_02881-R CCTCCACTCACCGCTTTATT

FGSG_02974-F GGTGGCCGAGAGGATACCT

FGSG_02974-R CCAGGCTTAGTGGTTCCCTT

FGSG_06554-F CCTTCAGGAGGCTATCGAGAA

FGSG_06554-R AAACCTTGGTGGCATCGAG

FGSG_06733-F ACTTGGCGAGGACAAGGTGA

FGSG_06733-R GGGAATAGAGTTGACTTTCCG

FGSG_12369-F TGACCTTGGAGAGATGGGTCT

FGSG_12369-R TGCGATTAGACTCACTTGGT

Tri5-F AGTGCTACGGATAAGGTTCA

Tri5-R GGCAAAGGTGTCCAAAGAG

Tri6-F CACCCTGCTAAAGACCCT

Tri6-R CTTATCGCCCTTCCCACC

Tri10-F CCTTGTGATGCCAAATGTC

Tri10-R GAGACGAGCCTGTTGATGT

Tri12-F ATCCCTCTACAGCAACCAG

Tri12-R ATCGGAATCTCCCTCAAGT

F-Actin-F ATCCACGTCACCACTTTCAA

F-Actin-R TGCTTGGAGATCCACATTTG

different ratios of methanol and methylene chloride, termed MIX1 to MIX3 (the methanol/methylene
chloride ratios in MIX1, MIX2, and MIX3 were 1:2, 3:1, and 5:1, respectively).

The eluates from MIX2 and MIX3 were collected and used to purify bacillomycin D by preparative
HPLC, using a microbore 1100 HPLC system (Agilent Technologies, Santa Clara, CA, USA) with a VP 250/21
Nucleodur C,4 HTec 5-um column (Macherey-Nagel). Mobile phase A was acetonitrile with 0.1% (vol/vol)
trifluoroacetic acid (TFA), and mobile phase B was Milli-Q water with 0.1% (vol/vol) TFA. Purification was
performed using a solvent containing 45% mobile phase A and 55% mobile phase B, at a flow rate of 8
ml/min. For detection, the UV absorption at 207 nm was recorded. The purity of bacillomycin D collected
from different peaks was detected using a 1200 HPLC system (Agilent Technologies) with an Agilent
Eclipse XDB-C,4 5-um column. Only one large peak appeared at running times between 10 min and 40
min. Based on the area of the peak, we calculated the purity of bacillomycin D, which was used in our
further studies, as 96.6%.

The elution components from different peaks were tested for their antifungal activity and analyzed
by MALDI-TOF MS in a Bruker Daltonik Reflex MALDI-TOF instrument containing a 337-nm nitrogen laser
for desorption and ionization (50). a-Cyano-4-hydroxycinnamic acid was used as the matrix.

Light microscopic, scanning electron microscopic, and transmission electron microscopic ob-
servation of hyphal and conidial morphologies. To observe the morphological changes of hyphae and
conidia caused by bacillomycin D, light microscopy and electron microscopy were used. For light
microscopy, hyphae and conidia were treated with different concentrations of bacillomycin D. Twelve
hours after treatment, the hyphae and conidia were observed using an Olympus BX43 microscope, and
findings were analyzed using cellSens standard software. Scanning electron microscopy and transmission
electron microscopy were used to determine, at the ultrastructural level, the effects of bacillomycin D (30
rg/ml) on hyphae and conidia of F. graminearum. For scanning electron microscopy, hyphae and conidia
treated with bacillomycin D were centrifuged and prefixed with 2.5% glutaraldehyde. Fixed cells were
rinsed three times for 10 min with 100 mM phosphate buffer, postfixed for 3 h in 1% osmium tetroxide,
and dehydrated through an ethanol gradient. The samples were then coated with gold and analyzed
with a Hitachi S-3000N scanning electron microscope (Hitachi, Tokyo, Japan). For transmission electron
microscopy, samples were embedded in Epon 812, sectioned using an ultramicrotome, and examined
with a Hitachi H-600 transmission electron microscope.

Live/dead fungus viability staining. The cell viability assay was performed using a green fluores-
cent fluorescein diacetate stain and a red fluorescent propidium iodide stain (27). When the stains are
used in an appropriate mixture, live fungal cells with intact membranes show green fluorescence, while
fungal cells with damaged membranes show red fluorescence. The hyphae and conidia of F.
graminearum PH-1 that had been treated with 30 wg/ml bacillomycin D for 12 h were centrifuged at
1,000 X g for 10 min and resuspended in 10 mM sodium phosphate buffer (pH 7.4). Then, 10 ul of the
fluorescein diacetate and propidium iodide molecular probes, prepared as recommended by the
manufacturer, was added, and the cell suspensions were incubated for 15 min at 25°C in the dark.
The samples were viewed using an Olympus BX43 microscope, and findings were analyzed using cellSens
standard software.
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Reactive oxygen species detection. To detect whether reactive oxygen species (ROS) in the cells of
F. graminearum hyphae and conidia accumulated after treatment with bacillomycin D, the probe
dichlorodihydrofluorescein diacetate (DCFH-DA) (JianCheng Bioengineering Institute, Nanjing, China)
and fluorescence microscopy were used. The F. graminearum hyphae and conidia were treated with 30
rg/ml bacillomycin D for 5 h, centrifuged at 1,000 X g for 10 min, and resuspended in 10 mM sodium
phosphate buffer (pH 7.4). The samples were then incubated with 10 wM DCFH-DA for 30 min at 19 to
21°C (51). The samples were viewed with an Olympus BX43 microscope (excitation, 488 nm; emission,
535 nm), and findings were analyzed using cellSens standard software.

Formation and germination of conidia. To elevate the formation of the conidia, CMC medium (15
g sodium carboxymethyl cellulose, 1 g yeast extract, 1 g NH,NO,, 1 g KH,PO,, 0.5 g MgSO,-7H,0, and 1
liter water) was used. Five fresh mycelial plugs of F. graminearum, taken from the periphery of a 3-day-old
colony, were inoculated into 50-ml flasks containing 20 ml of CMC medium with 6.67% (vol/vol)
methanol and different amounts of bacillomycin D (3, 6, or 9 ug/ml). Twenty milliliters of CMC medium
with 6.67% (vol/vol) methanol served as the control. After incubation at 25°C for 4 days in a shaker (180
rpm), the number of conidia in each flask was determined using a hemacytometer. Three repeats were
performed. For the assay of conidial spore germination, 1 ml of conidial suspension (103 conidia/ml)
containing 6.67% (vol/vol) methanol and different amounts of bacillomycin D (21, 24, 27, or 30 ug/ml)
was incubated at 25°C for 24 h in a shaker (180 rpm) before counting. One milliliter of conidial suspension
(102 conidia/ml) with 6.67% (vol/vol) methanol served as the control. Three repeats were performed.

Plant infection and DON production assay. F. graminearum can infect corn silks, wheat seedlings,
wheat heads, and wheat kernels and causes the corresponding symptoms of the disease. Therefore,
these plant materials were used to evaluate whether bacillomycin D could influence the pathogenicity
of F. graminearum. For corn silks, the method described by Seong et al. was used (52). Fresh corn silks
were collected from young corn ears of hybrid suyu20 and sliced into 6-cm fragments. The young corn
ears had been fertilized and were in the grain filling stage. Four pieces of corn silk fragments were
aligned with each other evenly, as a bundle, over Whatman no. 1 filter paper soaked with sterile distilled
water, in square plates (side length, 9 cm). The lower ends of the corn silks were covered with a
0.6-cm-diameter block of F. graminearum mycelium. Each plate received four bundles of corn silks. Then,
5 ml of 30, 60, or 90 ng/ml bacillomycin D in 6.67% (vol/vol) methanol was added to the plates. Five
milliliters of 6.67% (vol/vol) methanol served as the control. Seven days later, reddish-brown discolor-
ation on the corn silks was observed. The lengths of lesions were measured and analyzed statistically. The
experiment was repeated independently three times.

To infect wheat seedlings, the method described by Li et al. was used (53). Seeds of cultivar Annong
8455 were placed on filter paper that had been soaked with adequate sterile distilled water and were
cultivated in an illuminated incubator (12-h day and night shifts) at 25°C. After 7 days of cultivation,
wheat seedlings were obtained. Then, 2 ul of conidial suspension (106 conidia/ml) with 0.2% (wt/vol)
gelatin, 6.67% (vol/vol) methanol, and 30, 60, or 90 ug/ml bacillomycin D was injected into the tip of the
wheat seedlings. Two microliters of conidial suspension (10¢ conidia/ml) with 2% (wt/vol) gelatin and
6.67% (vol/vol) methanol served as the control. Each treatment used three wheat seedlings. Black
discoloration in the stems toward the base of the seedling was recorded after 7 days. The experiment was
repeated three times.

For wheat heads, the method described by Gu et al. was used (48). Cultivar Annong 8455 was
cultivated in a glasshouse. When the wheat was in the anthesis stage, the flowering wheat heads were
drop inoculated, at the sixth spikelet from the base of the spike, with 10 ul of conidial suspension (10°
conidia/ml) containing 90 wg/ml bacillomycin D. Ten microliters of conidial suspension with 6.67%
(vol/vol) methanol served as the control. For each treatment, three wheat heads were inoculated. After
inoculation, the plants were kept under 100% humidity at 22 = 2°C for 2 days and then maintained in
the glasshouse. Symptomatic spikelets were examined and counted after 14 days. The experiment was
repeated three times.

For the DON production assay, 50 g of healthy wheat kernels (wet weight) was sterilized without
added water, inoculated with 1 ml of conidial suspension (106 conidia/ml) containing 30 ug/ml
bacillomycin D and 6.67% (vol/vol) methanol, and incubated at 25°C for 20 days. One milliliter of conidial
suspension (10 conidia/ml) with 6.67% (vol/vol) methanol served as the control. Three repeats were
performed. DON extraction and quantification were performed as described previously (54).

Western blotting. In this experiment, complete medium (CM) (10 g glucose, 2 g peptone, 1 g yeast
extract, 1 g Casamino Acids, nitrate salts, trace elements, 0.01% vitamins, 10 g agar, and 1 liter water [pH
6.5]) was used (55). Six mycelial plugs were inoculated into 150 ml liquid CM and incubated at 25°C in
a shaker (200 rpm) for 36 h, after which bacillomycin D was added to the flask to a final concentration
of 30 ug/ml and incubation was continued for another 2 h or 6 h; methanol served as the control. Mycelia
were harvested, washed with deionized water, and ground in liquid nitrogen. Approximately 200 mg of
finely ground mycelia was resuspended in 1 ml of extraction buffer (50 mM Tris-HCI [pH 7.5], 100 mM
NaCl, 5 mM EDTA, 1% Triton X-100, and 2 mM phenylmethylsulfonyl fluoride [PMSF]) with 10 ul of
protease inhibitor cocktail (Sangon, Shanghai, China). After homogenization using a vortex shaker, the
lysate was centrifuged in a microcentrifuge at 14,000 X g for 20 min at 4°C. The resulting proteins were
separated by SDS-polyacrylamide gel electrophoresis (10% denaturing gel) and transferred to an
Immobilon-P transfer membrane (Millipore, Billerica, MA, USA), using a Bio-Rad electroblotting apparatus.
Antibodies against phospho-p44/42 MAPK (product no. 9101; Cell Signaling Technology, Boston, MA,
USA) and phospho-p38 MAPK (product no. 4511; Cell Signaling Technology) were used at a dilution of
1:2,000, to detect phosphorylated FgMGV1 and FgHOG1, respectively. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was detected in the samples using anti-GAPDH antibodies (product no.
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EM1101; Huabio, Hangzhou, China), at a dilution of 1:10,000, as a reference. Incubation with a horseradish
peroxidase (HRP)-conjugated anti-rabbit IgG secondary antibody (product no. SC2004; Santa Cruz
Biotechnology, Santa Cruz, CA, USA), at a dilution of 1:2,000, was performed as described previously (48).
The experiment was performed three times independently.
RNA extraction and qRT-PCR analysis. To extract total RNA, mycelia of F. graminearum PH-1 were
inoculated in potato dextrose broth (PDB) and cultured for 2 days at 25°C in the dark. Bacillomycin D was
then added to the flask at a final concentration of 30 wg/ml for another 2 h, with methanol serving as
the control. Mycelia were harvested by filtration using two layers of Miracloth and were washed with
sterilized water. Harvested mycelia were then lyophilized and ground in liquid nitrogen. Total RNA was
extracted from the mycelia using the TaKaRa RNAiso reagent (TaKaRa Biotechnology Co., Dalian, China),
according to the manufacturer’s instructions. First-strand cDNA was synthesized using reverse transcrip-
tase (TaKaRa) with random hexamer primers. The resulting cDNA was used as the template for
subsequent PCR amplification. qRT-PCR was performed using SYBR Premix Ex Taq (TaKaRa) in a 7500 fast
real-time PCR detection system. The actin gene was used as an internal reference for normalization.
Primers for these genes are listed in Table 2.
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