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C:.k? ABSTRACT

d
upaates Biocontrol agents (BCAs) are widely used to protect plants from diverse biotic and abiotic

stresses in agricultural and ecological fields. Among the various microbes, many subspecies
@ OPEN ACCESS » : S .

of the gram-positive genus, Bacillus, have been successfully industrialized as eco-friendly
2:223;%23:56%( biological pesticides and fertilizers. In the current study, we demonstrated that Bacillus

thuringiensis C25 exhibited antagonistic effects on the mycelial growth of Rosellinia necatrix,

Kor. . Mycol. 2019 September, 47(4):417-25 a fungal phytopathogen. Scanning electron microscopy analysis revealed that B. thuringiensis

https://doi.org/104489/KIM.20190046
C25 degraded the cell wall structures of R. necatrix mycelia. In the functional genomic analysis
of B. thuringiensis C25, we annotated 5,683 genes and selected the gene sets that potentially
Received: October 02, 2019 encoded fungal cell wall degrading enzymes (CWDEs). The growth inhibition effects on
Revised: November 20, 2019 R. necatrix were highly correlated with the transcriptional activity of the mycelial cell wall

Accepted: December 03,2019

degrading genes of B. thuringiensis C25. The transcript levels of CWDEs, including CshiA, B,
© 2019 THE KOREAN SOCIETY OF MYCOLOGY.

and Glycos_transf 2 genes in B. thuringiensis C25, were enhanced following co-cultivation
Thisis an Open Access artide with R. necatrix. In conclusion, our study suggested that B. thuringiensis C25 could serve as a

distributed under the terms of suitable candidate for controlling R. necatrix and could facilitate elucidating the mechanisms
the Creative CommonsAttribution Nor-Commerdial underlying the antifungal activities of BCAs against phytopathogens.
License (http: //creativecommons.org/licenses/by-
Nnc/40/) which permits unrestricted non-commerdal . L . . .
e, dismmmofrar:d reprodluction in any medium, Keywords: Bacillus thurmg:ens:s C2§, Elologlca. | control, Cell wall degrading enzymes,
provided the original work is properly cited. Gene annotation, Rosellinia necatrix
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Rosellinia necamxoﬂ ofsto} Biehe AE7IFHH 2 B Ul AAlshH Al&9] B & 7tH]
a}q o] B2 303} 634 170% o|4e] Al =0 749 Uo7 [6], E35], ARk, v, AHF, AR,
& 5o drof| 2 e E F= A0 & dA Ut [7]. o] -2 R. necatrix©l| 2]oo] F2|7F B
1 AZIH 0 g2 7|FAlE0] geo] A|okE]H, 9lo] AlEal ntEA| Eo] A= MAbsHA| Hrt
I 5 F2] o] FHOIM R. necatrix 2] B FARA|7} 2= 31, Lo o B2 B Afo]
of| FAH E L] ARA 7R [3].

Bacillus £-2] B2 -2 Thet B wtol| tigh A& WAlA| = A 282 7HA) 2 ok [9]
B. thuringiensis C25 w5 Proteases, [>-1,3-glucanase, Chitinase@} 22 ThFSH M| 228 Haj §49]
S UeFH, AlEof 72 B+ Sclerotinia minor2} S. sclerotiorum [10], Ciboria shiraiana [11]
o] FAMEE-E AAloh= o= defA] Qlt. & Aol A= R. necatrix ] JA| &} AR Al
i Fofjol] #olSh= B. thuringiensis C25 @2 AlwA1E 243t 5 5,863 7112 F44FE 5795t

. T3 B. thuringiensis C25 w5-2] A7 f-414] A Hof| A 8 M| Folj § 4] o gt FALS]
g matet 2 Mld Foaao] 28 7] FAI5IIT
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Mz ol
S A ZF B. thuringiensis C252} R. necatrix ZH{Y¥ X Mxsi0|Z 24
B. thuringiensis C25 (KACC 90242)%} R. necatrix (KACC 40168, 40445) w5+ 527!
AL E o) A 2 & ARof| 0|85tk

B. thuringiensis C25 w5+ 2| LB (Luria bertani) B2l 4] 30°C, 200 pm 2.2 24A| 7t Bl s}
Rt B. thuringiensis C25 w7} 23 HEAS AEH U 772 R. necatrix2} -5 HI 5}
2J51] 50 ml conical centrifuge tubes©l] 20 # LA F5251th 253t tubeol] LBAAHIA S 25 ml
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dextrose agar) B Z|of| 4] 5A7FBISH R, necatrixdtAHS: W74 8 mm 27| 2 A 3-8ko] HE3I9ThR.
necatrixS HZ5}A] 942 B. thuringiensis C25 Bl Y-S T 270 & AL&5}1iT),

B. thuringiensis C252} Enterobacter sp. C5°1| 2]$F R. necatrix Aol = P Lot 7| 251
PDAH[Z] oA Zuli st et AAtAn| 4 22 2Ish Ful et PDAHIAOA] R. necatrix] <
AFS AZH 5L, 2NF T A Z = 2.5% glutaraldehydeol] A 1S 51 3 S 0.1 M Phosphate
Buffer2 1024 23] A oJll H 0.1% Osmium tetroxideZ S 513 T140] T Al
= 30%, 50%, 70%, 80%, 90%, 95% OlEF-Zoll 1024 13], 12|11 100% Ol EH-&-1} Isoamylacetate
o 1024 23] &3t & whg o &7 FHsto] MAEY FAPIAAR]Z(LEO-1530, CarlZeiss,
Germany) 2.2 7374511t}

RNA 3& 3! cDNA 2

iZ 71} R. necatrix S %] 2|3t B. thuringiensis C25= 0A17F, 4A17F, 8AIZF 12]1 2AIZF Z A&
Azstelct. v B. thuringiensis C25 ¥FAZ 10:2 F<F 8000 pmefl A e A-22]5H0f 5 ml
S ZFHSHA L, RNA FE7HA] —80°CollA] EalkaEiTh RNAS] 322 TRIzol reagent (Invitrogen,
USA)E A8} cDNA= PrimeScript 1st strand cDNA Synthesis Kit (TakaRa Clonetech, Japan)
£ ARgoto] A|2kstlet. A ZAR] vl ol w2t mRNA 1.0 pge 5% 2 & Template RNA Primer
Mixture S A 23+ & 65°COllA] 527+ ¥H3-A]7] 1L reaction mixture-s- A|2F5}o] 42°Cof| A} 1417 vE
SAIZ.

(-

qRT-PCR £4

B. thuringiensis C250| 4 A|228] 23l 4 (cell wall degrading enzymes, CWDEs) 821 ChiA,
B, 12|11 Glycos_transt 29 'WH-Z AATF Fda A A2iTH-S (Quantitative real-time PCR)2.2
A5t CWDEsS] ' sF 2498 I5h U5 TlR7= 16S rRNA geneS AHESHITE 1 i)
cDNAZ Z}7}2] 25 il HFZ-ollof| 4] 23] 0 & ARE-5F%] 1, WHS-9H.2- 1() ul TOPreal gPCR 2X PreMIX
(Enzynomics, Korea) 2 1 1] Z} primer= /J | ATt -F-4 7k S22 95°Col|A] 102 A2] &
95°CollA] 10%, 53°CONA] 20&, 22]aL 72°COllA] 202 408] REESIQICH 248 93l ARgSh
Talo|H= ChiA (Forward - TGT TCA AGG CGG TTA TAG/ Reverse - TCT GCA GTA CCT TGA
TTG), ChiB (Forward - GGA ATA TCC GGG CGT TGA A/ Reverse - TGC ACC TGA AGC GAT TGT),
Glycos_transt 2 (Forward - CAT TCG TCC TAC CAA CC/ Reverse - GAT CCG TCA TCC ACA AC),
16S rRNA (Forward - CCC TTG ATC TTA GTT GCC AT/ Reverse - TTA CTA GCG ATT CCA GCT
TC)E ARSI

ot
M

Pal

15 Q3K SR 53 U COG 24

r

2] kS s}t B9 (CDSs)E 54317] ¢Iste] 2B Y contigsZHF-E Glimmer v3.02 [12] A&
A1, open reading frames (ORFs)2 LT} ©] ORFs= 2-E Zof| th$h NCBI2] Non-redundant
protein database(nr)°l| T5H Blastall [13]= AF8-5Fo] AA5}F21T}. GO annotation<> BLAST 23+ %]
2 0 2 FA5H= Blast2GO software [14]°1 2]5Ho] ZF ORFsE &d5F3AT. &, ribosomal RNAsS}
transfer RNAs'= RNAmmerl 2 [15] 2 (RNAscan-SE1 4 [16]2 AF-&:3}o] ol 2393t}

o 4o
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[17]. B. thuringiensist= TY3sh A8 ¥ Y/d+-72] A2514] ®Aloll E3F4o|H [18], Enterobacter
sp.o] o8] FFEE B2 Al Bk

Tha A wh4=0] Big]o]
Ho] bRl Y25 WAIE ol BT Alx Feljl vt e A o= Al 4%
0|A3-= B. thuringiensis C25 w52} Enterobacter sp. C5 w52 ©]- 85} R. necatrix w-A+2} T %]
HiJsto] AAelAl| aahs Bl WSt} B. thuringiensis C25 R. necatrix KACC 401682] FAMY
2 2F 68%, R. necatrix KACC 404452] FAMIAS 9F 45% AR Z O M, Enterobacter sp. C5+
R. necatrix KACC 401682] FAMYSS 2F 58%, R. necatrix KACC 404459] AMYAS 2F 33% 7+
AAFTE. B. thuringiensis C252}F Enterobacter sp. C5w5 =% R. necatrix d-AMYE-2 AAI5HR 2
™, B. thuringiensis C25+= Enterobacter sp. C5 .U} R. necatrix2] #AHYE A S} =2 A&
oI5t} (Fig. 1). Shrestha 5 [10] < B. thuringiensis C252} Enterobacter sp. C5+= A&l w311
2 YO7)= S minor®} S. sclerotiorum®) TAMYAE A B} =& #3322 Husiich 5t B,
thuringiensis C25+ mulberry (Morus australis L.)°I4] HZH-S L 07 |+= Ciboria shiraiana] v-AHY
Ze] oA &3kt s Bk =3kTh[11]. o218t @AFE-2 B. thuringiensis C250-52] 232512 WA
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Fig. 1. Antifungal effects of B. thuringiensis C25 against R. necatrix. A, The inhibition of mycelial
growth of R. necatrix in presence of B. thuringiensis C25. Two agar plugs (9 mm in diameter per each)
of R. necatrix (KACC 40168 and KACC 40445) were put on the opposite sides of PDA plate. Then,
B. thuringiensis C25 suspension was inoculated on the central line on PDA plates and subjected to
incubation for 5 days at 28+1°C. B, The growth inhibition rates of mycelia of R. necatrix KACC 40168/
40445 in presence of B. thuringiensis C25. The radius of mycelia of R. necatrix in the absence and
presence of B. thuringiensis C25 were relatively compared and presented as percentage.
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R. necatrix®] FAHYZ A Z3}7t oj St 7| 02 Aol =AE &Ity flal B.
thuringiensis C25%} R. necatrix KACC 404455 38| oo} o] & FAPAAL A7 0 &2 AR FE)
£ 7375 tt (Fig. 2). R. necatrix KACC 40445 w-AHS] -2 ni 53] 0.0, FAke] RO 5
717} = QU B. thuringiensis C252F 3813 R. necatrix KACC 40445 wHAFS] EHO| A= B,
thuringiensis C257} =]l o, FALe] -2 Bafjx|of AZojF 1, Fake] YR o] A=}
AR 27t B == dAdo] TEE AT (Fig. 2). AlEHY w72 Colletotrichum sublineolum
o} Pythium sp.= 718 E6l12]0] =2 Streptomyces & w#5-0l| 2|oto] FAL] BEHO| 1 A2 o]
A|H A A7 oA @37} LreRdo] % Q1T [20]. B. thuringiensis C257-5= S. minor2] wAF &
S SAAA FARE £EAIZTH10]. o] 2iet A2 @7 12 749 B. thuringiensis C25 7

S R. necatrix KACC 40445 AS] BHS A|3ZH Zol5 53l 72 A & 21 0.2 of =], o] 2]
SHATEo] A0 FAle] 5 B ntd S RO BN AR A Bt e o=
e

C25

Fig. 2. Morphological features of R. necatrix mycelia in the absence and presence of B. thuringiensis C25.
The mycelia of R. necatrix KACC 40445 grown on PDA media in the absence (upper) and presence
(lower) of B. thuringiensis C25 were observed under scanning electron microscopy. The yellow and red
arrows indicate the C25 bacterial cells and degenerated fungal mycelia, respectively. (Scale bars: 2 mm).

B. thuringiensis C257+5-2] Ag A= ] Al Eol52lo] £7] wlgol doft 2o
2 k) oo theFet 98 SHAESS A7 130 B. thuringiensis C25752] H71A]
dofl EAfsh= A= 7158 B4 Asil. £ Aol s 20174 EiE B,
thuringiensis C2575-2] 5,308,062 bp Chromosomal DNA2} 308,946 bp Plasmid DNA [21]1] Z2}3}

= GC 99, 5,3507H Protein-coding gene, rRNA, tRNAE-2] 9] %|E- circos plotS 55l =43} 513 Th

(Fig. 3A, 3B). 0|3 B, thuringiensis C25 A1 50]] ZA5H= 53507 -§47F50] 7158 COG (Clusters
of orthologous genes)°l| 7] &5t E75FATH (Fig. 4A). ol FHANES 7]5°] oA 2
functional unknown 4867l 3712}, general function prediction only 4157} -3-4Z}, Amino acid transport
and metabolism 4147l %12}, transcription 3727l 3% A}, Cell wall/membrane/envelope biogenesis
3457l 374 A}, Translation, ribosomal structure and biogenesis 3347l -R-% &}, Carbohydrate transport
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Fig. 3. Overall features of the B. thuringiensis C25 whole genome. A, Chromosomal DNA, B, Plasmid
DNA. The outer scale indicates the coordinates in base pairs. The open reading frames (ORF) is shown
on the first two rings; first ring (blue) is forward ORF and second ring (red) is reverse ORF. The third and
fourth circle shows the ORF which colored by gene annotation; third ring is forward ORF and fourth
ring is reverse ORF. The fifth and sixth circle shows rRNA (green) and tRNA genes (orange). The next
circle shows the GC content values. Purple and deep yellow colors indicate positive and negative sign,
respectively. The inner-most circle shows GC skew, light green indicating negative values whereas deep
orange for positive values.

and metabolism 3257} -F-%1Z}, Inorganic ion transport and metabolism 27671 -3 A}, Replication,
recombination and repair 24571 %A}, Energy production and conversion 2397 3712}, Signal
transduction mechanisms 23871 -F-%1 2}, Posttranslational modification, protein turnover, chaperones
2207l %12}, Coenzyme transport and metabolism 19771 -3%12}, Lipid transport and metabolism
17270 -7}, Defense mechanisms 16871 -1 2}, Secondary metabolites biosynthesis, transport and
catabolism 1637l -1}, Nucleotide transport and metabolism 1367l -3-%12}, Cell cycle control, cell
division, chromosome partitiong 967} 3%}, Mobilome: prophages, transposons 6671 -f-%1 2}, Signal
transduction mechanisms; Transcription 617} -1 Z}, Intracellular trafficking, secretion, and vesicular
transport 50, Cell motility 4571 582} 52 &2 E75| AT (Fig. 4A).

A gHzte] 71584 BH-E Foll AlEE 254 (CWDEs) ChitinaseS ¥2.3fok= 3242t
9l ChiA, B2} Glyscosy transferaseS 43S 8Fsh= Glycos transf 25 5751t} B. thuringiensis C25
ofl 213k R. necatrixA|ZH &5l @/do] (Fig. 2) 4E CWDERARE2] WAF ol oJ3) Lt
UH=%]2 RT-PCR A S E5f 20151t} (Fig. 4B). R. necatrix KACC 40445 w-AFS} -ZLH]oF
Al B. thuringiensis C252] ChiA+ 4% 18A17F 5 oF 188l, ChiB= HF 12417+ & 2k 214K, Glycos
transf 2= 18417t 5 oF 42u| 2 o] S7HE= Zlo] Ql= Tt (Fig. 4B). ©]=%t 2315 ub
g0 2 X7 R. necatrix ©ll 2|3} B. thuringiensis C252] CWDEs2] HALA|Q] ¥Hado] &)1, Ax}
202 R necarrx) A7) oA, FAHERIO) 1hed 9 4ol Qof5te g Bk 4 9l

Eq Alge] 2L A2y 35 B ohe SBE 48 HlAE S| ZEaln Aob
= Aehgziolch 53] A120] Aol 0|52 AZSHs BIAES BCAYE 2

o T
e, el 734, 7128, 28 A S A2 AU S-S S5t Al B R S 9
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Fig. 4. Gene annotation and functional analysis of the genes encoding CWDEs of B. thuringiensis C25.
A, Distribution and counts of genes in COG categories for genome of B. thuringiensis C25. CDSs are
colored according to the main COGs functional classification categories. B, Enhanced expression of the
genes encoding CWDEs of B. thuringiensis C25 according to the confrontation with R. necatrix mycelia.
The expressions of ChiA, ChiB and Glycos_transf 2 of B. thuringiensis C25 were quantitatively
monitored in the different time course of the co-cultivation with R. necatrix KACC 40445. Fold changes
(y axis) represent the relative expression of the designated genes at 4h intervals were normalized by 16S
rRNA expression level and fold changes (y-axis) in each time points were compared to the no fungal
treated conditions (2* method). The error bars indicate the standard deviation (n=6). All the data were
statistically analyzed using an ANOVA followed by Tukey’s post-hoc test. The same letters above the
bars denote no significant difference among the time courses at p <0.001.

o] AjazH —.—oHJq_J_ X-IZ]~—_J g}5lo) HH]-E}" 9T 9le
I T F-& rEE0] ofF AlE Rl rl S S
UES olsfishet B2 =3o] g 210 wohEr) 5t 2 17 7ILH é_"%*% %6?01 Zle
Al o] Bigjo SlY7| LS U 0 7= R, necatrix2] TAMYA-S ARISH= B, thuringiensis C257-

T A= Aol o] 88 4 = et AR E AU AL s Ao = wekEL

41

1o
oz

HQ

Ot B2 2EYARRE FAX R F2% AlES HEsl7] 9f7t 212H biocontrol
agents (BCAs)= 259 5 4 Y&l ZofollA] thefobA| ARSE| 1L Qlok. thefdt BCAs FollA,
ko 2} 9FA] Bacillus 45 00| 2187 A& A=A 1l B| 2 2A] A2 0 2 AFISHE| 9]
t}. o] AtollA] 22l= Al Y/d HRel FAMIRel 2% B35 Bo{FE= BCAs 5 5t
Bacillus thuringiensis C257} S1'd71 5 5H-S U © 7|+= Rosellinia necatrix©]] thet 2gF21-g0] Q1S
2 15t FAAIAN] S 550 B. thuringiensis C257} R. necatrix®] AL M| 8-& E5i5}
o] FAMYAE A= 712 R1I5HITE B. thuringiensis C252] 717G A0l A 5,683 37212} Al
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MEE 5785, AAA o2 Figo] AlEH 23l 84 (CWDE)E Y2 8tohe= 42k Al

EE Mdsoict R neaamxoﬂ ot FAHIA A k= B. thuringiensis C252] wAF A2 E5
S} =2 A A1 7E QAT A MISHAlE, B. thuringiensis C25914] ChiA, B 2

f 2 R3AE E3oH= CWDES] AR 452 R. necatrix2+2] 35 Bl gol] <]af &
o2 B AILoj|X+=B. thuringiensis C257} R. necatrix S |01 & 4~ 1= AJ=5H4]
—IJH7} % —’F 913[’:], AlE B Ao tiet BCcAS] 1w MU S oJsiE ST 4= 2=

A AT
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