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Screening, identification, and biocontrol effect of bacteria
against empty-gut disease of Antheraea pernyi

JIA Shu, ZHANG Juntao, LI Xisheng, HE Yingzi, YU Tinghong, ZHAQO Chong, SONG Ce’

Sericultural Research Institute of Liaoning Province, Fengcheng 118100, Liaoning, China

Abstract: [Objective] To isolate and screen bacteria against Enterococcus pernyi (the
pathogen of Antheraea pernyi empty-gut disease) from the oak garden soil of Sericultural
Research Institute of Liaoning Province and thus to lay a foundation for the biocontrol of the
disease. [Methods] Bacteria were isolated from soil by spread plate technique and the
antagonistic strain was screened out with the inhibition zone method. The strain was identified
according to morphological features, physiological and biochemical characteristics, and
molecular biology. The antagonistic strain was labeled with green fluorescent protein with
natural transformation method, and the colonization of the antagonistic strain in oak leaves and
gut of 4. pernyi was determined. The control of empty-gut disease of A. pernyi was identified
by indoor and field experiments. [Results] A total of 87 bacterial strains were isolated from
soil. Among them, BF-49 was found to have significant antagonistic activity against E. pernyi.
The identification results revealed that BF-49 had the closest genetic relationship with Bacillus
velezensis. Therefore, it was identified as B. velezensis and named B. velezensis BF-49. The
fluorescence-labeled strain BF-49-GFP could colonize in the gut of 4. pernyi for 5 days, and
the count of BF-49-GFP reached 1.25x10* CFU/g 20 days after inoculation on the oak leaves.
The indoor and field control of empty-gut disease by the 10-fold diluted BF-49 fermentation
broth was 78.25% and 74.42%, respectively, which were significantly higher than those of the
control agents. [Conclusion] The B. velezensis BF-49 has significant control effect on
empty-gut disease of A. pernyi, being a candidate strain for developing the biological control
agent against empty-gut disease.

Keywords: Enterococcus pernyi; antagonistic bacterium; identification; control effect
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R, %I D7 R BT A B A e TR AR

1 MR5r%

1.1 ks RisnigsE

PR R I BTORL - M A K T O B ST AR
78501, PRAF-T b ERF = Bt A E It 5T B (e
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R MERIGERE G R AT 3 g,
I 20 g, #i% b 20 g, NaCl 5 g, Biflg 20 g,
pH 9-10, 7K 1 000 mL)FF¥E & ek A 5 5%,
LB T 4H 5%

HEEFER SR PR, WS R AR 4l
TEZEMNFEQ4 C. RHT5%)% 4 855 2 KIBT
N BRI E , TRURER BRPR (Quercus acutissima
Carruth.) ; WE A0 J5 P FE #x ) IUPE RRARAE Bl 4Rl 55 22
4 555 2 KT RS 5000 5 o
1.2 #EEBKEFIMER S Bk

TREANE A R S BRI MT T
BAENBFAFFE FTFERI(N123°99, E40°48") 4%
JZ 5-10 cm FERARPRE FBIECESERES 5 1, &%
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107 F50) £ HERIR AR T LB AR L,
28 CHiF% 24 h, BRECHR R IE S T4I4L,

FE BT 20 TR A O - SR P T P T KA
7 Jlay BR TR T o) AR BE R 1107 CFU/mL 4 7
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TESE SR He b S S PP A0 T A R, 28 CHEFR 2 d
J& TR IR RCR -
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AL U A I A R i 3
132 HFEE

et D 40 R R B ) e i T A R S [
41 DNA. RH#*E 1 15U HEPiEE 16S
rRNA Fl gyr B FEH AT HE, 13 PCR ;=9



BIIRSE | AR, 2023, 63(2)

673

£ 1 16SrRNA X gyr BERFH ERES|IY
Table 1

Primers for amplification of 16S rRNA and gyr B gene sequence

Gene Sequence of primer (5'—3") References

16S rRNA 27F: AGAGTTTGATCMTGGCTCAG [21]
1492R: GGTTACCTTGTTACGACTT

gyr B UP-1S: GAAGTCATCATGACCGTTCTGCA [21]

UP-2rS: AGCAGGGTACGGATGTGCGAGCC

REAY TEEARGRARNT ., MFERS
GenBank "R E 4517 Blast e XF, 2[R JR
PER BT A, il 48 4% 1% (neighbour-joining)
WERGEE BRI,
14 BEMEHRNEEHIRRSENE

Ve M= NSRS 0L 11, YU MG
1 d EHTReMmE, &g 4 M, 5404k
10 Sk, ®E 3 RER, SO ERE N
1.0x10%, 1.0x107, 1.0x10° A1 1.0x10° CFU/mL ]
FEPURE R R T, R 10 uL/sk GELERE 74,
TP 24 h MBI AR | IS T FIBET I L
1.5 EREMREERRID
1.5.1 HMEKBAREK

YR R B H RS BRE S Oy
e, FEPUREMRETET GMI I GMIIT 5 57 3,
il £ A2 S 40D, 5 pHTO1-P43GFPmut3a Jififi
SARRZEMD, FBIEESE 2-4 h R
T LB P F(ABRWEE 10 pg/mL), & E;
I, IR LT AT IR 20 .
1.5.2 HRICEMHMIBREN. ERKEREMEYIE
M E

BRI R IE S R T A S ARD
WA LB 555736 10 Ik, R G e A7 114k,
A IEE 5 b, K S G R AE T e R
ARAEE TR E M. B AR D R S e s T R G
BUHE R 10° CFU/mL BB, 5 1%3%Fh 4%
FPE] 100 mL #5570, & 4 h HAHETTH AR T
Bk, AP E 3 RER ., Sl LI
BFED . A PRV B i . A AR, il bRic e
PR 5 JE LA R Bk 0 A2 K it 281220, 43 S U C 1

W5 IR TR BT, AT LB 53R,
35 "C. 180 r/min #&J¥5FE 1 d, (TR IAE
LB R 3R 55 BT BT % ODgoo=0.1, F4 R
DL 1% (R B0/ L@l in AR A TRk ik LB
BRI B A b, WA T 25 CHERRE
1 d, e sRAWIBERTE UG B, 2 A= M1 ODsoq
POEM I, PRI E 3 RER
1.6 FRICEKERENE
1.6.1 #RICEMKEMEMI R LRYEE

PR IC R R R B (R JE - 1107 CFU/mL)
DAZ5 IR 247 5 i i A K AR A — B0 AR R AR
Fraem, WE 3 IREE . SRR RS R
FEERNE 1. 3. 5. 10, 15, 20 d A7 1 A,
TR KBER, IFETCEIRAC T4, PRI 3 g
BT 20 mL EHE/KAY 50 mL B0 80,
150 t/min #£3% 1.5 h, 10 % &5 % SRR HTTE
FHGAERWKIE 10 pg/mL)®, Hi3% 48 h 53t
PR R0, AR g DL T v B0 0R g v fif i 2H 21
f 21 = AU (CFU/g) o
1.6.2 RICEMKENEERENBEE

MER A M E NS Irk 1.1,
& ERE S L 10 pL bR 0 B OBR (W E N
110" CFUmML)Z MR, #E 3 KEE, 720l
BORBEFAEE 1. 3. 5. 10, 15 K4
H01 3k, fEFIBOR AL 2 g BT KRN,
T 4 mL KAFES, B E 10 £% R0 B
A it AR (R B R W 10 pg/mL)PY, 137
48 h JETHR AL, AR A LR E EO TR A
A A2 1 A EU(CF U g) o
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1.6.3 WHABEEMNE

IFRICHBRALBE 3 d FOFERS I FIFEZE4))
A, HIEHE )RR R FFE A A E VI 0.5 om
LAWY R, AR AE BT AT JC K 838
I, 3 B e IR A O B R (Nikon
Eclipsev 80i)M5%, & KN 488 nm,

1.7 HIEHRNYEEZT ARG IEMR
1.7.1 HMBEABRH &

B 1 mL ¥R 1.0x10° CFU/mL 1) BF-49
FEWRAR M 100 mL LB B 3509 =/
. BT 35 °C. 180 r/min ¥R R 24 h, 15
#| BF-49 & B, BF-49 & R 2 0.22 um JEJE
ik, B ICEE kB .

1.7.2 EAFEAYR

VEZR 4 s NARIFR S IR 1.1, 158 5 Kb B,
FEAALEE 10 Skdx, BE 3IRER: (1) & HXTHE;
(2) KX (3) BAHAR 30 fEFBRN R (4)
BF-49 Joii & AR 10 S BIRALEE; (5) BF-49 &
BT 10 A BERALE, AbET R M4 DN E,
FHE N 10 uL3k, HFES dAbH 1R, 565 2 IR
21 dJE MR RE R 13107 CFU/mL), %
W JE R AT, = e A U T A ) LB
x100%; FIEBHIARCER (VLT R B R0O=C0 1R
21 R FE A PR J 9 32 )/ % BRZH I 48 x 100% 5
SR =T A BB /10 100%°T,

1.7.3  EFIMBEIER

Ve 4 P AMA SRS IO 1.1, & 5 Mk
L, BAAERE 100 k4w, BB 3 ER: (1) &H
XTHE; (2) RIRATHIRG (3) A4k 30 fEHR AL ;
(4) BF-49 K 10 5 BERALEE; (5) BF-49 &
TV 100 Fi5Fi REVRALER, A By vk A it ,
DAZS RIS St A6 FRRAR P 2 T 2 P TR T T AN
K, BERE S d W 1 UK, 55 2 IR 1 d SR
FArER A (M- TG, WA 1107 CFU/mL), & 9%
JEVAA, RRRMPROTE kR 1.7.1; 455
R=1 A A /100x100%,

P4 actamicro@im.ac.cn, & 010-64807516

2 EREGHN

2.1 HEMHHEEHSBESIFIE

PR LIRS AT IR A o B, R
87 MRANP . For, 13 BRXIFEA I ek i A 540
TEFI(ER 2), SRS HUBOR .35 (P<0.001) H AR
() BF-49 B HR (I EE B2 41.04 mm)JF RS
ZEWTIE (I 1),
22 XPEMKHISEREE
221 EEFEE5EEELVETE

Ffk BF-49 B LB Bigfdk I B[
¥, FiETEME, AOAASEH, HEANE
FF(# 2A); J6a= B I /R BF-49 TRk 2

x2 TRMEEMEEMIKEMTERIER
Table 2 Antagonistic effect of different bacteria
on Enterococcus pernyi

Strain No. Inhibition zone Strain No. Inhibition zone

Diameters (mm) Diameters (mm)
BF-03 21.15+£0.25f BF-53 8.03+0.11a
BF-12 34.06+0.38i BF-56 14.20+0.29d
BF-13 12.64+0.33¢ BF-58 17.82+0.15¢
BF-21 31.42+0.38h BF-69 37.54+0.46j
BF-27 17.99+0.222¢ BF-78 38.04+0.25j
BF-38 10.92+0.22b BF-86 23.95+0.19g
BF-49 41.10+0.07k

Data are presented as x+s (n=3). Values by different
lowercase letters mean significant difference (P<0.05), and
with the same letter mean no significant difference (P>0.05).
A one-way ANOVA was conducted to evaluate differences.

El 1 BF-49 Bkt E & BRI E R
Figure 1 Inhibitory effect of fermentation broth
from strain BF-49 against growth of Enterococcus
pernyi. A: CK. B: Fermentation broth.
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Marker 16S rRNA gene Marker gyr B
5000
5 000 3 000
3000 2 000
2000 800 1 145 bp
1500 1452bp 500
800 200
500
200

Bacillus amyloliquefaciens (LN864508)
Bacillus amyloliquefaciens (L'T745972)
835 Bacillus subtilis (AB192294)
Bacillus subtilis (NR102783)
ST Bacillus velezensis (MT365117)
BF-49
Bacillus subtilis (MW276095)
Bacillus haynesii MW876139)
Bacillus licheniformis (KT986159)
100| Bacillus mojavensis (KY287929)
Bacillus paralicheniformis (MK861159)
Bacillus sonorensis (KY287930)
Escherichia coli (LC682250)

0.02
D 99| BF-49
99’—{ Bacillus velezensis (MT119763)
\-Ij Bacillus methylotrophicus (KT378130)
71%- Bacillus amyloliquefaciens (MW030641)
Bacillus subtilis (MH177975)
ﬂillus mojavensis (DQ309303)
Bacillus paralicheniformis (MT949530)
ool Bacillus sonorensis (MN718425)

Escherichia coli (EU014649)

0.05

2 BF-49 BMESERHLEMREL TN

Figure 2 The morphological features and phylogenetic analysis of strain BF-49. A: The colonial morphology
of BF-49 strain. B: PCR products of 16S rRNA and gyr B gene amplified from strain BF-49. C: The
phylogenetic tree of strain BF-49 based on 16S rRNA gene sequence. D: The phylogenetic tree of strain BF-49
based on gyr B gene sequence. Numbers at the nodes represented the bootstrap values based on neighbor-
joining analyses of 1 000 resampled datasets; Numbers in parentheses represented the sequences’ accession
number in GenBank; The scale bar indicates 0.5% sequence divergence; Target strain was labeled in bold.
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FRR, K/ A 0.5 pmx(1.5-3.5) pm., Fitk BF-49
AL SESE R IR 3 R, SRR
A IR AR ES R, WD K bR BF-49 IHZEh
ZEHUAT IR & (Bacillus)
222 HFENFELE

%} BF-49 HAREAT 16S tRNA Fll gyr B 3
R B0 0 5, 43 A5 3] 1452 bp F1 1 145 bp Y
JP51(& 2B), JEHFFIHESCE NCBI, #H35
1) h OK442649 F1 ON929823 .4 Blast L X,
BF-49 [ £k 16S rRNA F1 gyr B 3 ¥ 51 5 Il
3K W 2F # KT B (Bacillus velezensis) i A L R
I3 91R 99.45%F1 99.91%, RS LT T4
7R BF-49 5 DS 28 AT B (MT119763.1)
REG R —3Z (K 2C. 2D). #fiE Wk BF-49 Xy
B. velezensis, fii%4°N B. velezensis BF-49,
2.3 BF-49 EMXMERYHLZEHNE

DA J 1.0x10%, 1.0x107, 1.0x10° F1 1.0
10° CFU/mL [ BF-49 & BER A ERIESRE 7d,
IR ERHME R, G RAF, b
FIFET- IS, Uil BF-49 KEERAFER L4,

&3 BF-49 EHREIRE LFE
Table 3 Physiological and biochemical characteristics
of BF-49 strain

Test item

Results

Gram staining
Starch hydrolysis
Gelatine liquefication test
Oxidase

VP test

Catalase

Nitrate reduction
Methyl red
Peptone hydrolysis
3% NaCl

5% NaCl

7% NaCl

9% NaCl

11% NaCl +
+: Positive (growth or reaction); —: Negative (no growth or
no reaction).

I+ + + + + + +

+ 4+ o+ o+

<l actamicro@im.ac.cn, & 010-64807516

2.4 BF-49 BRI AEFRIE
2.4.1 BF-49 HH#kHI B AR5k

BA B BR 10 B R A 3 SR AR O I U R AT
B E5O6(E 3), HIXE ka4 A BF-
49-GFP,
2.4.2 BF-49-GFP HEHRITEE M. H K thLkFn
YRR BXCBE 1 TE

FETCHEPE IR ) 55 F S 245 9% 50 h
J&i , BF-49-GFP 7% (5 HAT AT 3% 91.04% (14 4),
fa @ VE# U ; BF-49-GFP (4 K% BF-49
HAR—F(E 5), TR AKX BF-49 [
A= K3 AN RS2 5 8] 6 1T L, BF-49 il BF-49-
GFP B AE WL ICRE 1T Wi 35 25 57 (P>0.05) , X
AT BF-49-GFP 12 FH BB 1 oK & A W 2 ik
A%, BF-49-GFP A LI T BF-49 ¥ E FE 5T
2.5 BF-49-GFP 7E+ERiM FFIfERFE N
B RE 5B K W 22

EFIRI SR BN (R 4), KW BF-49-
GFP HEA, tRicmkik sl 0, BLBAVER
M FIFE A i iE N R AT BF-49-GFP, SLAT 1Y)
BF-49-GFP MIRIETIRE. Wil 1 d 5, Mh
I+ BF-49-GFP FFEIIIRIE R 5.99x10° CFU/g,
Wi 5 32 Wi /0, 3 d 5, BF-49-GFP B AR e
Jy 3.25x10° CFU/g, 20 d JGAAEFER I - EAG
%] BF-49-GFP Ik, # %k 1.25x10* CFU/g.
WE 1dJ5, YE&EIHIEN BF-49-GFP Rtk N
3.6x10° CFU/g, 3 d J2RI TR, 5 dJRwER
1.33x10° CFU/g, 10 d J5 &K %] BF-49-GFP,
BF-49-GFP B FRALER 3 d (@5 i WLIE 7.
2.6 EMRFH

N PRORER SR (K 5K, BF-49 k&
TRV 1O A% T B8 V0 X AV e 25 IR %) B %00 S 35
KE] 78.25%, WEE T AR 30 (B
65.21%) M1 BF-49 JC I & BEW 10 A5 5 B (B
B 39.13%) (P<0.05) H:45 % 525 X BTG
2 5(P>0.05).
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RIATH!

3 HEETLRMIET BF-49-GFP B & &
SRR

Figure 3 Colony morphology and color of strain BF-
49-GFP under the Confocal fluorescence microscope.

1051
100
95+
90

85+

Plasmid retention rate (%)

80
1 2 3 4 5 6 7 8 9 10

Adapter frequency

B 4 BF-49-GFP E#kHITEE

Figure 4 Stability of BF-49-GFP strain. Means
represent the value of three replicates; Lines above
the bars represent standard error (SE) of the mean
within the treatments.

60 - e—— BF-49-GFP
+—— BF-49

50
40
301

4 12 20 28 36 4 52 60 6
t/h

Population number (<107 CFU/mL)

5 BF-49 5 BF-49-GFP E kB4 € ik
Figure 5 Growth curves of BF-49 and BF-49-GFP
strains.

BF-49 BF-49-GFP

B 18
1.6 1
1.4
1.2+

g1.0r
S os}
0.6
0.4r
0.2r

0.0 BF-49 BF-49-GFP

H— e
e

Strain

6 BF-49 5 BF-49-GFP & #k 89 Y1 BE 2 X

Figure 6 Biofilm formation of BF-49 and
BF-49-GFP strain. A: Biofilm formation. B: ODsg
of biological film. Means represent the value of
three replicates; Lines above the bars represent
standard error (SE) of the mean within the
treatments; The different lowercase letters mean
significant difference (P<0.05), and the same

lowercase letter mean no significant difference
(P>0.05).

2.7 B

5 A1y s 4 SR (% 6., K] 8)F W, BF-49
R 10 A5 BRI BTACH 74.42%, W&
T &5 IR 30 5 (B 3% 31.00%) 11 BF-49 15 7 &
TR 100 £ B (B2 39.53%) (P<0.05), H:
g5 R 5 23 0 BRJG A W25 57 (P>0.05),

3 W5 #h
wah A= b, Pk W ens e s
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1B N EFEIFIE UL, 5 A s 45 2R T
AR P 700 A AR o AT 4 2R T
S IR RDR R A Bl W M 1 R ST
T AR R i AR R R T RV R

C A BT s 5 H B i 2R, %1k
AT WHTE TR, e R s 25 T ok K
EFH . RETOECEAbMC ) KT &E (Escherichia
coli)5| AR Wk (Spodoptera littoralis) i H

&4 BF-49-GFP ZEAEHM R FIMER A E AR EETE R
Table 4 Colonization of BF-49-GFP strain in oak leaf and Antheraea pernyi intestinal tract

Group Time after inoculation (d)

0 1 3 5 10 15 20
Oak leaves (x10* CFU/g) 0 57.67£3.26a 32.13+2.01b29.26+1.73bc 22.93+3.17¢c 3.55+0.33d 1.25+0.17d
Larvae guts (x10° CFU/g) 0 36+3.33a 2.13£0.53b 1.33+0.31b  Oc Oc Undetected

Data are presented as x+s (n=3). Data in the same line with the different letters mean significant difference (P<0.05), and with
the same letter mean no significant difference (P>0.05). A one-way ANOVA was conducted to evaluate differences.

o,

30 pm

7 BF-49-GFP By EFEME
Figure 7 Colonization of BF-49-GFP strain. A: In
oak leaf. B: 4. pernyi intestinal tract.

% 6 BF-49 F#REFIMBHIANR
Table 6 The control effect of BF-49 strain in field
assay

Treatment Incidence rate  Control effect Cocoon rate

1 17.67+1.45ab 58.91+£5.45d  52.33+2.60c
2 43.00+4.58d Oa 30.33+2.96a
3 29.67+4.67¢ 31.00+£3.85b  38.00+1.53ab
4 11.00+1.52a 74.42+3.55¢  45.00+5.03bc
5 26.00+4.04bc 39.53+6.40c  35.33+5.04ab

F= 5 BF-49 EHZEANBRAERR
The control effect of BF-49 strain in
indoor experiment

Table 5

Treatment Incidence rate

Control effect

Cocoon rate

1 23.33+£8.82ab  69.57£10.35¢  60.00+5.77bc
2 76.67+3.33¢ 0Oa Oa

3 26.67+8.82ab  65.21+11.50c  53.33£13.33bc
4 46.67+8.82b 39.13£11.50b  36.67+6.67b

5 16.67+3.33a 78.25+7.53d 63.33+6.67¢

Data are presented as x+s (n=3). Data in the same column
with the different letters mean significant difference
(P<0.05), and with the same letter mean no significant
difference (P>0.05); A one-way ANOVA was conducted to
evaluate differences. 1: Blank control; 2: Disease control; 3:
Pathogen inoculation after treatment with 30-fold dilution of
Silkworm Dele; 4: Pathogen inoculation after treatment of
10-fold dilution of BF-49 aseptic fermentation broth; 5:
Pathogen inoculation after treatment of 10-fold dilution of
BF-49 carrier fermentation broth.

P4 actamicro@im.ac.cn, & 010-64807516

Data are presented as x+s (n=3). Data in the same column
with the different letters mean significant difference
(P<0.05), and with the same letter mean no significant
difference (P>0.05). A one-way ANOVA was conducted to
evaluate differences. 1: Blank control; 2: Disease control; 3:
Pathogen inoculation after treatment with 30-fold dilution of
Silkworm Dele; 4: Pathogen inoculation after treatment of
10-fold dilution of BF-49 aseptic fermentation broth; 5:
Pathogen inoculation after 100x dilution treatment of BF-49
carrier fermentation broth.

B8 HEEHNHFILFIER
Figure 8 Field incidence of larvae. A: Diseased
larvae. B: Healthy larvae.
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