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Antimicrobial Mechanism of Antimicrobial Peptide from Paenibacillus ehimensis against Candida albicans Biofilms

WANG Zhixin', HUANG Yuging', LIU Yahui', LIU Dandan', NING Yawei', JIA Yingmin®™*
(1. College of Food Science and Biology, Hebei University of Science and Technology, Shijiazhuang 050018, China;
2. School of Food and Health, Beijing Technology and Business University, Beijing 100048, China)

Abstract: This study investigated the inhibitory effect of antimicrobial peptide from Paenibacillus ehimensis on the biofilms
of Candida albicans by the microdilution and time-kill curve assays. Microscopic observation was conducted to assess the
impact of the peptide on the formation of C. albicans germ tube and hyphae. Additionally, the 2,3-bis(2-methoxy-4-nitro-
5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT) assay was employed to investigate the influence on the formation of
C. albicans biofilms, pre-formed biofilms, and the clearance rate of mature biofilms. Fluorescent probes were utilized to
observe the alteration in the structure of biofilms and the status of intracellular fungal entities. The number of viable cells
in biofilms was measured by the spread plate method, and real-time polymerase chain reaction (PCR) was employed to
determine the expression levels of genes associated with biofilm formation. The results showed that the minimum inhibitory
concentration of the antimicrobial peptide against C. albicans was 8.28 AU/mL. This peptide reduced the rate of germ tube
formation in C. albicans, and prevented the formation of hyphae, making it exist in the form of yeasts. Furthermore, the
antimicrobial peptide influenced both the formation and eradication of biofilms and disrupted the structural integrity of
biofilms after a short duration, leading to damage and even death of C. albicans, and reducing cell counts in biofilms. The
antimicrobial peptide reduced the expression levels of multiple genes related to biofilm formation (such as ALSI, ALS3,
HWPI1, EFGI1, ECEI and UME6), therefore inhibiting biofilm formation. The above findings demonstrated that antimicrobial

peptide effectively inhibited the biofilm formation, mature biofilm clearance and the expression of biofilm-forming genes in
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C. albicans. This study lays a theoretical foundation for the development of novel antimicrobial agents against C. albicans
and provides a basis for the prevention and control of foodborne pathogen contamination to ensure food quality and safety.
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AURSAL AT Z LRI AT 1 (P ehimensis) HD
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L1 MRS
2 W% 25 HF AT 58 PL B ik ehimensin B AS R A4 1) 4%
ERAR, GET K, RIEKT —20 C. Br@km N
2124 AU/mg. FE7~pE A ERERE (Candida albicans) ATCC
10231, FiTERRE RSB T RE S0 % fRj T —80 C.
SYTOX-9. MftAmE (propidium iodide, PD) .
RPMI 16404575, LIVE/DEAD&  55[EThermo
Fisher Scientific/A®]; Ja41iE WAL RAUEMIRHEL
WA B IR~ Ay 2,3- 7 (2- BV - 4- T - 5 - T 1R ik O
H)-2H-PUME-5- i (2,3-bis(2-methoxy-4-nitro-5-
sulfophenyl)-2H-tetrazolium-5-carboxanilide, XTT) . H
ZhE BRI AR AR AR
RNAfRALRF G A LAEMLIRE (R BOGR
A PrimeScript™ RTE & % &< S (polymerase
chain reaction, PCR) * ]tk . SYBR” Premix
Ex Tag™ (Tli RNaseH Plus) if7#&. ROX plusikil &
REFRAEY THEARAA .
12 x5
ZSD-A11601H 55744
3-18K A A I B 0 L

PR ES RIS A
fBESigmar 7] ; 96 ALK

ELE CostarAF]; BXS3wW M EAMEE  HABEMKEH
P 2x4t: Spectramax Plus 384f§hrf AT
HIRAF; Ti2-UZOLE B EME  HARRRA S

ABI75007%¢ )€ #PCRAY 3% [E Applied Biosystems A 7]
1.3 ik
13.1 ASERE IR R

FH T A AR PR I S R B, R TR R Y
YPDR;FEH: P, 37 °C. 160 r/min¥53524 h, {ER—4ACH
B, FELA2% R E A T YPDES 7RI RE 7712 hifil
B AR SR T a2 5.
1.3.2  &/MMEKE (minimum inhibitory
concentration, MIC) lI5E

K FH BB A B RV U 52 BB R R B R BR Y
MIC. i HHYPDE;#E3EAE96 FLAR % b v Ik AT — F5 s
PEMRE, BRI EWREE (50, 25, 12.5. 6.25,

3.13, 1.56. 0.78. 0.39. 0.20. 0.10 mg/mL) HHIH K,
PN SRR A SR F Bl (5X10° CFU/MmL) , #E
HEAKAME AL, B T37 CHFF24h, ALK
TG AT D TR A AR K ) SR I B IR 0T B BE MG, S E
53K

1.3.3 N Ja] -7 TR T 28 1) 2 i)

H5 X 10° CFU/MLIT) 5 €028 Bk B 1 22y 5 s v n 4
YPDREFR AR B B R b, (e B IR 2 o R B 4
S0, 0.5, 1 MICHI2 MIC, 37 “C. 160 t/mindfE %3597,
SERTHORE, FRREIRAT, THEIEEE. DA AR ALER,
EHCP AR, el B/ 2k, SKIREE3 K.

134  ZEERENE

& Bk HRPMI 164082 55 (& 15% 1648 1.
D) EEEEESX10° CFU/MML, S8R VR it i ik 9f
AR BRI 4 %280, 0.5, 1 MICFI2 MIC, 37 C.
160 r/minki 73 h, RREE N WL IEHEALTHE100 />4
PR R R . I E A3 K, S (D HEEE

FERMEN = Ziﬁ 7>
1.3.5 BB ENE

({2 Bk E FIRPMI 164085 75 W (5 15% iR 4 1.
E) EHREEES5X10° CFU/ML, 254 nbo s ik It
AR BRI 4> H2H0, 0.5, 1 MICFI2 MIC, 37 C.
160 r/min}% 7524 h, ZAEE T MR,

1.3.6 MR KT

O3 B FHRPMI 164055 554 (4 15% it 4= 1
) JEMEEEES5X10° CFU/ML, SR VR it i ik 9F
{f F AR E 2 90, 0.5, 1 MICHI2 MIC. %R
41 (0 MIC) N ANFEIRARPMI 164085 773, E4
IIARPMI 1640553235, 37 CHi#:24 h, il LHPBS
(0.01 mol/L, pH 7.2) &2 Ik, MMAXTTHH:-H 250
W, EOLIRE3 h, HEEAR OGN 2490 nmAL FJODE . SE
WEAE3 K, B Q) HEAVIE R,

E%Hﬁﬁzﬁiz/%:iifé X 100 2)

100 (D

KA A NI HOD g B 4,97 FHZHOD o0 o
185 A N5 HRA1OD 490 oo fH
1.3.7 T A VIR A o A

o BR T FIRPMI 16408557 3E (& 15%JIA 245 1)
EUREEE2.5X10° CFU/mL, HUE S ZE96 LIk 4
f1.5h, RG22 (phosphate buffered saline,
PBS) (0.01 mol/L. pH 7.2) ¥R )G M NZEARFAR [F] Jif
BIRERIHEK, SR (0 MIC) BN AR TR I B ik i
RPMI 164035775, = AHLEH L IMARPMI 164037 7
FE. 37 CHEFR24 h, FHIRHIPBSIE VLG IIAXTTEN & - H
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TS A R %1 % = AI_AZ X 100 (3
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K A R ALOD op o fH s A28 FHALOD g
fB; AR HRZ1OD 00 0 fH o
1.3.8 AW EERRRN E

H S BR# FIRPMI 164085 773 (& 15% R4 L35 )
TEVEE B ZE2.5X10° CFU/MmL, 7E96 FLAR TN &k,
37 CH;:%:24 h. [ TEHPBS (0.01 mol/L. pH 7.2) ¥
B JE I S5 AR B0 1R JR VA, A e R O 2% I B VA B 4 )
40.5. 1 MICHI2 MIC, XFHEZE (0 MIC) A7 4l
PBS. /MlfEREFE0. 0.5, 1. 2. 3. 6. 9. 12hflI24 h/i5
FIPBSiE¥E, FIIAXTTHZE-H 25 BV, #LIFE3 h
J&i FH BRI 52 490 nm AR [JODAE . SZIGEH3 K, %18
X @) HHEAEYIBERR.
A = (1= =2

A, AJ‘?@E@ZBOD‘WOM{E: Azy‘j/‘EEléHAODM)Onm
{B; AR HRZ1OD 490 o fH
139 VB SNEE

oS Bk # FIRPMI 164085 5535 (& 15% 1A 4 L35 )
EUEEEE2.5X10° CFU/ML, 37 ‘CH;3524 hifi H B ik
W, [ FPBS (0.01 mol/L. pH 7.2) ¥E¥&JE AL
PRI PR VA T, S L 1R R 28 VR B 4 Sl 0L 0.5. 1 MIC
A2 MIC, 37 ‘CAEF1 hjG FHPBSY b 2 P s L 1077 5% B
A, A 30 B O WA AT SR
1.3.10  AEWIBE N B MACRAS W82

F 6 S Bk E FIRPMI 164085 775 (& 15% R4 M35 )
EYEE R E2.5X10° CFU/mL, 37 ‘C¥;3%24 hili HE ik
Wi, FHPBS (0.01 mol/L. pH 7.2) ¥ ML
B RV, AP BE BR R EIR FE 437900, 0.5, 1 MICA!
2MIC, 37 CYEMI1 h)5 FIPBSHE s A Wl |- s I 1 44k
SRJEIMAPYSYTO-9% 4 kt, WEHF F 30 min. FFIPBS
Ve, fEHGIE T R TS .
1311 AW B v s 0 e

A A2 2R FIRPMI 1640553235 (47 15% 428 I
) EPEEEE2.5X10° CFU/mL, 37 CH;7:24 hE K
AW, {FFPBS (0.01 mol/L, pH 7.2) ¥&ik/EIMASL
FRTRVE, B B IR 2 T B VR B 43 30l 0L 0.5 1 MICHI
2 MIC, 37 ‘CAERI1 h)5 FIPBSYL 7 iF AR . {5 FH 41 i
GV E R R 2 O E T, FRRIEIEAT IR IEIR Y
el A O B A T TR AR U S AR R, SR AR IR AT P
BRI 5E 1 Bk A A I N v T A, SRIRE 3 IR
1312 AV RSO R Rk &

SR FH SE I P CRI E 470 B8 o0t 1 60 28 BR 1 AR P BT 1k
FHSREE R RIE AR . [ &2k 1E FRPMI 164055 77

) X100 (4)

B (F15%MH4EMIE) 5V E B SR NS5 X 10°CFU/MmL,
SRR H0.5 MICIHHLEHE K 6 fLiR .,
T EAMANGEERBMPUEKFRPMI 1640%; 77 4,
37 CHE#R24 ho PBSIFRYE L7 fo AR AE VIR,
FA A S BE S RN A S B2 40 1 3057 &R ERRNA,  F{# H
PrimeScript™ RT € fPCRE ] s i 5 3R 1 6 HE 4T s e =%
A cDNA . [ S R AR YR IE AR SC R 1) 51 0
FWFEIFR, HETAEYITRE (B8 BROEGRAFS
B. 1#%HESYBR"™ Premix Ex Tag™ (Tli RNaseH Plus) i
A& ROX plusil @I HiIl B, LL18S rRNAYE NP
S NPT EHPCR, SEIGEE3 W, Hodl A2k
AT

#1 HEIERSI9)75

Table1 Primer sequences used for amplification of target genes
EIE/EAS S1FE (5'-3) SR wINEA
I18S1RNA-F CGATGGAAGTTTGAGGCAATA WEER
18STRNA-R  CTCTCGGCCAAGGCTTATACT ~
HWPI-F TCTACTGCTCCAGCCACTGA A HWPI
HWPI-R CCAGCAGGAATTGTTTCCAT AR A
ALS3-F AATGCTGTTTTGGGTTGGTC SR BE
ALS3-R TCACCTGCCTGAAATTGACA S| ALS3
EFGI-F TATGCCCCAGCAAACAACTG SrrnE
EFGI-R TTGTTGTCCTGCTGTCTGTC HRA T EFGI
ALSI-F TTGGGTTGGTCCTTAGATGG Y R B 2 T A
ALSI-R ATGATTTCAAAGCGTCGTTC fi&A ALSI
ECEI-F  CCAGAAATTGTTGCTCGTGTTGCCA S/ Kil: CEI
ECEIR  TCCAGGACGCCATCAAAAACGTTAG &H
UMEG-F AGCACCAAATTCGCCTTATG Gl S5 IETE UMES
UME6-R AGGTTGAGCTTGCTGCAGTT HXEH

W: HWPLE 2 EE& H1 (hyphal wall protein 1) ; ALS3.JHERFEF
54 13 (agglutinin-like sequence protein 3) ; EFG1.44 50 22 4E K
1 (enhanced filamentous protein growth 1) ; ALS1.AHEE ZFE T4
11 (agglutinin-like sequence protein 1) ; ECEIl. elongation-specific cell
elongation protein 1; UMES. unscheduled meiotic gene expression protein 6.

1.4 HRSHr
iR Px+ s KR, il HSPSS 17.08H17 41t o
M1, FIHOrigin 8.01F474:

2 HR55K

2.1 U PR o S B T A 0 TR i

SR PR A% W R 25 DN e T JDRORT 3 8 8 B T P 41
HI1ER, HMICH8.28 AU/mL.,

T I I (] 2R B i 2ot — PR AU O B B R BR T
PR TEPE, SR WELFTR, WIN0.5 MICHT B IkxT 6
S EREIHEE I RES, R MICAI2 MICHT B Bk %t (4
BRI B AR EAR RN, REWERSYIG
BIEBAALL, 2 BIFEAK 72,79, 3.46 (Ig (CFUML) )
Guevara-LoraZ5" g Fi2 Fh& Rk (AM3. AM4) 1T
HERERE, TEAIERM T2 Ma IR REIL T B &k
B 7% 8. Li Dedong2& ! i 3ot i ) - 2% i il 2k R 30,
1 MIC (32 pg/mL) SEAE BN [ 8 Bk 1 B AT 1R 58 (1) 41 1)
W, 7EVEFI6 hint B & S K 10° CFU/MMLZ A5 .
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Fig.1  Time-Kill curves of the antimicrobial peptide against C. albicans
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Ext M, FEKERE, FERERZE TR
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100
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= 60}
N
i 40F
X 20k
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Fig.2  Effects of the antimicrobial peptide on the germ tube formation

rate of C. albicans

A.0MIC; B.0.5MIC; C.1MIC; D.2MIC. &4, 8. 9.
el 3 BB UoRT 11 GG 2k v 2 AE T i 5% )
Fig.3  Effects of the antimicrobial peptide on the germ tube

formation of C. albicans

2.3 PRI B R B 1R 22 T )
WEAPTR, RPMI 164055775 (55 15%Ji 4 ML)
SIS AOMSEHREARFE 2, 0 MICAHEAF, A&k
PR B B AR A N TR 220, W22 2 [ R B ESE . 0.5 MIC
A PR AE BT TR IRAE 3 hJE o 2 T R s AN R, (E
TEAE 24 hjg ] W22 1 BBk B 2 AR K23 TR K
A, B REAH AR 22 A 3L A7 . S552. 275 45 &, HEW
1 MICKEBRZH v 73 1 0 BR B AT BEAE AT DR BCF 3
BT PUB RS m s s E A, 3 30R A S8 T 8%
FAEMT, DIBRPHAEAFAE. 2 MICALBEA 3 th & 2k
B AR BEREAR, B4R KB A 52 B T E I
ZHBRAHE

Yue HuizhenZ5POHF 58 & B, 745 2530 & FICHGX
1% 5L T W00 5 2 B 22 20 B0 T o BRI R UL, HE ST E
WU, T 22 200 i 1) B A5 I8 25 59 7 I (1) £ S G T 38 3 o
ik, 1ER24 hjG, CHGXEEA BHMHIBE LKL, Wk
DL BEJE I A7 7E . Manoharan®5P{i 2 png/mLf#1,8-—
FRERRERN O ERERE24 W5, o EE KR FEER
REFBABI L, 06 7B REAH R B 2 A BB AL
Song Yuanyuan§?k Bl 2- 7,9 18 R ANME RE R/ A W R T
i, IR REHNH B 2 TE A, 40 ng/mLI¥)2- 2, 5 FE e b 2
HrhE 2 KB RAD, TSR REA AR R 2240, 5
AW T RARL

Pl 4 HUGIMOS 11 (SR B 1 228 R 5 )

Fig. 4  Effect of the antimicrobial peptide on the hyphal formation of
C. albicans
2.4 PUAEMON BRI B B R

XTT 0] 45 48 B P9 1 2 R s Bt S i 08 i il /K v Ve £
(1 F B P20, (E480~490 nmuk K ab A i KWL, s
Fr7R, 0.5 MICAhEEZH A= R T % 951.17%, 11 MIC
H2 MICHT B ik b 2 A B A 1 €88 BR 18 T2 B 2R e
RaberZ: i 7% K L 22 ik Pom- 1 AT $1 1] (5 £ 2 BR 5 A 4 i
FITERG,  2qPom-11 BT K E 10 png/mLI [ €& 2k # A4E
VIR ) TE BRI A 12% o AR AT 78 45 5 7R B B Akt ) LA
RO S ER B A DI R, BRI BRI
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Fig.5  Effects of different concentrations of the antimicrobial peptide on the

biofilm formation of C. albicans

2.5 PUBE BN 1 Co ek v T 2 AR A RS 1 5

W6 TR, 0.5 MICKLHE 20 11 B B AE 9 5 E it %
981.57%, i1 MICHI2 MICAL F 20 AL A G T A 1)
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fRiE, 0.25 pg/mL (4 MIC) KIPLE B 731 CAL AT #1
2930% (1B T o Bk C 18 LIJTR Bk 3 44 i 14 7
X FEBERAEYBREEE 7, SYRAML, mE
WREH32 (1 MIC) | 64 pg/mL (2 MIC) #1128 pg/mL
(4 MIC) [FC 18X A= 47 i A5 W S T B 1) #9061 2R 4 3l Ay
87%- 91%AN92%"*" . AWt 7t 45 3 W 12K 2 AT i 7t
B K AT AT 50 ) 1 0 B T T 2R AR B R T
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Fig. 6  Effects of the antimicrobial peptide on the formation of
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preformed biofilms of C. albicans

2.6 PUBH R 1 R AR AR B 2R 1 5

WE7ETR, EPURIKER AL b, 0.5 MICA
TR 5 5 R 517548.08%, 1 MICHI2 MICKLEE 2037 4 2 4y
HIN64.10%K177.56% . Bl HUEE IEAEH I TR I 2E K, A
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