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Inhibitory Effect of Atmospheric Cold Plasma on the Bacterial Activity and Biofilm
Formation of Gallibacterium anatis

ZHANG Hua!, JIAO Zhen?, LIU Yi3, CUI Dongjie?, XU Hangbo?, MA Ruonan?
(1. School of Food and Biological Engineering, Henan University of Animal Husbandry and Economy, Zhengzhou 450046, China;
2. School of Agricultural Sciences, Zhengzhou University, Zhengzhou 450001, China;
3. School of Electrical and Information Engineering, Zhengzhou University, Zhengzhou 450001, China)

Abstract: Gallibacterium anatis (G anatis) is a common pathogen that poses threat to livestock and poultry farming in-
dustry. This study investigates the inhibitory effects of atmospheric cold plasma jet (ACPJ) on the bacterial activity and
biofilms information of G anatis. The active components of ACPJ were initially identified through optical emission spec-
tra (OES). Subsequently, the physicochemical properties and content of active ingredients of medium (including serum)
were determined following ACPJ treatment for different time. The bactericidal efficacy of G anatis treated by ACPJ at
different time was quantified using the plate counting method. The impact of ACPJ on biofilm formation was assessed
through a crystal violet semi-quantitative adhesion assay. The integrity of cell wall and membrane and morphological
changes of G anatis were observed through the fluorescent dye propyl iodide and transmission electron microscopy. The
expression of G anatis virulence genes after ACPJ treatment was assessed using fluorescence quantitative PCR. Air ACPJ
generates abundant excited O, N2, Nao*, NO, etc. After ACPJ treatment, the acidity, oxidation, conductivity, and tempera-
ture of the medium are positively correlated with the treatment time. ACPJ generates various antibacterial agents in the
medium, including long-lived species (H202, NO; and NO; ) and short-lived species (ONOO"). 3 and 4-min ACPJ
treatment effectively inhibits the bacterial activity and biofilm formation of G antis. The active species of ACPJ can com-

promise the cell wall and membrane integrity as well as the micromorphology of G anatis, which results in the release of
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intracellular contents, ultimately inhibiting the bacterial activity and biofilm formation. Moreover, ACPJ also exerts inhib-

itory effects on biofilm formation by downregulating the expression of genes associated with virulence factors implicated

in the process of biofilm development. These results will provide a theoretical basis for the application of ACPJ in pre-

venting and controlling poultry infectious diseases, as well as disinfecting poultry houses.

Key words: plasma jet; poultry; Gallibacterium anatis; antibacterial; biofilm; virulence genes
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WS YRS KT B8 (Gallibacterium anatis, G anatis) N
E IRAT RS B8 & AR B, 8 == IRBA IR
ST ZE M EPE AR A a2, f
WILREE, 509 2 NSRBI AR ALl o
“hemolytica” 25| #2 B ML, 1 “anatis” NEA
25| BRI M AP . ER G i . & IO
FoR 5 R T o B S R AR G I I %) B ol S 3 A
ROMEOUT, 1 I Y OGRS AT TR 2= 5 | XS 1 O A
R WEIERFNNER R Ge5m DA S B s el A AT
RN, HH RS YR XS AT 1R 5| A B M s S T A
Ry A o [ SN E KB, R, BRI AR
INE KO, B, B, - H AR E K,
9 4y 28 SRS Y5 XGAT 1 R HE o YRS A B AE TR
X T bt i A7 AENO), 240 B RG, (H A
PRI & AN A= SRt ml e sz B Eege i, b Ak,
BIERE IR YT Tz (e L AR LS,
e AU N RU3T, ROYSROAT B BAA W M. 2 H
BAIR T DL 2 S 25 SR N, B AR IR
HERAemHInE 2 Hi%. tah, BEERERE “T
b7 NHAREIRIE, FABER 2B A B R AR YT 7
RO T

SEETIEEARYRIEE 4 BORES . B —Fh
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YN, 4, BESE T REARKARKE, 1K
SR AR IR G, P2 AEE Y+ E R
R, FEEREEUST) Rl B U 1TRD &8 43010 U IS 4035 1)
NS R . REMARY, RAEAEE K
B & & FhE 4 (reactiveoxygen species, ROS), 11
FodE H HAE(-OH). BEIIE T HHZEC0;). REA
(03). HEEFHE(0). HEMEMH0:2)5; IHHR
(reactive nitrogen species, RNS)id 42 U i i
(ONOO). FHEAMR(NOS). WAHRMR(NO; ). —%
E(NOYERLIT o IXLETENE B3 BEWE KT 2 FhEUR
AR, 5HAREEARUV, RAEF)MLL,
KAEAFEE T HREZMEZR, YEHTRZY
= NSRBI, b, KAEMPIRA B
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AT REAAE R, ghhh, KA BT
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PIZRLRBTIARS), HhAbh, 458 iR SR R B A% i 2 A
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I GE . Be I A5 B T ARSI KR K
WRIE N B R, RETIRIE R E R E R AE? FT
WAR, AU G 73 45 2 K S U5 RS AT B 9 7T
XFE, AU ACPY X S Y5 X A B I AR 400 B 8 R
PUAEVIETE AR, I e Y5 - 56 20
FE B S B A TR A A A SRR I B R IR Rk
RIT ACPT X HEYSAE FF B A ALH] s [F, A
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TEER B R, ATUPA ACPT Hh GBI B R A7 o
AR LSS R N ACPY 15K &R b7 15 A8 1
5 B SR AL F IR AR -
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1.1 BSJEABHE

HEHLT B R AT 2 H e Y R AL
TEXSAT B (GACO26)/FE AT T R, BHHRTES 5%/
A M PR B RE R 9 24 h, BT 37 CHiFRME
. A0 3 W, AT Luria-Bertani 1% 9% 3
(Luria-Bertani broth, LB), & Jii &4 40N 5%~10%
KR . F 37 'C. 180 t/min | R4I% % 24 h,
TR S A AR R R BB E A R
108 CFU/mL, ¥4 HAE )95 Al B 2
1.2 ACPJ (8

W 1()Fn, ARSEERA ACPY %% 8 A3
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TR IEXS AT B . ¢ B R H s S i F IR, A
)9 35 kHzo AT R AR AR T8 5 4 FaAR 2 [A],
FE 6 mm FRJ[R]RE A 7 AR A B A, IR I Y [ A
T, TERURR . SR N TAE SRR, Ak
VEAh, FERUCREFE FORERBERUR, IEFAIR
A 15 L/minofF 1.1 755 A B 4 79 B 2 (100 mL)
BT T (B AR SR AR T 5 mm), AT
[FIRFIE](LY 24 3+ 4 min)FALEE . AL PRIEAE A T80 e
B I AT EEL 9 29 531 P 50 JE 4% Sk (Tektronix,  P6015A)FN
HL 4R 3k (Pearson Electronics, 2877)#H47T&E, ¥
T 7~ 5 (Teledyne, WaveSurfer 3000)1d 3% o
R RS, H IR AT E L0
1.3 ACPJ SHREMA 1N

K K5t (optical emission spectroscopy,
OES) KAl ACPJ #5173 - OES ] F T4l 45 &5
T A M BT R 2R IR A& o K O HE A
AvaSpec-ULS 4096CL-EVO(Y 5 A Avantes) Yt 448
SLE T HE B A S AR SRR 1 em Ab, HRE HEfE
FHHEEE TSR TR, EEHAOGE, RE
200~900 nm i [l )6 HEAE 5 . B K Avasoft
8.10.0 FXAFREAT 73 M FI B AL, o
14 ACPJ AMFRIFFE(E MB MBI BFEME
RS A A

A4 100 mL LB B FR3E(E 10%A5 4 1ML
i), 4 ACPJ b3 1. 2. 3 Fl 4 min fFIll @ A+
M9 EE b R M, W pH . A8 JE AL
(oxidation-reduction potential, ORP). & & 5 H1 5%
PASOE PR E Ay o (T ARZ AL PR B #5750 min
TESXTHE .
1.4.1 pH. ORP. &% 5 SRz

FEH IR T pH i FAbiE R iH(EY 5 0y Mettler
Toledo). it JZ 1t AMEHE XL 3R K (AL 5 )y F3-Fild)
W& 2SR AN R AL BRI R B Y pH {6, ORP. iR
FERIHL S
142 HEAE(H202). THEHR(NOZ )FT A FR AR
(NOy) & &M E

H20o: i F i A A I S0 2 Ha O (1)
WREE26), g ACPT Ab B J 11 355 77 5 FH AR 6 22 i
(phosphate buffer solution, PBS) (50 mmol/L, pH=6.0)
MikE 50 5 o ZERLIUFL N 73 A0 IIN 50 pL B i A
AR ATERHE S, BEEDII 100 pL HaO A7, VR
SJE T TN 30 min, 2 IhREEEAR (5N
Varioskan) Kzl 560 nm Ab WG B . AR 4 bR 1
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Fig.1 Waveforms of plasma jet device and its discharge

characteristics
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T FARAE R 2RI 5 . 43 BIEL S mL ARiETE TR
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1 mol/L fJERERAT 10 uL i3 ECN 0.8% & IL 1K
12, TR E) G Ay Je 6 BT VAR 220 nm &b
IR, FRPEARAE 2R TR R AL NO; B

NO; : >KH Griess Jx ML 2 NO; [ 8281,
B AN [F) R B2 1) NaNO2 A 7 VR FH T Ao ih 22 11
W5 . 43 HIEL 5 mL ARAEVE AN 7256 T 15 mL &
OE T, I 10 g/L B R FLR % 100 pL, S8
Smin JFREEIINAN 1g/L ) N-1-# B2 25 2 — %
(N-(1-Naphthyl)ethylenediamine Dihydrochloride ,
NEDA-2HCI)100 pL, 5 1 h J5 il 2 % 7E 550 nm
AR SR, AR ARAE IR THE NOS IR E .

143 BRHMECOH), HATA(O)BANET
(+ Oy YA AL AR AR (ONOO) 75 &l 5

F) F B -7 H Jie 3 4% (electron spin resonance,
ESR) 45 £ AH BAL B P RS B 750 40 A, D0 4 75 i 3ty
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A 5,5- = RO -1- ik g mhk -N- Atk 4
(5,5-dimethyl-1-pyrroline N-oxide, DMPO)# 2,2,6,6-
DU H 3 IR BE (2,2,6,6-Tetramethylpiperidine, TEMP)
Kl -OH A1 10, & 829, 435 HX 20 uL DMPO FlI
10 uL TEMP JiIA 100 mL 35 5% 3 /1, 4/ % 45 1R 50
¥ ACPJ E TN F/74# 0. 2. 4 min, DMPO
55-OH J A Bk E e in 14 DMPO-OH, 7E ESR i
B 23R 1:2:2:1 FRFEIE . TEMP 1] LS WA 102
WL BT RS E A1) TEMPO, 7E ESR K3
I 111 BRI,

FIA 1-385E-2, 2,6,6-PY F 35 -4- 5 AR - Wik g 26 1R
£h(1-Hydroxy-2,2,6,6-tetramethyl-4-oxo-piperidine hy-
drochloride, TEMPONE-H)#;ll- 0> F1 ONOO {5
FB031, Y 10 L TEMPONE-H(#< 4 20.83 g/L)
I 100 mL R53R35Edr, ZIR% RS, K ACPJ
BTV N 54 0. 2 min 1 4 min, TEMPONE-H
AEE 5 <Ol ONOO™ [t W AE JliAa 5E 1Y 1 e i A4y
1- ¥ K& -2,2,6,6- I H 2L -4- S X IR WE A 2
(1-hydroxy-2, 2, 6, 6-tetramethyl-4-oxo-piperidi-
noxyl, TEMPONE). It4b, B4 F|H TEMPONE-H
Fle O 75 B 77 48 48 10 9 34 I (superoxide  dismu-
tase, SOD, W& A 40 000 U/mL)#fiE ONOO 1) 2
(U ZFEE ) 54D
1.5 HIEEMENE

8 F ISP AR 7R 5P AR TR AR 5T ACPY X
WS Y0 XS AT V1 P 0 B SR 230, L IR SRS AT A 4 s
£ 500 mL Bedfr, fEREMSAH 100 mL B &R .
ACPJ 43 S BE 1.2.3 min F1 4 min. i [ K% ACPJ
AEFRATRGERG AT R O min AERTHE, R BEES CUEE
JE AT HREERAT, 37 CIREEEFRE 48 h Jo Wi 45 5
1.6 ZEREFTE=HMITE

HU ACPJ ZLFF 1. 2. 3. 4 min F TS5 XS AT B
1 mL, [FKEL 0 min /F NS EXHE, B0, UE
WA, N 24 FLARH, NN 1 mL 85353 (F M),
35 CHprERFE 96 h J5, JHUekk 2 3= B AV
E AR T2 JE AL 750 pL B EE[E 2 15 min,
PEFFEE EARBET, N 750 puL 1) 0.1%%5 & 4R et
15 min, H HRZKIFYE, BT, A 750 uL 95%
%, 37 CHf#E 30 min, FHBEEARMXAE 590 nm ¥ K
AN B LI R B 132
1.7 ACPJ XJBS;E IS HF & 40 e B2 PR ST 14 A 210
1.7.1 WAL e et

Ak, 7R I (propidium iodide, PT)GEIZ i 5245 1148

M5 DNA 73 F456, P2 imgif sk Hae
WGB3 U2 APPY AL R ANR] I [A] ) &K 0.5 mL
FREOET, 8000 #/min, B0 8 min, F L.
EEPTEF A 1 mL PBS, i EBMETE
Ve, B0, FEEWE, BE LR, WYIMEET 2 iE
B B 100 pl P TAERR 73 51 i A\ BUAS [] 4b R 2 ) B
POUE P BEAT G, 37 CHAF T RDEHEHE 15 min, ff
JH B AR ACTE SO U KR 488 nm LR S K
617 nm Ab 1B Y6 E .
1.7.2 35 i AU 40 i T 2

WARZ: ACPT ALEEANFIIN A AH B A T 4%
Pl B, T R 2R B S T A
ol £ B RUBEY) 5 T AR (transmission
electron microscope, TEM)(ZY'5 JEM-1400)%) 4%
Faril o
1.8 ACP) XSS ESHHEFERTAZHFN

Y50 AF BT P ARV AR . ACPT AbFRZH B B Sy
&, ACPJ 4b# 2 F1 4 min 52 LL# . H9IERSFF B 1)
RNA $2HC, W IR E OMEGA kA&,
BN @R AR U BB AT B . B R
cDNA J&F-20 CHRj . ZH MGG AT 1 TH22 Bk
F [N 4 (GenBank No.CP103874.1)3% K] %1, F|H]
NCBI 5|%J-BLAST(National Center for Biotechnol-
ogy Information, Primer, Basic Local Alignment
Search Tool) & i| OmpW. OmpA- Ipxd. GtxA. TolC.
BamA. GapA 1 GyrB R (NS IR FIYIER 1),
i < 0 AR R ERB A A BR 2 mI3EAT 51 M0 R

x 1 gt

Table 1 Design of primer

| 514 ]l
Ompd NAEEEY] TAACCACCGAATACACCGTA
AR EEY] CAAGCAAACACTTTCTACGC
ole NRGEEY] ATGGCTCGCAACACTTTATT
KA 514 CGGTTGGTTTTAAGTTCAGC
Goed EW 519 TATGGAGAAACCGGTAACGA
K519 GTGTCGGAACTAAGAGCATC
Iosd NAEEEY] GTATTGCACCATTGGAGTGT
SAEEEY] TGATCATCAGCGCAATAAGG
OmpW NRGEEY] GGTTGGGTCAAGAGTAACAC
KA 514 AAAGACGCTAATGGCAATGT
Bamd EW 519 AATTGGAGATCGAAGAGGGT
K519 CCGGTTGAATTTCCATCTGT
Gapd NAEEEY] GAACATTGGAGTGCTGTCTT
SAEEEY] ACGAAATCGGTGTTGATGTT
GorB NRGEEY) TGTGCGTTTCTGGCCAAGTC
KA 514 CGCTCACCAACTGCAGATTC
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RT-PCR JZ MAKZ(15 ul)Jy: itk 1L, b
TSI 0.5 uL, WFEIK S ul, 8 uL ) 2 ik fE
f] Taq Pro Universal SYBR qPCR T . qPCR Jz
N2k N: 95°C, 30s; 95°C, 10s, 52°C, 30s,
40 MEH; 95°C, 15s; 60 ‘C, 60s; 95°C, 155,
1.9 HEGItoh

PN ) SRR Ta S YA iR =R I R W e
A48+ ) 3%, ffiF] SPSS 22.0 kb FR%#E . %
FH LSD-t £ 563647 2 4R 2 (Rl 75 250, P B
< 0.05 W AAREZES. [FHET ¢ K837 2
R Z R JT 2250 0T, *3RoR P<0.05. ** KR
P<0.01, ***3F/x P<0.001,

2 HR5IE

2.1 ACPJ EMERS

T JeiE it OES il JBeHL = A8 (1) ACPJ Hy ) £ Fif
SATEMERGY . W 2 Fros, BEAE BRI, %
Pl b o P 3 i . AN R A O WELR(E KA
777.3.844.5.926.5 nm, K[d]), N2 {5 - 1EH7 & (second
positive system, SPS, C][.—B[[¢)(313.6. 325.7.
327.6.336.8.357.7. 395.7. 495.6. 419.9. 424.5 nm),
N2 "% — 4 4 & (first negative system, FNS,
B2y, —X2Y)(391.5 nm 1 400~520 nm). & =4 T
NOJ(A2Y *—>X2[])(200~300 nm) fl OH(A—X) 7
(306.8 nm) 1A S EE . O EE@E S H 02 2
PR, TERSIERE R S BT . N2 (1) SPS. FPS
J No' ) FNS $5) ] 42 85 I 42 Fh A 1l R ),
NO, R R G No il Op KA ERET, OH
AT DU I 7K 737 L B B M o 3 A K
YRR B R A R R BT, SRR, ACPT AT LA
P AR S PR Y
22 ACP) RIBFE1EFE (R MB)EBIL M RFE
MRS

ACPJ SR EURr BE i — 20 5 A &
A A B IR B AR — RPN IR GE PR AR
By B8, AR FUEE I E pH. ORP. HLIS2., &
FEFRA3HT ACPT AbFEJ5 () LB 159535 (& 10%06 2 1
ORI PE R, FEIE T 155 3 A K BuE T
43(H202. NO; 1 NO; )FI 3 i 20tk /43 (« OH.
* O, F1 ONOO")FAHXT 55 & o
22.1 pH. ORP. JRJ¥FHH X

AT NI 9 3% BH I 14 A0 5% R % 412 JE 3 12k B 43 1)
WS, FEA I B TE TR, FRPERE S X A

LA B AR 53 o A 51400 ] 3

&% ACPJ AbFRISA] 934 10(0 %) 4 min), pH M 8.2
TFER] 4.8(P<0.05), HEFRFEERRAA 3R &S
A TR R A BRI T K R AR R R AT
THEROS R (1) s ). B pH A HF] T % 1 R
oy IS A MRBE I, (IR 5 S E T A A
B2, ORP J& PR B AR S AL L S5 FEL A TR A7

A DA TR B 55 2 ROS FEEAAR K- . SCERATE 5%
KB, % ORP {H-5 40 Mt BA Bk R,

Wik 3 s, BEFE ACPJ ALFER [A] 341, ORP M
362.90 mV . E W INF] 643.45 mV(P<0.05), XEH
grFdEh A T KRERA AR I REYE Y . B
FRIE IR G R 3 R, BiF%E ACPI &b
PRI A K, TREDIEET R, {HAE 4 min IR EE
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Fig.2 Optical emission spectra of ACPJ in the range of

200~1 000 nm
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Fig.3 Alterations in pH, ORP, temperature and conductivity of

the medium (with serum) treated by ACPJ treatment
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KT 42 °C, XK B IR B IR BEAS 2 PG| A4
Kif. wfa, R 7 HBESRNGZN. WE 3 PR,
B4 ACPJ ZLFEI [A] A 0 min EK #] 4 min, HL 5%
5 M 18.14 mS/em & % 3 Jn # 20.19 mS/cm
(P<0.05). HLSRMTE GIG TR IR A4,
EREEFREPIE AR R EREE ACPT AL
I [A] R E KT 3G K, 1X 5 ORP 45 3R AH—5L.

NO; + H.0 — NO; +NO; +2H* (@)

NO + NO; + H,0 — 2NO; + 2H* )
222 HEMAE. HERRANHERR S 22N

H20: 7& ACP) = [ —Fh B Z AT, M4
TR, HE I 8 h 3] 20 d AZEH, 41 & 4(a)
Fion, BE%E ACPJ AEER ] A 0 min #EK F] 4 min,
HoO2 W FE M 0 5 ZE 38 %] 0.40 mmol/L(P<0.05), ¥t
IR IR B ) HaO2 15 SR A ACPT b PN [A] (1) 12 <
M 22 . HoOo AT g3 it 5 0 A BR AR 1) S o2 72 AR 3 4
WAHRR ([ M 20(3)), #E—H RIERFAEH S, ACPJ
PR RNS, 41 NO; 1 NO; , #E A N FEH it 8
HHEC G R FHO, anfE 4(b)FToR, Bl ACPI 4k
HERF A0, NO; IREEM 0 #2153 2.25 pmol/L(P<
0.05). a1l 4(c)Ffi~, 24 ACPJ 4bFE 4 min B, 5
FrHE I NOL W FE = 2] 13 pmol/L(P< 0.05).

HNO; + H,02 — ONOO + H20 (3)
223 REME. BESE. BEPE PR EE
THBRAR & &

AN IF 58 3% B 45 B8 1 R 1R AR 0 808 8 B2 fh
FF i E Mo R AN W . LEAHE 84 R EPR
KI5 97 5 B RS MR S . I S()FTs, K
L ACPJ TR FRHEHp =42 7 /b 5 »OH., 102 iR 1E
TE K A ) v S 31 B AR 20470, {HRFEIX AN SE
I IR A R E] 02 5(b)FTaR), H R AE
Thitie.

Ak, FIH TEMPONE-H il 1 AH R RFAE I,
Y IR I G - O A1 ONOO =4 (K 5(c))e N T
BB BRI =R, B REFREE I . O E
FIEERR A SOD, R IMAFFAE IR s« X Ui ]
ACPJ fE£5 773 B2 1) /& ONOO™, (U774 T
e O, (B 5(d)). ELHISRUL, A8 S0 HRAS I E 1)
ROS(*OH, * O; fl '0x)EARDE A, HEN W] e
DRI Ay T AR B 1 Dy R B3 R AR R 1 X e
B ROS. B8 A A ML) REAR f b 7 B v 14
A, B4 ik F & E (bovine serum albumin,
BSA). FIRE K& ARSI, 2 gt s R I

o
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