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Biological characterization, and whole genome sequencing of
bacteriophage against Pseudomonas aeruginosa isolated from
forest musk deer (Moschus berezovskii)

LI Yimeng', LIU Jie', JIAO Shengjing', WU Xi', DING Hui', FU Wenlong?, ZHOU Lei’,
CHENG Jianguo®, WU Jie?, LUO Yan"'

1 College of Veterinary Medicine, Sichuan Agricultural University, Chengdu 611130, Sichuan, China
2 Sichuan Institute of Musk Deer Breeding, Dujiangyan 611830, Sichuan, China

Abstract: [Background] Pseudomonas aeruginosa (PA) is a common opportunistic pathogen.
The septic diseases caused by PA account for more than 50% of the deaths in captive forest musk
deer populations. Phages have become popular substitutes of antibiotics due to the increased
resistance of bacteria. [Objective] To isolate a bacteriophage using PA isolated from the lungs of
dead forest musk deer as the host bacteria, and to conduct biological characterization, whole
genome sequencing, and in vivo bacteriostasis test on it. [Methods] Double-layer agar culture
method was used to isolated a phage against PA from the daily drinking water of forest musk deer
in Sichuan Institute of Musk Deer Breeding. The same method was used to determine the host
range, optimal multiplicity of infection (MOI), one-step growth, thermostability, and pH range of
this phage. Phage morphology was observed by transmission electron microscopy (TEM). The
whole genome of the phage was sequenced and analyzed, and in vivo bacteriostasis test was
carried out in mice. [Results] A phage strain against PA was isolated and named as
vB PaeM_PAMDO?2. It produced a transparent plaque with clear edge and no halo ring and had
a narrow host range. The phage strain had high thermostability and was stable in weak basic
environment, with the optimal MOI of 0.1 and the incubation period of 40 min. The whole
genome sequencing showed that the genome of this phage had a length of 66 264 bp and the GC
content of 55.59%. The annotation results showed that the phage had 92 open reading frames and
carried no virulence gene or resistance gene. The results indicated that the phage belonged to the
Myoviridae family. Animal experiments showed that the phage effectively inhibited the
pathogenicity of bacteria in mice. [Conclusion] The isolated phage vB_ PaeM PAMDO02 has high
lysis efficiency and good tolerance to adverse environments. It has great potential to be applied in
clinical prevention and treatment of PA infection.

Keywords: bacteriophage; Pseudomonas aeruginosa; biological characterization; whole genome
sequencing; forest musk deer

il 2% R A 7§ (Pseudomonas aeruginosa, PO, W NER . B AR L MR E 2 IBUILAE ,
PA)E—FPEORPE S 22 FOBAER, B AR RL B R & S8 kst PA AT i i ke
(Pseudomonadaceae) {5 5 M 14 J& (Pseudomonas) , S ZAE TN 43I T5 YOl FREE R 2016 4F
FEYGE AR A, IR PAMIGIRE N 8.66%, 2017 4K 8.69%,
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2018 4F PA WYl R 73 B AL T 3 12 1A bk P Az
FIEEI, R 9.57%, BRBAE LI
2014-2019 4F, o EGURUZEYII 251 I R 5t
ML FEAS o B BHT 10 FPEARE A, PA 2
I R F 565 DL LA, 2021 47, 7ETE
200 T T 247 A 0 ) SR B i DR 3 g ik, Rk
R 2 (R AL BB Lz —,
AR R R B R 34.9%, b e
U [T, BT PAX TREEGEIIAR
FR) RS AR AT, i DR % ] 1R B A
TGRS 24t B St e XR A

MR (Moschus berezovskii) &= F [ it —
iy, R8T EE BB (Moschidoe) Bt )&
(Moschus)™, T 2003 935 & WAy sh™,
IAE (P EBE L A ) a5 R i fE ok
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AR I RIS i 29 N TR
PR B B R 22— 3k [ el 5 g
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IR AR % A ZAERA TR
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YR AT, EATRT ATE SN B R N g
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JEL P S 1 FE A, DAY 55 B AE 5 e P S B 1) H
HPOK A 3 88 B — AR R R R vB_PaeM_
PAMDO2, XJH 474 ¥ Rk 4 5L N 4 )7
ST, AT /ANEAR NI L, DU RS
32 1) I W DA A 977 9 4 R i ) F o AR AL B
Kl

1 AR5

1.1 E#k. KEFRKE Y

A ST A A8 B 349 2R U )1 Al R~ B
B 27 B sl G 52 36 28 3 B I ORAT o BT FH A A1 S
PRI 20 B T AEARBEE AT, JE R ALk ST1249,
RZBFS AT R R . AKAEIAR A U1 R B 5
JiT B SR AR JBE 1Y) H B EROK

I /N 7S JE R SPE R R HI/INRL,
WEPE 12 H, BEME 12 2, W B REA RS 3
YA R A AR DG 530 3 Wy 4 3R A 1Y)
PR PR E ARG, POl R # R 4 B
b Sl ) R 2 S HEHE T sh I (I HE R S
M 20220263),
1.2 FERFIFLEE

DNase 1. RNase A, Z 5 Jiff . 6xloading
buffer . TaKaRa MiniBEST Viral RNA/DNA
Extraction Kit, FAYI(KiE)ARAF; 1 mol/L
Tris-HCI (pH 7.4). DL2000 DNA Marker, Jtit
RHRERHEABRAE ; 0.22 pum 5 0.45 pm —IK
Pk L HERS, Millipore 23 A] 3 HAY R 1
M E PR AT iR, W A T R ARG 2 E

SM buffer: NaCl 5.8 g, MgS0O,4-7H,0 2.0 g,
1 mol/L Tris-HCI (pH 7.4) 50 mL,2%f i 5 mL,
TNZEME/K % 1 000 mL, 1x10° Pa /% K 20 min,
4 °CURFIRAT
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W12 HE, 7K {1 (NanoDrop ND-2000) . Quantity
One BEIE BAZAL, Bio-Rad A5 K- Ik |
HLUKAS , AL — AR5 R 18 FLES O,
ARG A A B R, WAk
YR R
1.3 BEEASBESEL

A FHBUZ AR o 18 Je A s AR S,
JKEELE 12 000 r/min B> 10 min, WZH &I
WP, ST 11 IRGHCE 30 min,
JMAZE] 3 mL 60 °CHIIEL{LIY LB 2 [ &K 5
FEREREBBCN 0.6%) RS, FIA LB
R SR BB AR EO 1.2%) FARNEG -, 17
L 15 R TE IR BSR4 T 37 °CHE5% 24 h,
DAARAT B P 5 TR B
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37°C. 180 r/min JRGiE . 10 F5H6 B B
it UL - A 2 AR A B R B 2D SR AT
3 WARUEARAS 4lifb i W 1A . e PRI DA B4k B
£ 30-300 2 [B] {4 V- A 353 Wk B AU o ik A A
MM TR AR
B (PFU/mL) =M b B H > B A5 80< 10,
14 EREARSWER

W A S A 5 TR AR it YR TR A A e R 1 4
W, #E 15 min, JUEEC T8 M E 20
WK, TN 2%BE R (pH 7.0)44 5 10 min, #
BT (R S T S R LR W T A
B
1.5 WEEARREILENE

DR Ay il 98 e FRAA ECTE 3 Bk . RIAFF A
2 k. ST EEAERE 2 Bk, BRIRE 2,
DL B AR T . DR CATF I . DT IR 45
— ko KA EFEEPY B 300 L MKW, 5
LB ARG SR BR & Bl 7E LB MRS IR |
W Wik R AR Y S35 F oAl b, BEYR S L, 37 °CH
7% 8 h, WEV-M b5t PR R B . 0 SR

PRBE, DU 40 T P DA v T A S
1.6 TEEKRAEZ 5N E
1.6.1 HEBREEHNE

TR TR A 5 TR VR e I AT A L/ 4 TR R
=10, 1. 0.1, 0.01, 0.001, 0.000 1 {&&. T
37 °CHEFR 6 ho WUz VM vk 48 45 4 Wik v B 4
Ho r=rEmg 55 B f5 2 00 i R0 b 5 AR e &2
. BB ESL 31K,
1.62 —HEKHENE

Fiz o R T A B0 L TR A R R B
W, TEME IR AR R FRAR T 37 °CHE 3% 5:F% 20 min
B 100 pL K535, 10 f5 0 R RIS, (R A2
SRR A, R 3 IR DAMERE IRELM
(PFU/mL) A IAAAR . B 8] (min) A4 A A5 225 il —
AR, 15 BRI R TR DT . SR R
fsE i, T E A R AR
S 5t (PFU/cell) =24 fif AW W B AR RN /2% e W)
HiTE ERRE
1.6.3 HIREM. miEEK pH BES5&HH
el

BRI ARLE 37, 50, 60, 70, 80 °CHy |
20, 40. 60 min, FMERE{LS pH 5.0, 6.0,
7.0.8.0.9.0 Y SM 2 M IR 5 43 Ml #iE 5. 10,
15 min, BUOWERAAS &0 E T IO & 08 iR
&, BIZIEY 2 min, 37 °CALFR 1 h 5, WAES
B IR AR )2 WA

i FF A2 1 AR I 2 DL 36 v i e 7 4
M, AL HKEAH., U R ER
3 WK Hi G5 U i T (R A A T IR
I AT A IV T BTt o) L LR
1.7 BEAEEEEANFSFISH
1.7.1 EEAREELENE

i} TaKaRa MiniBEST Viral RNA/DNA
Extraction Kit #EEUE R IAZIR , KB M
DNase I 41 . RNase A 241 . &g & fifF 2 FIxt Be 4
fINAGE 52 1) DNase 1. RNase A 1% G i, 435
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7E 37 °C 4bBH 60, 60, 10 min. i F 1%3 b
EERCHEATHLUK , o FHBE A BUR R e X 2kl A T
AL AN 23T
1.7.2 BEAEEREDNF

IR FZE Illumina NovaSeq Al
-5 E ST BUK S (paired-end, PE) 7, #4) 7
SCHEEZR TSN PE400. i ABySS 2.0P'"fil MIRA
4.0P2 1Pz g R AL N 41741 . i F GeneMark™?)
(http://topaz.gatech.edu/GeneMark) 7 #l] 2 [& 21
GRS IED , XTI 45 S ik 734, 95 Rfam
B (http://rfam.xfam.org/)EFT HLEL, 153
BT RNA R BIES SR . (4] BLAST 7E4k 1T
HL. (https://blast.ncbi.nlm.nih.gov/Blast.cgi) 5 iiF J¥
G B AR o

o 35 R 2 P 20 R 5 PR T 5 8 5 PR T 7Y
GenBank 1% 2314, i} CGView (http://stothard.
afns.ualberta.ca/cgview server/)% il I B 1A ik
. iz H MEGA 7.0 1 neighbor-joining J5
EHHERERETW .
1.8 PRAEANEILE

B 24 HUNRG A 4 41,43 930 R % BE 2H (control
group). WERIKZ (phage group). I 4
(challenge group)F1#J1 4 2H (antibacterial group),
T 3 HbEMER 3 HOMEM: o & TE 20K G AT
SRR S AT B, FCrPO B L MR G AR A RN
Y15 BIAETE SM bl . WER AW . TRV
4 h 5% EBEER £ 2% vh i (phosphate buffered
saline, PBS), MAATERIEWI)ST 4 h % NE
B, HARTr MR 1 Uin . PR R R
B, ANTE A 108 CFU/MmL, W B M fifi A
WS4 10" PFU/mL. F 48 hJi, Fl 10%/K &
ST JRR 1 i A /N BT i 20 BBC S /0N Bt U WL ¢
LRI , AT IR R VR T R, BOR
it 2.0 cmx2.0 cmx0.5 cm A B g A X s,

1 PRERNBERKHEAER

Table 1 Nasal drops for each group of mice

4151 SM Gl WETE R fiskfR 1<PBS

Groups SM buffer Phage HUfiFE (uL)
(L) (uL)  PA(uL)

Control group 20 - - 20

Phage group - 20 - 20

Challenge group  — - 20 20

Antibacterial group — 20 20 -

—: AT 5

—: Without injection.

BEILAE 4% R [T E T, 28 AR LR A= ) 2 ]
PEAT R BRI R 5347 o

2 HERE5M

21 HAFBREHMEEEAMNSSS4 4
ZR

FEATRIG T, 23 88 B — bR 2L A M 10 4
HE R REIA, JFar4 4 vB_PaeM_PAMDO02,
HWE T BE 25 W . 6. TERE 1A). R
LW ARSI A 1.59%10° PEU/mL , 1% 5t H 55
7, PAMDO2 K5 HARZH 70 nm, EHF45H
K2 140 nm (&1 1B), HA R AT R R 4 B
JUL 2 Wk T AR A AR A
2.2 BEHE{K vB_PaeM_PAMDO02 Zf#iL

RIWELE 3 Wi, BRig Ewsh, HAz
1 B SRR 35 A B S AT 1 I R BRE (% 2)
PAMDO2 JCik 2 HAmp M 4 i, HZ A
23 EEEBEIFFE
231 REBRESHS—THEKHML

AR 45 5, PAMDO2 7£ MOI=0.1 i} 3k
15 H T R, L TR PAMDO2 19 fi A e e
HECH 0.1, HARSER LR 3,

M — A K 4 (K] 2), PAMDO2 (181K
Wik 0-40 min, 2R 8 40-80 min, ZfFEE N
65.8 PFU/cell,
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120 000x
80 kV 100 nm

1 [EE{K vB_PaeM_PAMDO2 B2  A: WERIAAERUZTNE -t E I RERBE A, B: WERHIASE

Gt i B A

Figure 1 Morphology of the phage vB_PaeM_PAMDO02. A: Plaques of the phage. B: Transmission electron

micrograph of the phage.

%2 WBEE{K vB_PaeM_PAMDO2 By ZLf7IL
Table 2 Host range of vB_ PaeM_PAMDO02

% gl HIR Wt T 1A
No. Bacteria Source vB PaeM PAMDO02
PA Pseudomonas aeruginosa Forest musk deer +

KP1 Klebsiella pneumoniae Forest musk deer -

KP2 Klebsiella pneumoniae Cattle -

KP3 Klebsiella pneumoniae Pig -

E. coli 1 Escherichia coli Forest musk deer -

E. coli 2 Escherichia coli Cattle -

SAl Staphylococcus aureus Forest musk deer -

SA2 Staphylococcus aureus Cattle -

Bb Bordetella bronchiseptica Forest musk deer -

Bo Bordetella trematum Forest musk deer -

Sa Salmonella Forest musk deer -

SC1 Shigella castellani Pig -

SC2 Shigella castellani Pig -

A — AR
+: Lysis; —: No lysis.

232 HMBAEM. HEEK pH ES KA

RIE, PAMDO2 £ 50 °CAb B i) 37 14 B
5 37 CCALHS A3 1% 5 {HAE 60 °CH1 70 °C
WhERE , HE B TR, vTLUE 1, PAMDO2

XF 50-70 °CH AR & i 52 P (& 3A),  [R] B I H
T RE T 52 55 B MR R (8] 3B). SR A s ik
PRSI EA PAMDO2 B 80H I A & A5 B B AR
b, 16 HA X S0 AN BUS
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* 3 BEE{K vB_PaeM_PAMDO2 MIHREREE 24 SEFEANFEESLHER

ol E 241 EHRABAMNFLIER

Table 3 Determination of MOI of phage vB_PaeM M 3 TS B 0 I P Tk 45 R . PAMDO02 %

PAMDO?2 S o .
fAE 1 3 2t s

TR B WA GBI WA DNase Iﬁ?@ﬂ’]#ﬂn/ﬂ(ﬁ%ﬁ?ﬁ' s é’é RNase A %ﬂﬁé

MOI Phage ~ PA(CFU/mL) Phage titer A BRI UK A A, RN SRR

T L SEIRZL AT U K vB_PaeM_PAMDO2

0.10 107 108 3.62x10'° %éﬂé‘ﬁﬂ% DNA H%MSBS]O EVF%%?D@ 4

1.00 108 108 1.78x10" TN o

10.00 10° 10% 8.73x10°

100.00  10° 108 3.83x10° SREHMFRY, vB_PacM_PAMDO2 )
1000.00 10’ 10 2.06x10° FEREHEH ALKy 66 264 bp (1] 5), GC F ity
55.59%. [{£%| NCBI SRA JE 5 R0 % 55
Jy SRP345538, BLASTn 45 RFEN, W
A5 PA WETH K PHW?2 A1 (GenBank % 5% 5
A MT349888.1), H.A 98.00%HM 4= & K 21 5 75
N 98.63% M T A — Btk . LN R
B, PAMDO2 1 92 IFikbeisAE, 38 M7
1B CEE |, 54 ANTE R UEE |, JC t(RNA . PAMDO02

10

Phage titer (x10° PFU/mL)

0020 80 120 160 HEERIIREIIN A SRR, A 23 FEA T A
Time (min) RERY A 1 SR RE IR B T , G045 13 Bh 4 o 1 2

2 EEE{K vB_PaeM_PAMDO2 — 34 < i £ X, P 3 HERHARERLN, XLEHA
Figure 2 One-step grown curve of phage G B ) S 17 W T O R 1) 3 R 3 T )

vB_PaeM_PAMDO2. R B EZEAEA; 9 F DNA & il K 3Rk #H G5

A _ B -
3 23 . ) 23 - pH 5.0
g 2.0 e g 2.0F & pH 6.0
= & 50 °C =
~ e -4~ pH 7.0
> 1.5 460 °C s 15 v bH 8.0
10 D T 1ot o
L 80 °C g - pH 9.0
& 0.5 S 051
< <
£ =
& 0 > * + ~ 0

0 20 40 60 0 5 10 15
Time (min) Time (min)

3 EEE{K vB_PaeM_PAMDO2 HAIZEMRREEK pH A ARNRE T EEM L. B:
[A] pH T BEE AR R 221

Figure 3 Resistance of phage vB_PaeM_PAMDO02 to temperature and pH. A: Phage activity at different
temperatures. B: Phage activity at different pH values.
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A B C DE bp

4 BEEYIEKE  A:. RNase AWEUI4H; B: B
PEXF R4 ; C: DL2000 DNA Marker; D: DNase I
MEUI4H; E. SREEGUIA

Figure 4 Results of agarose gel electrophoresis
after vB_PaeM_PAMDO02 digestion. A: vB_PaeM _
PAMDO2 nucleic acid treated by RNase A; B:
vB _PaeM_ PAMDO02 nucleic acid that has not been
digested; C: DL2000 DNA Marker; D: vB _PaeM P
AMDO02 nucleic acid treated by DNase I[; E: vB_PaeM
PAMDO02 nucleic acid treated by mung bean enzyme.

Putative primase
;' -»

Putative DNA polymerase III -

epsilon subunit ~ 60 kb

DNA polymerase III subunit alpha _

Putative DNA helicase —
Putative helicase —

DNA-binding protein — \
DNA ligase —

Putative endolysin— %
Tail fibers component

-50kb 66264 bp

R, AT RE A 51 B, e T A 5 DRk A2
WA, XN RENENSS SEREK
BRI . s ME BT 1 DR
FEMSCM NI R, 5 R A DG B R Ar
EAHT, X —-FREE K T, TEMERE AT
RGER R T, A N TR AT 20, i+
FRWE BRI RE I . 76 43 4L 41 v ok & B8
Bl 2 A OC LA
2.4.2 vB_PaeM_PAMDO2 B R %G R B
AR, BT A S (K i
RWERMERGERKEW . REKEW ML
], vB_PaeM_PAMDO2 fiY & Z A 5¢ 8K 115 1 1
A SN FIWE TR (& LMA2 1) £ B FE 8 (i B A
F(F 6A). AL, PAMDO2 Ft A i K IV B 55
PR A PAS A6 17K By K7 JE e %% YT AH 56 (K] 6B).
DL 3 TR AR Y J& F Myoviridea W PR 1A ZE 0%
A9 Pbunavirus, [, vB PaeM PAMDO02 7] g
J& T Pbunavirus,
B GC Skew+
Bl GC Skew—

B GC content
M ORF

10kb *

20kb },‘Minor head protein-like protein

//\ Structural protein
~ Structural protein
¥\ Structural protein
Structural protein

Putative baseplafe ‘.7—-/”“(\\ Structural protein

Putative structural protein

Structural protein

Tail fiber protein Putative structural protein

5 WEEE{R vB_PaeM_PAMDO2 £ % F ¢HE L

Figure 5 Genomic circle map of vB_PaeM_PAMDO?2.
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A Pseudomonas phage LMA2 (YP_002154257.1)

63 Pseudomonas phage SN (YP_002418831.1)

100 Pseudomonas phage vB_PaeM_PAMDO02 (SRP345538) A
100 Pseudomonas phage SL1 (YP_009835280.1)
50 L Pseudomonas phage PAO1 (YP_009829575.1)
100 Serratia phage MyoSmar (YP_009850629.1)
39 100 [ Serratia phage vB_SmaM_Hera (QPX74732.1)

Serratia phage MTx (YP_009845127.1)

Burkholderia phage BCSR52 (QRE00376.1)

Panteoa phage Kyle (YP_009849867.1)

96
Escherichia phage ECML-117 (YP_009101041.1)
Burkholderia phage BCSR129 (QRE00517.1)
0.050

Staphylococcus phage TEM123 (AF161636.1)
—100{ Staphylococcus phage TEM126 (ADV76490.1)
76 Staphylococcus phage TEM126 (YP_006382289.1)
99 100 | Pseudomonas phage phi297 (YP_005098068.1)
Pseudomonas phage phi297 (AEX55843.1)
100 | Pseudomonas phage PASA16 (Q0169249.1)
| Pseudomonas phage vB_PaeM_PAMDO02 (SRP345538) A

Pseudomonas phage PaP4 (AGC35300.1)

100
100 | Pseudomonas phage tf (YP_006382528.1)

Pseudomonas phage tf (CCE60823.1)
100 | Pseudomonas phage vB_Pae-TbilisiM32 (AOZ64547.1)
L Pseudomonas phage vB_PaeP_Lx18 (QHB48472.1)

73 100 | Klebsiella phage Skenny (YP_009903034.1)
08 Klebsiella phage Sin4 (YP_009903462.1)

Klebsiella phage Sweeny (YP_009902914.1)
Klebsiella phage Sweeny (QEG07131.1)

0.20

6 FHAREAETFERTEHA)MKRHHATEBMERFLEN /i EREFREATF
B, BUEMAER 100, RIERERGER; PR fURBEI S, MmRBENARELZXLRZMIE; a6 =MF.
I & vB_PaeM_PAMDO02

Figure 6 Phylogenetics trees were formed based on major capsid protein (A) and terminase large subunit (B)
of the phage. The number on the branch point represents the credibility, the closer to 100 the bootstrap value
is, the higher confidence level would be; Scale: The genetic distance, the shorter the ruler is, the closer the
relationship is; Red triangle: Phage vB_PaeM_PAMDO2.
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Figure 7 The micrographs of lung and liver tissues in four-group mice (400%). A: Lung section of control
group mice. B: Lung section of phage group mice. C: Lung section of challenge group mice. D: Lung section
of antibacterial group mice. Bleeding or congestion (yellow arrows); Inflammatory cells (bule arrows);
Pulmonary interstitial thickening (green arrows).
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Figure 8 Comparison of pulmonary bacterial load.
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