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Characterization and genome analysis of a novel Klebsiella
pneumoniae phage
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Abstract: [Background] With the widespread use and even abuse of antibiotics, the problem of bacterial
resistance has become increasingly prominent. The use of phage to treat drug-resistant pathogens has
begun to attract attention. [Objective] Biological characteristics and bioinformatics analysis of a newly
found phage vB_KpnP_IME279 of Klebsiella pneumoniae. [Methods] A multi-drug resistant Klebsiella
pneumoniae was used as the host strain to isolate phage from hospital sewage. We used the double-layer
plate method to conduct the titer, optimal multiplicity of infection (optimal MOI), one-step growth curve
and lysis spectrum of the phage. Phage morphology was observed by transmission electron microscopy
after purification. Its genome was sequenced using the Illumina MiSeq sequencing platform. Complete
genome sequence was used for genome annotation, comparative genomics and evolutionary analyses.
[Results] A novel phage vB_KpnP_IME279 was successfully isolated from infected host cells. The
optimal MOI of IME279 is 0.1. One-step growth curve shows that IME279 has a burst size of
140 PFU/cell and alatent period of 20 min. The genome of IME279 is 42 518 bp and 59.3% (G+C)mol%.
Electron microscopic observation showed that the phage was belongs to the family Podoviridae. The
BLASTnN alignment showed that the genome of the phage had limited similarity with the currently known
phages. The evolutionary relationship between phage IME279 and other Podoviridae phage was analyzed
by gene phylogenetic tree of phage major capsid protein, which suggests IME279 is a new member of the
Podoviridae phage. [Conclusion] Isolation and identification of the new phage of Klebsiella pneumonia
and the biological characteristics, genome-wide sequencing and bioinformatics analysis will help study the
relationship between Klebsiella pneumoniae phage and host and the treatment of multi-drug resistant
bacteria with phages.

Keywords: Klebsiella pneumonia, Phage, Biological characteristics, Genomic analysis
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Tablel Drug sensitivity of host bacteria

i R AR /BRI 2
Antimicrobial drugs name MIC (ug/mL)  Sensitivity

THRAREEZE Amikacin 16 s
SLff k=44 Cefuroxime-Sodium >64 R
RTINS & Ciprofloxacim >4 R
R AK#Z Gentamicin >16 R
MR R [ mipenem <1 s
SEIEREF Meropenem <0.25 S
WRHZPEHK Piperacillin >128 R
Z-Afi%E & Tobramycin >16 R
52 )7 Wi B Cotrimoxazole >320 R
ZEEA T 2 Levofloxacin >8 R
kIR 2 B Nitrofurantoin 64 I
R P AR/ET ELAE

f r::)i ci??:nfzul bactam =32 R
Mg Aztreonam >64 R
LAtk fi5 Cefepime 16 I
L3 1H Cefotetan <4 S
LA fhiE Ceftazidime 16 R
Skl # Ceftriaxone >64 R

(jjf S: ﬁﬁ@, I: EF'{I\E'Z, R: ﬁﬂ%
Note: S: Sensitive; I: Intermediary; R: Resistant.

) vB_KpnP_IME279 J& F4 Wik H
J B R /A B} (Podoviridae) .
23 BEASEREEH

RN 2 B, 24 MOI i 0.4 i, MR
JERGTE R AR R B i 2, RV TS
A& vB_KpnP_IME279 [ fE YL %R 0.1,

_ X 50 nm
. 2

1 BEER vB_KpnP_IME279 BFLAS
Figurel Themorphology of phagevB_KpnP_IME279
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Figure 2  Determination of optimal multiplicity of
infection (MOI)
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B J 32E AR, BHE b A RN 12 R R
(4, EER TR 2 R A L Y 24 JC I RS, B D)2
TV o I T A %) 2R Mg i 24 A Wt T 4S9 /4 D
(R B =(1.4x10%)/(1x107)=140,,
2.5 WBEER vB_KpnP_IME279 SR E L5 R
i 3 X e 20 MR A 5 T A R A BUZ AR AR
BRI, MR A 10 B 2 RE
AN 2 Fs .
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Figure 3 Onestep growth curve of
vB_KpnP_IME279

phage
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#Fz 2 EEEE IME279 ZfRE
Table2 Lysisspectrum of phage IME279
Jifi 58 5, 7 111 B G 5 B
Klebsiella pneumoniae No. Lytic ability
1731 -
1732 +
1733 =
1734 =
1735
1736
1737
1738
1739
1740
465
474
497 -
501
510
529
530
551
553
554
e+ R, - SRR
Note: +: Indicates cleavage; —: Indicates no cleavage.

+ + + o+

+

+ o+ + +

2.6 KEEK vB_KpnP_ IME279 £EE B SR
IR

WA vB_KpnP_IME279 45k [H 4 K Wy
42 518 bp, HREA LM, HAZRTHI NCBI %
58 MF614100, JE[H4H AL C. G Fll T ik &
43500 18.7%. 29.7%. 29.6%71 22.0%, (G+C)mol%
h 59.3%. BLASTn 73r#r&siiank 3 o, L4
4 PREEFIR SIEEIA vB_KpnP_IME279 HE[K 41 ik

[S

£ 3 EEE{ vB_KpnP_IME279 HEFEH—H1ExTEE

T T, BNy 22%-70%, HBIRETE 69%—80%
ZIa), FERAR AR . BEE 1A vB_KpnP_IME279
B 2 BRARADLEE S A s TR R 7 DR ZE% EE A3
Mras R 4. RAST JERF B ERIE 59 /1~
FF i 17 182 4E (Open reading frame, ORF), H 4y
2 ) ORF RRIAH M GTG, 56 1~ ORF e ih %5
4 ATG, {UF 14> ORF #Eih%1H%} GCG. CDS
R P9 BETE 174-3 144 bp Z[a], %t A8 1
K AE 57-1 047 aa ], 45 ORF 1k
5 39765 bp MR, J PR 4 JE R % ¥ ik 93.5%.
2.7 WEE{F vB_KpnP_IME279 ThAE ™ ORF 434k

f#i [l BLASTp X & FPHIHEA TEL b, It
5331 59 A~ FF il 15 SEHE (Open reading frame, ORF),
EHIZIRERY ORF Uk 4 7R . Hirp ORF1 A AAA
FWE =R IR , 2 S 5 & RS s
HHYI X2 ORF16 & Dem HIELALMEE, ATkt
CCAGG F1 CCTGG JF 41 H iy Jig mg g A% Sy 5-H i
WENE , ZEE VI RE R AT S RS
HRHEEN ORF12 CkREEHALE ). ORF25
(ELEARAE E M 1) .ORF28 (R R4 4/ 1) . ORF37
(BB IR ). ORF38 (GZ42 1)1 ORF44
(WERIRT TR M) MR 12 A AT LAEAR e I Y
0 T A B AR DR 4 AT A

ORF34 il ORF35 & DNA fa:EHEH, JB T
AT E W % (Phage_stabilize superfamily), 5%
KNZEAEES S THRE RSB DNA
A PR

Table3 Genomic homology comparison of phage vB_KpnP_IME279

Description Query cover (%) E value Identity (%) Accession No.
Salmonella phage Lumpael 70 0 71 MK125141.1
Enterobacteria phage IME_EC2 70 0 80 KF591601.1
Escherichia phage Skarpretter 26 0 72 MK105855.1
Escherichia phage C130 2 22 2.00E-153 69 MH363708.1
Citrobacter farmeri strain AUSMDU00008141 0 2.00E-77 80 CP022695.1
Citrobacter amalonaticus Y 19 0 1.00E-73 79 CP011132.1
Citrobacter amalonaticus strain FDAARGOS 122 0 4.00E-73 79 CP014015.2
Citrobacter freundii complex sp. CFNIH2 chromosome 0 4.00E-73 79 CP025757.1
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IME EC2

} ««‘C b
%" Q\

{ IME279
/ M Lumpael
. 100%
=) - - - -
Hypothetical DNA replication/  Additional ~ Host lysis Structure protein 65%
protein modification function and packaging protein

4 vB_KpnP_IME279 5HiFRIEE A [EIE 5 #r

Figure4 Thehomology comparison between vB_KpnP_IME279 and its proximal phages
4 MEEE IME279 B ORF Th&EFN
Table4 ORF analysisof the IME279 genome

ORF Top BLAST hit? Identity (aa)® (%) Evalue  Accession No.
1 AAA family ATPase [Enterobacter bugandensis] 527/553 (95%) O WP_047367159.1
2 Hypothetical protein DI1533_21445 [Rhodobacter sphaeroides] 149/151 (99%)  2.00E-101 PZQ94814.1

3 No hits

4 Hypothetical protein DI1533_21165 [Rhodobacter sphaeroides] 147/151 (97%)  2.00E-105 PZQ94762.1

5 Hypothetical protein [Enterobacter bugandensis] 75181 (93%) 1.00E-44 WP_047367155.1
6 Hypothetical protein DI1533_21175 [Rhodobacter sphaeroides] 114/115 (99%) 1.00E-79 PzQ94764.1

7 Hypothetical protein DI1533_21180 [Rhodobacter sphaeroides] 72/73 (99%) 1.00E-43 PzQ94765.1

8 Hypothetical protein DI1533_21185 [Rhodobacter sphaeroides] 91/92 (99%) 1.00E-60 PzZQ94766.1

9 Hypothetical protein [Enterobacter bugandensis] 112/116 (97%)  2.00E-79 WP_082131788.1
10 Lysin [Rhodobacter sphaeroides] 150/154 (97%)  2.00E-106 PZQ94768.1

11  DUF2514 domain-containing protein [Rhodobacter sphaeroides] 170/172 (99%)  4.00E-114 PZQ94817.1

12 Neck whiskers protein [Rhodobacter sphaeroides] 322/333(97%) O PZQ94769.1

13  Hypothetical protein DI1533_21210 [Rhodobacter sphaeroides] 129/130 (99%) 6.00E-89 PZQ94770.1

14 No hits

15 No hits

16  Dcm methylase [Rhodobacter sphaeroides] 244/245 (99%) O PZQ94774.1

17  Hypothetical protein DI1533_21235 [Rhodobacter sphaeroides] 188/194 (97%)  5.00E-139 PZQ94775.1

18  Phage N-6-adenine-methyltransferase [Rhodobacter sphaeroides) 229/233 (98%)  2.00E-169 PZQ94776.1

19 DNA primase/helicase [Escherichia phage C130 2] 140/279 (50%)  3.00E-87 AXC34353.1

20 DNA helicase, phage-associated [Rhodobacter sphaeroides] 680/684 (99%) O PZQ94778.1

21  Hypothetical protein [Enterobacter bugandensis] 147/148 (99%)  2.00E-104 WP_052954301.1
22  Putative exodeoxyribonuclease V11 [Enterobacteria phage IME_EC2] 293/341(86%) O AGZ17810.1

23  Recombinase [Escherichia phage C130_2] 157/238 (66%)  2.00E-100 AX(C34349.1
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24  Single-stranded DNA-binding protein [Rhodobacter sphaeroides] 180/182 (99%)  8.00E-125 PZQ94782.1

25  Baseplate wedge protein [Enterobacteria phage IME_EC2] 110/146 (75%)  3.00E-78 AGZ17813.1

26 No hits

27  Nohits

28  Phagetail fibers [Enterobacter bugandensis] 751/787 (95%) O WP_052954300.1

29  Lytic transglycosylase domain-containing protein [Enterobacter bugandensis] 889/976 (91%) O WP_120247335.1

30 Prophage DNA injection protein [Enterobacteria phage IME_EC2] 175/232 (75%)  1.00E-103 AGZ17819.1

31 DNA transfer protein [Rhodobacter sphaeroides] 218/220 (99%)  1.00E-151 PZQ94785.1

32  Hypothetical protein DI533_21305 [Rhodobacter sphaeroides] 128/131 (98%) 8.00E-91 PzZQ94786.1

33  Hypothetical protein DI533_ 21310 [Rhodobacter sphaeroides] 185/192 (96%)  3.00E-129 PzZQ94787.1

34  DNA stabilization protein [Enterobacteria phage IME_EC2] 328/481 (68%) O AGZ17823.1

35 DNA stabilization protein [Enterobacteria phage IME_EC2] 91/149 (61%) 3.00E-61 AGZz17824.1

36  Hypothetical protein [Enterobacter bugandensis] 157/181 (87%)  1.00E-104 WP_047367130.1

37  Phage capsid protein [Rhodobacter sphaeroides] 418/420 (99%) O PZQ94791.1

38  Scaffold protein [Enterobacteria phage IME_EC2] 163/339 (48%) 8.00E-83 AGZ17827.1

39 Hypothetical protein DI533_21345 [Rhodobacter sphaeroides] 148/149 (99%)  6.00E-103 PZQ94794.1

40 Hypothetical protein DI533_ 21350 [Rhodobacter sphaeroides] 131/138 (95%) 2.00E-82 PZQ94795.1

41  No hits

42  Hypothetical protein DI533_21355 [Rhodobacter sphaeroides] 141/145 (97%)  5.00E-99 PZQ94796.1

43  Phage portal protein [Rhodobacter sphaeroides] 743/744 (99%) O PZQ94797.1

44 Phage terminase, large subunit [Enterobacter bugandensis] 523/540 (97%) O KLQ32567.1

45  Hypothetical protein ABR33_06125 [Enterobacter bugandensis] 140/146 (96%)  2.00E-101 KLQ32566.1

46  Hypothetical protein [Enterobacter bugandensis] 163/173 (94%)  3.00E-114 WP_047367174.1

47  Hypothetical protein DI533_ 21380 [Rhodobacter sphaeroides] 96/97 (99%) 1.00E-66 PZQ94801.1

48  Hypothetical protein DI533_ 21385 [Rhodobacter sphaeroides] 95/138 (69%) 1.00E-33 PzQ94802.1

49  No hits

50 Hypothetical protein DI533_ 21395 [Rhodobacter sphaeroides] 296/312 (95%) O PZQ94804.1

51  No hits

52  Hypothetical protein [Enterobacter bugandensis] 83/91 (91%) 1.00E-52 WP_047367168.1

53  No hits

54  Hypothetical protein DI533_ 21415 [Rhodobacter sphaeroides] 121/126 (96%)  2.00E-83 PZQ94808.1

55  Hypothetical protein DI533 21420 [Rhodobacter sphaeroides] 95/104 (91%) 2.00E-64 PZQ94809.1

56  Hypothetical protein DI533 21425 [Rhodobacter sphaeroides] 80/85 (94%) 2.00E-51 PZQ94810.1

57  No hits

58 Hypothetical protein DI533 21430 [Rhodobacter sphaeroides] 72/78 (92%) 5.00E-33 PzZQ94811.1

59  No hits

T % BT IE A G E RN SE I A2 FR s No hits: 3043 HOW BIHTE R ZIERRF 515 °: BLASTp 3R 5 O 43 He.
Note: * The most closely related genes and names of the organisms; No hits: Indicates no significant homology detected for a
particularamino acid sequence; ®: Percent identity for top hitsin BLASTp searches.
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FENE 1A DNA & K 4 A S SRE R A 555 -
ORF19 (5| ¥yt /fi e i) . ORF20 (f#iefity) . ORF23
(FE41H) . ORF24 (DNA kL5 A H). T DNA
SHIREAN S, 23U BESE R 2 R B |
IR Z 5120, Ak, 5 YmE AT LS R N-
Koz G M HF, HAE DNA il &5 fi%
P HRAT 2R

ORF10 (% 1A i) BE 175 5 1 32 1A i 24, DT
T Y A B 1K . ORFA4( 3 il A W 56 ) 5L (]

Phage terminase,
large subunit

Phage portal protein

IME279

Phage scaffold protein

Phage capsid protein

%
%
/”//1,

DNA transfer protein —/ /
DNA injection protein

Lviic transglveosviase

Total length 42 518 bp %

a

'y//////’/////////////ﬂmn4|nlmw“‘““""

B 2 11 A i T L R A, R AR DGR g 1
KW, KmiEE AW L ST E AR —ik,
TE R, — A~ BE PR 2 A Tk, 76 W5 B A 1 e it
T b K 15 5 14 FH  ORF29 (B KL 55 7% i) mT LA
AL B I 55 A% R 53 AR 1 0 SR ) T 22 ) TR b
g, JEmE s E A IRy AR 2 0 T 0 B SE 1
Hitea,

fifi 1 Inkscape A4 il V1 s TR 4 5 DR 2 A X
K, i s AR, 3t 4R,

ﬁ AAA family ATPase
L

Phage N-6-adenine-methyltransferase

DNA primase/helicase

DNA helicase

_ 4’ Exodeoxyribonuclease VIII
4’ Recombinase
Single-stranded DNA-binding protein

Baseplate wedge protein

\; Phage il fibers

[ Additional function

[l DNA replication/modification
Accessory modules | Structure protein and packaging

B Protein host lysis

@ Hypothetical protein

5 IME279 £ & FHEE
Figure5 Genomemap of IME279

TE: AAMEIE 30 . S MNAR R IE R A LE (6] B EAE , Hu AR 7 ) (B AE s SRR (GHC)mol%, 104 FRIR TR T4
FER T (G+C)mol%, 6] AFIR & AR T P44 (G+C)mol%;  fie L 18 {3 G+C & G-CIG+C, msMUFKT 0, mpftsk
/NF 0.

Note: Patterns are divided into four circles. From the outside to the inside: The outermost represents the forward reading frame, followed
by the outermost circle represents the reverse reading frame; Black represents the (G+C)mol% (outward is more than the whole genome
average (G+C)mol% and inwardly is the opposite); The innermost green and purple circles represent G+C skew of G-C/G+C (outward
represents greater than O, inward represents less than 0).
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2.8 EEER IME279 RG L AIHIE

T AL AT TR AR IME279 5 H B R TR
IR Z B YOG 2R o BEBURA A0 7 S ELOR ST A W3 TR A
T AR 5T 11 (ORF39) I H:Ath i B2 B Wit B 14 1) =
BRSBTS & R G R, i 6
s SRS IR BRER K IME279 5 IME
EC2 . C130-2. Lumpael #1 Skarpretter {ii T

Sepvirinae WAL —AN 0452, HAETEH

3 WREH

TEHUERTIZ N AR, SO R AR i 254
f14) ) R e o 77 L, A A T A4 A U A R A R TS 2Y
U 21 R KRB Z —. 78 1921 4,
Bruynoghe 224 v iz ek 1 1A 7 20 B IR e 22
G, BRGS0 T —ERERE, |
SR TR T RR I B R G 15 7R AN 4R RS2 3
TARKFEEE BRI . fEPUAE R s, HosRfs

J&, BATEMA R —H R

98 | Acinetobacter phage Fril (NC_028848)
Acinetobacter phage AB3 (NC_021337)
| 99 1 Klebsiella phage F19 (NC_023567)
85 Klebsiella phage KP34 (NC _013649)

97 L pantoea phage LIMElight (NC_019454)
FPseudomonas phage phiKMV (NC_005045)
99 Xanthomonas phage £30-Xaj (KU595433)

| Xyteia phage Prado (NC_022987)
78] 80 E Salmonella phage SP6 (NC_004831)
M Erwiniaamviovora phage Eral 03 (NC_009014
Klehsiella phage KP32 (NC_013647)
gy [ £scherichia phage K30 (NC_015719)
13| Kfuvvera phage Kvpl (NC_011534)
9% 34 Enterobacteria phage T7 (NC_001604)

47

69 — Enterobacteria phage IME_ECZ (KF591601)
27| Salmonelfa phage Lumpacl (MK 125141)
Lscherichia phage C130 2 (MI1363708)

95 Escherichia phage Skarpretter (MK | 05855)

Klebsiella phage vBKpnPIME279 (MF614100)

Escherichia phage TL-2011c (NC_019442)

87 Enterobacteria phage 933W (NC_000924)
Escherichia phage PA2 (NC 028449)

T Shigella phage POCI13 (NC 025434)

?| Escherichia phage Min27 (NC 010237)
Shigello phage 75/028tx (NC_029120)
Shigella phage Ss-VASD (NC 028685)

Bacilfus phage B103 (NC_004165)
Baciffus phage phi29 (NC_011048)
93— Streptococcus phage C1 (NC_004814)
7 — Staphviococcus phage 44AHID (NC_004678)
20 Streptococcus phage Cp-1 (NC_001825)
98 L Sireprococcus phage CP-7 (LK392619)

1

Frilvirus

| Kp3dvirus
‘ Phikmvvirus
‘ Pradovirius

) ‘ Spévirus

B B0 A T AR T AT T I A

Autographivirnae

‘ Kp32virus
‘ 17virus

Sepvirinae
‘ PhiZ9virus
‘ P68virus Picovirinae
‘ Cplirus

{EP53

6 {EAEEAEEXRTEBHIFZHLK

Figure6 Phylogenetic tree was formed by major capsid protein of phage
T 30 ER B URATE R, BB 100, AI{EREMEN ; AR R . URIBEIRES, dRR MUK C RN ; BOR .

vB_KpnP_IME279; #&5: GenBank [T51] 5.

Note: The number at the branch point: The confidence level; Scale: The genetic distance; Black ball: vB_KpnP_IME279; In brackets:

GenBank accession No..
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HY 2 7 4 BRI Y 20 DA T 24 PR 4R T G IR TR
B, MBUAE R A IR B T AR T h 2t 0 e A
PR, AT W PR AR Y7 T B Bk 2 B T A A
WM. HETWE ARG T 2 BUS TIRZ A
12912000 4, Wright 2205 o FE i IA )T 2
i 245 ] I P AR S B B M H R R
— B[] R R AR Y s, R R BT A
BERIVER .

ARSI FH B Bt 15 7K 43 B A5 3 4 il 98 S 7
TAPRVERIARIEA TASE , 4l vB_KpnP_IME279,
WL ST B LR, i BRI B A2 (1) 43 285
e, FIWTZWE AR T R vE R AR} (Podoviridae) ,
WE— 25 EAT A 2 R R AR 5T 2 PRI s T A e 2
PGECR 01, —HERKMEER IME279 (17K
1 20 min, #%& & 140 PFU/cell, Itb4h, AHFSE
A Mumina MiSeq i &I P ALE T4 56 R 4]
WY, FIH BLASTn #H477EL 517, & 8L IME279
5 H AT A P A — SO 3@ BLASTp
T ORF ifig, MIELextmy m A T AN
FEAR B E TR, 78 ORF Z#frh, JFARFRE]
ZEfLE I (Holin)5 DNA 4 (DNA polymerase)
() CDS J¥41, it 5 WA IME EC2 F1 Lumpael
RN 4H R4, ORFIL AlfERFfLEH,
FH TMHMM server (http://www.cbs.dtu.dk/services/
TMHMM-2.0)7EZ /3 B i Hlix ORF A — B 5 it
X, ARE IR ZEFLER 11, LA AT ZE AT ik —
ST IAIE ., 15 IME 279 5 B AR S 5% Fe Ry
W TR A ik PRI 2 B AR R 3 oK o g/ N IE ik 1 CDS )7
%1, ORF16 (Dcm H ZEAL[iF) 55 ORF18 (N-6- i 15
BT RES S T 1m £ A N4 &,
ORF44 (FE 21 i) iT A AL i W2 5 3% 12

SR WE R IRIRIT B 46 T T AR i 0 R
FIrig B 251", (FSRAT R AT AR 22 iR AR5 A e 11 0]
R, R g TR A T ) 8 SO PP s v R LA A o
T RGN WERARIGIT 092k, BRI Y TR
2015 4E 33 T Phagoburn 118127, S 14015, bE

B2 GO W TR I T B AN BT R Wk T AR 1 5 A
HEAL IR 2 A5 B A R, Wt AT T 2 S 3t B
i PRIATY LA R 24 P T 2444
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