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Abstract: Antimicrobial resistance has become a major public health issue of global concern.
Conjugation is an important way for fast spreading drug-resistant plasmids, during which the
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type IV pili plays an important role. Type IV pili can adhere on the surfaces of host cell and
other medium, facilitating formation of bacterial biofilms, bacterial aggregations and
microcolonies, and is also a critical factor in liquid conjugation. PilV is an adhesin-type protein
found on the tip of type IV pili encoded by plasmid R64, and can recognize the
lipopolysaccharid (LPS) molecules that locate on bacterial membrane. The shufflon is a
clustered inversion region that diversifies the PilV protein, which consequently affects the
recipient recognition and conjugation frequency in liquid mating. The shufflon was firstly
discovered on an Incll plasmid R64 and has been identified subsequently in plasmids Incl2,
IncK and IncZ, as well as the pathogenicity island of Salmonella typhi. The shufflon consists
of four segments including A, B, C, and D, and a specific recombination site named sfx. The
shufflon is regulated by its downstream-located recombinase-encoding gene rci, and different
rearrangements of the shufflon region in different plasmids were observed. Mobile colistin
resistance gene mcr-1, which has attracted substantial attentions recently, is mainly located in
Incl2 plasmid. The shufflon may be one of the contributors to fast spread of mcr-1. Herein, we
reviewed the discovery, structure, function and prevalence of plasmid mediated shufflon,
aiming to provide a theoretical basis on transmission mechanism and control strategy of

drug-resistant plasmids.
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1 Shufflon 8 4 ¥ ¥ 44E

1.1 Shufflon &I

1986 4F, Komano X EcoR 1 X} R64
BUkr i TEEY], KA 2 A5 B0k DNA EE/R I
WIS R B, S 2 X DNA
AT ST AN FEEIHALSS . BBk, DNA J2&
6 Fhak 2 DNA FP2ErIR A, JFHHA AR
M EcoR 1 . Pst 1 fldva 1 E#VI05 , P DNA
AR 24 EHET, B335 Komano 54H T —
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Figure 1

Schematic illustration of shufflon inversion in plasmid R64. Each arrow with different color

represents different segments and the transcriptional orientation, and protein size is indicated by the number
of amino acids below each arrow; the specific recombination site sfx was indicated by black rectangle, which
is regulated by Recombinase Rci and inverts the terminal segment of pi/V from pilV-A’ to pilV-A (panel c)
(data come from Allard)™'!.
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1.3 Shufflon BJEHf

Komano % % i shufflon i 5 HEZ H T i
rei FERAEE , 8 b FE R 22 3k 1) Bl A 24 M R
MBI E AN ; Rei BRES RAIEHT 2 AW
HEEJPHI(stx J¥H), SRJG Rk pilv 3£ C b )
A FEF AN (B 1), B e nT LOEE A rei 35
PERHIWT shufflon AY5ER&PENS1S21 0 58 A
UHERT T H A Rei 55 stx P A RAREAL . fed)
14~ Rei 73 F LUF AR 7 X SRS six £
BEG, T3 Rei 4 FHWE AL Rei 54
LA XIE B C I 2 BRI % X3,
SHIZES 2 A Rei 2 FIFDAEARTF IR S 7
X5 stx 22 L5/, Rei BERY C i 25 4 BT
FRXFHLEELARR DR, I H R ARFES TN
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() B3 T AL (RIS Rei BEAE ), TR sfx 1Y
2R FE 9 RAT R T 90 A R b 52 e 1 AR P FRLA A1
WA, HA i Rei 267 19 sfx JFEF 448
T A R AT RO AN, AR E
B shufflon &AEEASEREPFRE HU EHHS

=5

Repeat-a GTGCCAATCCGGTACGTGG
Repeat-b GTGCCAATCCGGTACCTGG
Repeat-c GTGCCAATCCGGTCGGTGG
Repeat-d GTGCCAATCCGGTACTTGG

Nk Wb —nw

Left arm

GGCAATACTTTC GTGCCAA TCCGGTACGTGG
CTGCTGGCCTAC GTGCCAA TCCGGTACGTGG
GCACGTAGGCCA GTGCCAA TCCGGTACTTGG
GCACTGGCCTAC GTGCCAA TCCGGTCGGTGG
GCACGTAGGCCA GTGCCAA TCCGGTACCTGG
TTCTCTGCAAGC GTGCCAA TCCGGTACCTGG
GCACTGGCCTAC GTGCCAA TCCGGTACCTGG

H5MHU EHERGITFEEZEADESEAR
S B L

R64 JiRL Y shufflon 5 4 ST 7 BE AL
B. C 1 D, EAf10T LLsah ol & mli g #b s 5%
T i F IR AN R AG pilv 3217, shufflon A Bt AY
BRI R BRI AL BRIC, R R B
22 T P S 8 X T RO R A e, (H2
FE BRI SRR R A, R TP 4 ) E 4
PEM I EMRAKR R : a. d. b Al IO g2
HHE T AR B IR Z s R R
ORI BE shufflon (28 fk, & ELTCIE & H
IR 1 AR R B A S A A B ) R IR
25, mILTTLUAIW S A . B SR = A
YA ZIE AT shufflon FHEIG 2552020,
W92 N BB 44y shufflon Y[R — Bk R 3R
[ i = B8 RS Rl 7 E TR shufflon J1HE
B2, & B shufflon AR 9 H BAAE AN R4 &
(] B9 K A= T A8 Ak, X B shufflon BY%544
5518 B AL SRR
1.4 Shufflon BIThEE

HAl, shufflon ALIRE R ZRET X H
PO R e o e A% ] A [ A 2 1 R
Pt Ay, Hod IV AL TR B RE 0% (0 4N B 2E A T 4l

Right arm

B2 19 bp B FIEEARRFFIF 31 bp B9 sfx FF IR {5
Figure 2 Examples of the sequences of 19-bp specific recombination sites and a 31-bp sfx. A: The original
19 bp specific recombination sites: repeat-a, repeat-b, repeat-c, and repeat-d (data from Gyohda)!**). The 3 bp
of variable sequences are shown as underline. B: The redefined 31 bp sfx sequences, of which the original
19 bp sequences are indicated by grey background, meanwhile the left arm, right arm, and 7 bp spacer
sequence are separated by a single space (data from Gyohda)**/.
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B Rei AR 5 & UAETRA R R 3 pCT
JRL ) B AS FE VD 1] EG B e A A A R AR D
DA BT 4 SRR shufflon 40 18 78 8 A Hh Y
TG R A LR

2 Shufflon ¥ % AT F W

2.1 Incll B! Gk

Turner %5 FAEBFIR N T 77154645 T Incll
RUORL pB15S HYHEANJE 4, &3 pB15S #4 F1
R64 55 AL shufflon 45#98BY, R621a JFki
1) 7 B DX 76 3 PR 4 Bl b FT R64 1+ 43 AHALL,
shufflon Z5F) 47T pilV FER Y 3" X8, [AIFEHE
A A. B, CHlD4FhHBL(& 3)'*], Komano
ZEX%F Collb #5477 EcoR 1 IALFN Rei B 5 %
K, GERA T Collb . H A shufflon Z5#4, H
5 Re4 WMIZEMR A AR, H LRSI AT fE 2
shufflon 22 {& , JF#EWrATREE A AL B fil C
3 R B, Collb-p9 J& T Incll 415K 5 R64
i) shufflon Z544 25 R R MAELLS 3 5 (B 3): 1
J&, Collb-p9 itk HA 5 R64 #HIA RS A, B Hl
C3MHE, =D B HIK, R4 74
A, HJE Collb-p9 HA 6 52 —EAY
HAN A TT, rei FEREA RIFER I, H
FETE 4 N hg ki 22 51
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- piv 1A C'HBy B} D rei - R64
361 113 9 83 72 8l 83 95 384
S pive ] A CHBy BT rei ColIb-P9
361 113 9 83 72 81 83 384

A ?l © D) C'H rei R721
345 113 9 83 93 83 72 374

3 R64 (IncIl). Collb-P9 (IncIl). R721 (IncI2)HJ shufflons %5 #7R = [&

Figure 3 Schematic diagram of the shufflons of plasmids R64 (Incll), Collb-P9 (Incll), and R721 (Incl2).
Each arrow with different color represents the different segments and transcriptional orientation; The black
solid area indicates the specific recombination sites, sfx; The numbers below the arrows represent the number
of amino acids of corresponding segments; Segment D has only one sfx and open reading frame; Segments A,

B, C and BD have two sfx (data come from Allard)?'].

2.2 Incl2 BIRH

Komano 28 A1 Incll [RFERJTEEXT Incl2
BB AT TR, &P Incl2 Bk TP114 A
R721 #4A 5 R64 Z5IAY shufflon £5#4), T H.E
H Rei WG, M InclC i ki R805a H A
shufflon 45H{H A Rei WEEEN, R721 #9
shufflon F1 R64 HA M CHAHASE 2 AH A
R721 1Y pil vV FLRE E X 345 & FE iR vk HE 4l
B, T R64 1 pil v FER A TE E X H 361 &St
MRk I, LR T MAHE N 51%,
1M DNA A AN 38%., R721 1 pilv JF%1 C
Uit 19 1/3 F LR 5 R64 AH N T 514 86% 1Y AH 1L
FE, {HEET NI 1/3 S 5S8R 5 50 A U AR
28%, AN R64 Fll R721 %% X ) T AH L =2
fhB334 0 R721 o shufflon 5 A, C A1 BD 3 ff
FB, HAHESFTRe4 AHRLI(E 3), Hir AL CH
BUFI R64 19 A, C JrBeAlnl, {HJE BD H B2
R721 MA MR B, ErAEHSHM R64 B9 D
FBCEVR, B M 2254 i R64 19 B F B[]
PPV, X R721 MIRHIRIF ) H KB, R721
f) shufflon & 6 1~ 19 bp HEEFE], Eil5
R64 1 shufflon (H 5 55 A HHES )5 X —
2, AN R721 89 19 bp R FHIAY LM 13 bp
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FIAM 3 bp 258 &RSF R, XFE LA R64 58
SHAFBPY, R721 B9 Rei 8 P R64 B AHALEE 25
ik 64%54,

Incl2 1) shufflon X3 I A 2w B AR SF IV,
Sekizuka %5 FH B3~ ¥ (single molecular real-
time, SMRT)F/I Illumina X} K %+ # MRY 16-002
(ST117) . MRY15-117 (ST457)F1 MRY15-131
(ST457)ilk AT TIF , KIS W ARER A A [
B shufflon 254, 1M 2 AR ST #Y(ST457)
B & MRY15-117 F1 MRY15-131 JFik b A9
shufflon WAFFEF BE C Mfl A BICPY, x 3k
W] shufflon A9 5 BB H ARG S A AL B A48
1oy, HAHSHATEAR ST BIH 5] —Ff ST
R Z [R5 AT AN A
2.3 IncZ BUfRHI

Venturini S5 M KGFFE T8 7T HA
1S26 HHA THEEAY 2 S Z BN 25 ok, 14
kAN 026: Wikt K% H-EHEC
(enterohemorrhagic Escherichia coli)#! 4l
) pO26-CRL s ki, % 1 KA+ HmE
it KT O111a-EPEC (enteropathogenic
Escherichia coli) B 4 & 1) pO111-CRL,s Jit
B, BMTMETHEER. FIIER. iR,
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BERE R | BRMUEM N = N E R AR A T
GVEFPY, SE R S4B 2 A ORI R
AT B 2R A Incl BORLF 5 B R, Wi —
U A IncZ . IncB. IncP-lafH{l. X214
R EE AL Rei (1428 350 R 18 V01T IR
HadarICESe4 11 45 471 v 2 B S KL T
AH TR CREBLBE 35 3] 92%)B . 3 2 AN i ki (19
shufflon 454Xt 5 IncIl K Fki b A B B [A] IR
() B — Fr Be gl i, PR PilV 2 A 2 Fhl fg
[ C ImahFglol,
2.4 IncK B FH

Cottell ¢ WELAE E3 B T 2 BRI ZFh B-IN
Mk ST R 25 0 R FF B, M 1 BRR
FAFT R C159/11 43 B8 BIHEAT blacrx .14 255
AR pCT, IFERLE T IncK B FRP7,
XUk By, RIBR Y pil FE
KA 7E ZFIE X, R & BT o A il Y
rei, HZEFJM shufflon —2, HIIEH T
shufflon 7£ pCT JFkr L AYFFTERT, Seiffert 575
KEWMANLIREHEA T B 7 SR
PRI IncB/O/K FEITRL, AZBLEA S TH i
KiAEIA IncK2, X 7 ANFOR A TINE & e
1145 5 BE ] A8 Y shufflon [X 81,
25 HGEDIIREERS

Zhang SEEGFEVT IR M EUR B - &M
T pilV M rei B2, Horb Rei #2115 Incl2 kL
R721 A 2 EE IR [ PR IR 5 90%,  IAh, H: sfx
FEHIFN R721 H 0 P S0 AR B 5 90%12%, Hirh
1 #F PilV FEH PilV1 Y C % nf 8 X I F1 R721
o R64 AL, % 1 Fh PilV [ PilV2 S54Ef
BRI shufflon #R¥EA [FIEEER, (9EV TG
W pil FEFA T gk sun o b,
pil vV BRI A 1 Bk e R R, AT RLH]
TR KB E K-12 MME e E R ]
[CH H A shufflon X T 475 98 & 9k ML+ 43 =
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B, Rei i 1E52 5 DNA B HIZHER R, 24
DNA @R NERT, Rei BERYTETESIEN, 78 %
TR A &R A TE PV I TE B, E TS PR A
S A PILV I B B FE TN R i i R
ITIRE Y shufflon WITCHEME, H Rei SN
FEAER T R EE 7,
2.6 Hftb

Komano %5 X%f— R 5 Bk 17 T EcoR 1 i
AR A . Southern ERC 248K &2 Rei
BT PERS I, &P IncF Jiki F (IncFI). R386
(IncFI), R100-1 (IncFII). R124 (IncFIV). IncH
% ki R27 (IncH1) . R478 (IncH2) . TP116
(IncH2) . IncB Jiki R16. IncC Jiiki R40a, Incl
kL R391 . IncK JFiki R387 . IncN [Fiki N3, IncP
ki RP4 . IncS ik R477-1. IncT Jiki Rtsl,
IncW Jiki R388 I IncX JFiki ROK 44 ki 5]
shufflon Z5#17 ) IncY ki p15B KA 1 4
DNA HA RS, 4N Min, Fl shufflon %A
WM, AR T shufflon 254411,

3 HALHEZ

£ 1B THRC KB shufflon 251
F W] shufflon 778 T 2R AN EOR -, HAD
FRLE R AFE ST B 5 4544 1Y BOd 7y i3 —
HRE . R 252 | B ) P 45 D e 2
PRIK - Bt B () EE 2B, A0 RT3 o s 75 T
VR H AL AR ) S AR AR, W T
NZERIT MR IR X . IZ R R
F B, HAERIRYT 2 H I 24 0 22 ] P TR R A
G —IBB LY, TR R Z R R T 2
mer-1 W RIG , ZRE R T 25 M2 3] T 4
BRAS A2 2 B mer-1 BERRE
Gi R 1 T b AU RIS mer-1 WO
PROELFEARIF ST BB R TEIE B H AT, REfE
I3 32 FEBURL Y 2 AR TH (R I C600 Hl/E
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