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Fig. S1. C* and D* recombination sites that prevent XerC and XerD strand exchanges, respectively. WT recombination sites (black) and a mutated re-
combination site (blue) are indicated; mutations are indicated in bold and red. XerC (▼) and XerD (△) cleavage sites and XerC (●) and XerD (○) 3′-phos-
photyrosyl links are indicated. A space between opposed bases indicates no stabilization by Watson–Crick or Wobble base-pairing interactions.
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Fig. S2. TLCϕ integration is not spatially restricted. Frequency of integrants after 3 h of growth at the permissive temperature in production of recombinases
from a xerC-xerD operon under the pAra promoter integrated at the xerC locus (paraXerCD) cells. The legend is as in Fig. 3C.

Midonet et al. www.pnas.org/cgi/content/short/1404047111 1 of 5

www.pnas.org/cgi/content/short/1404047111


37kDa
50kDa

25kDa

75kDa

20kDa

native 0.002% 0.02% 0.2%
Arabinose induction

native 0.002% 0.02% 0.2%
Arabinose induction

CoomassieWestern Blot

Fig. S3. Western blot analysis of strains carrying tagged XerD. Native, protein extract from cells producing 6His-XerD under the native promoter at the xerD
locus; Arabinose induction, protein extract from cells producing XerC and 6His-XerD from an operon under the arabinose-inducible promoter inserted at the
xerC locus. Cells were grown for 3 h in LB supplemented with 0.002%, 0.02%, or 0.2% arabinose. Cells were broken in 400 μL of boiling 10% SDS before
Laemmli treatment. Proteins were separated on a 14% acrylamide/bisacrylamide (29:1) SDS/PAGE gel. Two gels with the same amount of samples were done in
parallel for Coomassie coloration and for transfer (Western blot). Blocking of the membrane was in TBS-Tween 0.1% + 5% milk. Washing steps were in
TBS-Tween 0.1%. The primary antibody was anti–Tetra-His of mouse, and the secondary antibody was goat X-mouse HRP (Biorad), and they were used at
a ratio of 1:1,000 in blocking buffer. The signals were detected with the SuperSignal West Pico Chemioluminescent Substrate (Pierce) with a LAS3000 image
reader (GE Healthcare). The molecular mass of 6His-XerD is 36.7 kDa. Bands were quantified using ImageJ (NIH). Arabinose (0.02% and 0.2%) led to 100-fold
more XerD than native promoter.

Fig. S4. HJ intermediate resolution by XerC catalysis. Plasmid intramolecular recombination between dif1 and attPTLC was induced for 3 h using 0.2%
arabinose. The total genomic DNA of the strains was extracted and separated in the first dimension on a 0.7% agarose gel and in the second dimension on
a 1.4% agarose gel in the presence of 10 μg/mL ethidium bromide. (Top Left) Plasmid carrying a WT attPTLC site. (Top Right) Plasmid carrying a C*-modified
attPTLC site. (Bottom Left) Plasmid carrying a D*-modified attPTLC site. The radiolabeled plasmid was used as a probe for the assay. Horizontal scale: 1-kb ladder.
Vertical scale: 1-kb ladder partially revealed by the Southern blot. S1, S2, P1, and P2 are plasmid substrate and products digested by HpaI and AlwNI. As,
nonspecific labeling (also observed in cells lacking the plasmid).
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Table S1. Plasmids

Name Derived from Properties Source

pBS90 pSW23T Ori R6K, CmR, carrying replicative form of TLC This study
pBS126 pSW23T Ori R6K, CmR, carrying suicide form of TLC (stop mutation in Cri = TLC*) This study
pCM33 pSW23T Ori R6K, CmR, with partial suicide TLC, efficient for integration This study
pCM39 pSW23T Ori R6K, CmR, partial suicide TLC with attPTLCC* This study
pCM40 pSW23T Ori R6K, CmR, partial suicide TLC with attPTLCD* This study
pCM43 pSC101 repATS TS vector, AmpR, partial suicide TLC This study
pCM41 pSC101 repATS TS vector, AmpR, partial suicide TLC with attPTLCC* This study
pCM42 pSC101 repATS TS vector, AmpR, partial suicide TLC with attPTLCD* This study
pCM13 pSC101 repATS TS vector, AmpR, with dif1 site This study
pCM18 pSC101 repATS TS vector, AmpR, with dif1 C* site This study
pCM19 pSC101 repATS TS vector, AmpR, with dif1 D* site This study
pBS79 pSW23T Ori R6K, CmR, with dif1 site This study
pBS114 pSW23T Ori R6K, CmR, with dif1 C* This study
pBS115 pSW23T Ori R6K, CmR, with dif1 D* This study
pBS66 pSW23T Ori R6K, CmR, CTXϕ deleted for morphogenic genes, efficient for integration (2)
pCM56 pSW23T Ori R6K, CmR, carrying sacB gene, with suicide TLC This study
pEP68 pSW23T Ori R6K, CmR, attPCTX(+) + suicide TLCϕattP + sacB This study
pCM105 pSW23T Ori R6K, CmR, attPCTX(+) + suicide TLCϕattP C*+ sacB This study
pCM106 pSW23T Ori R6K, CmR, attPCTX(+) + suicide TLCϕattP D* + sacB This study
pCM103 pUC18 Vector, AmpR, partial suicide TLC with attPTLC and dif1 in direct orientation This study
pCM116 pUC18 Vector, AmpR, partial suicide TLC with attPTLCC* and dif1 in direct orientation This study
pCM117 pUC18 Vector, AmpR, partial suicide TLC with attPTLCD* and dif1 in direct orientation This study
pMEV69 pDS132 Integration/excision vector with UP and DWN regions of lacZ, to make

ΔviblacZ strains
Laboratory
collection

pUXBF13 and
pTn7 hapR+

Complemented hapR + GmR (3)

pCM011a pUC18 Vector for natural transformation to have dif1-prophages::EclacZa-dif1-lacZb This study
pBJ31 pDS132-derived integration/excision vector to replace the V. cholerae xerC gene

by an arabinose-inducible version (araC-xerC-lacI-aadA1)oriR6K, specR, cmR
(4)

pCM54 pUC18 Vector of natural transformation carrying SmR (specR), lacI, araC, and vibXerCD
under ara promotor, flanking by UP and DWN regions of homologies around

vibxerC (1 kb). Replace vibxerC by arabinose-inducible vibxerCD, Spec
R, AmpR

This study

pGD191 pSC101 Vector of natural transformation to delete the gamma domain of FtsK, ZeoR, AmpR This study
pBS98 pUC18 Vector of natural transformation carrying sh ble gene (zeoR) between UP and

DWN region of homologies around vibxerD (1 kb); serves to remove vibxerD
This study

pBS104 pDS132 Integration/excision vector to replace vibxerD by vibxerDYF This study
pBS99 pKAS32 Integration/excision vector with UP and DWN regions of vibxerD and sh ble gene

between them, to delete vibxerD
This study

pBS105 pDS132 Integration/excision vector to replace vibxerC by xerCYF This study
pMEV245 pDS132 pDS132 carrying the arr2 (RifR)cassette flanked by the upstream and downstream

regions of vibxerC, Cm
R

(1)

pKAS32 rpsL (StrepS), OriR6K, bla (AmpR), oriT (5)
pBJ37 pDS132 Integration/excision vector to replace viblacZ::EclacZa-dif1-lacZb (1)
pMEV70 pDS132 Integration/excision vector to replace dif1-prophages::aaAd1
pCM144 pUC18 Vector of natural transformation to replace XerD::FRT-sh ble-FRT (ZeoR) This study
pCM145 pUC18 Vector of natural transformation to have ΔvibXerC::pAra vibXerC-6His vibXerD This study
pCM146 pUC18 Vector of natural transformation to have ΔvibXerD::6His vibXerD under native

promotor
This study

AmpR, ampicillin resistance; CmR, chrloramphenicol resistance; KnR, kanamycin resistance; RifR, rifampicin resistance; SmR, spectinomycin resistance; SrepS,
streptomycin sensitivity; zeoR, zeocin resistance.
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Table S2. Xer recombination promotes a conservative recombination event that leads to the joint excision of TLCϕ and CTXϕ

Xer status

Blue colonies White colonies

Frequency CmS, KnS Frequency CmS, KnS KnS CmS CmR, KnR

Xer+ 2.8 × 10−4 (in 2.7 × 107 cells) 100%
(246/246)

2.0 × 10−5

(in 2.9 × 106 cells)
66% (71/108) 7.4% (8/108) 15% (16/108) 11.6% (13/108)

Xer− <10−6 (in 1.6 × 106 cells) — 2.2 × 10−5

(in of 1.6 × 106 cells)

CmS, chloramphenicol sensitive; KnS, ksnamycin sensitive.

Table S3. Vibrio cholerae strains

Name Genotype Source

BS47 CVC301 (N16961 StrR Pcp18 araE); ΔlacZ Δdif1-prophages::EclacZa-difA-lacZb This study
BS1 CVC301 (N16961 StrR Pcp18 araE); ΔlacZ Δdif1-prophages::EclacZa-dif1-lacZb; Δdif2::aad1 (1)
BS3 CVC301 (N16961 StrR Pcp18 araE); ΔlacZ, Δdif1-prophages::aad1; Δdif2::EclacZa-dif2-lacZb (1)
BS10 CVC301 (N16961 StrR Pcp18 araE); ΔlacZ Δdif1-prophages::EclacZa-dif1-lacZb; Δdif2::aad1; ΔxerC::rif (1)
BS49 CVC301 (N16961 StrR Pcp18 araE); ΔlacZ Δdif1-prophages::EclacZa-dif1-lacZb; Δdif2::aad1; ΔxerD::zeo This study
EPV366 N16961ΔlacZ; ChapR Δdif1-prophages::aad1; LacZ::EclacZa-dif1-lacZb ΔxerC::paraXerCD-Spec

R This study
CMV26 N16961; ChapR; Δdif1-prophages::EclacZa-dif1-lacZb-FRT-sh ble-FRT (ZeoR); ΔxerC::paraXerCD-Spec

R This study
BS50 CVC301 (N16961 StrR Pcp18 araE); Δdif1-prophages::EclacZa-dif1-lacZb;; Δdif2::aad1; XerD::XerDyF

catalytic mutant
This study

BS51 CVC301 (N16961 StrR Pcp18 araE); ΔlacZ, dif1-prophages::EclacZa-dif1-lacZb;; Δdif2::aad1; XerC::XerCyF
catalytic mutant

This study

CMV01 N16961; ΔlacZ; ChapR; dif1-prophages::EclacZa-dif1-lacZb-FRT-sh ble-FRT (ZeoR) This study
CMV13 N16961; ΔlacZ; ChapR; dif1-prophages::EclacZa-dif1-lacZb, XerC::paraXerC-Spec

R This study
CMV14 N16961; ΔlacZ; ChapR; dif1-prophages::EclacZa-dif1-lacZb, XerC::paraXerC-Spec

R; ftskΔγ::sh ble (ZeoR) This study
CMV30 N16961; ΔlacZ; ChapR; dif1-prophages::EclacZa-dif1-lacZb, XerC::paraXerCD-Spec

R; ΔXerD::sh ble (ZeoR) This study
CMV20 N16961; ΔlacZ; ChapR; dif1-prophages::EclacZa-dif1-lacZb, XerC::paraXerC-Spec

R; with suicide TLC-sacB
integrated at dif1

This study

CMV21 N16961; ΔlacZ; ChapR; dif1-prophages::EclacZa-dif1-lacZb, XerC::paraXerC-Spec
R; ftskΔγ::sh ble (ZeoR);

with suicide TLC-sacB integrated at dif1
This study

CMV36 N16961; ΔlacZ; ChapR; dif1-prophages::EclacZa-dif1-lacZb, XerC::paraXerCD-Spec
R; ΔXerD::sh ble (ZeoR);

with suicide TLC-sacB integrated at dif1
This study

EPV158 N16961; ΔlacZ; ChapR; dif1 and prophages::EclacZa-dif1-lacZb-FRT-sh ble-FRT (ZeoR); with integrated
pEP68 at dif1 (integration by attPCTX)

This study

CMV34 N16961; ΔlacZ; ChapR; dif1-prophages::EclacZa-dif1-lacZb-FRT-sh ble-FRT (ZeoR); with integrated pCM105
at dif1 (integration by attPCTX)

This study

CMV35 N16961; ΔlacZ; ChapR; dif1 and prophages::EclacZa-dif1-lacZb-FRT-sh ble-FRT (ZeoR); with integrated
pCM106 at dif1 (integration by attPCTX)

This study

EPV361 N16961; ΔlacZ; ChapR; ΔxerC::paraXerC-6HisXerD-Spec
R; ΔxerD::FRT-sh ble-FRT (ZeoR) This study

EPV363 N16961; ΔlacZ; ChapR; ΔxerD::6HisXerD This study

■■■.
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Table S4. Oligonucleotides

Oligo Used for Sequence

1266 Check CTXϕ-Kn integration CACGACGATTCACTCAACCTTCC

1398 Check CTXϕ-Kn integration TTCGACGTTCAGACGTAGTG

1940 dif1 C* mutation CGATAGTGCGCATTACCTATGTTATGTTAAATTAAT

1941 dif1 C* mutation CGATTAATTTAACATAACATAGGTAATGCGCACTAT

1942 dif1 D* mutation CGATAGTGCGCATTATGTACCTTATGTTAAATTAAT

1943 dif1 D* mutation CGATTAATTTAACATAAGGTACATAATGCGCACTAT

1944 attPTLC C* mutation GGTAATGCGCACTAGGATC

1945 attPTLC C* mutation TATGTAGAGAAAGTGAAGAC

1946 attPTLC D* mutation GGTACATAATGCGCACTAGG

1947 attPTLC D* mutation TAGAGAAAGTGAAGACTACG

1878 TLC amplification on N16961 CCGTCTAGAGCTAGGAACATTTTGTCTCTAGG

1879 TLC amplification on N16961 CCGGATCCTAGTGCGCATTATGTATGTAGAG

1899 Check attPCTX integrants GTCTCGTTGCTGCATAAACC

2479 Check attPCTX integrants CCCGAGCTCTCAAAAGCTCAGCCTCCTAC

477 Check TLCϕ–CTXϕ excision CGCAGGCTTCTGCTTCAATC

1565 Check TLCϕ–CTXϕ excision cggcgtttcatctgtggtgc

1297 dif1 gel shift ATCAGTGCGCATTATGTATGTTATGTTAAATGGA

1298 dif1 gel shift CTGTCCATTTAACATAACATACATAATGCGCACTGAT

1958 attPTLC gel shift ACGTCTAGTGCGCATTATGTATGTAGAGAAAGTGGACGT

1959 attPTLCgel shift ACGTCCACTTTCTCTACATACATAATGCGCACTAGACG
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