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markers into chromosomal loci the a-proteobacterium used in this work, 

Methylobacterium extorquens AM1, failed to produce any desired recombinants (Marx, 

unpublished).  A second option for generating multiple mutations is to excise the markers 

utilized with an in vivo, site-specific recombinase system.  Options that have employed to 

this end include the recombinase/recognition site pairs cre/lox [2] and Flp/FRT [3].  

Although broad-host-range systems like this have been developed (for example [4]), there 

remain some disadvantages.  Notably, although the selectable marker itself is removed, 

recombination between the two, collinear recombinase recognition sites leaves behind a 

single copy of this site.  Depending on the system in use, the minimal scar left behind is 

the recombination recognition sites of 34 (loxP) and 48 (FRT) bp in length.  Additionally, 

multiple cloning sites between the two regions of homology cloned into the donor vector 

will also be left behind in the scar after marker removal.  The introduction of scars is a 

particular problem when trying to cleanly assess the physiological effect of mutations that 

are more ‘subtle’ than knockouts or insertions, for example, a point mutation that results 

in an amino acid substitution in the encoded protein. 

 

A third option for multiple genetic manipulations, which also avoids leaving behind 

undesired scars, is to use an “in-out” system (Figure 1 [5]).  The basic idea behind these 

techniques is to first employ positive selection to select for single crossover integration of 

the entire donor vector due to recombination between a cloned region spanning the 

desired mutation in the vector and the corresponding chromosomal site.  In the second 

step, negative selection is used to select for isolates that have recombined out the vector 

sequence.  If the second recombination event excising the vector occurs on the same side 
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In order to select for recombinants that have excised the vector, suspensions of Tc
R
 

isolates were diluted and plated onto plates containing various levels of sucrose (2.5, 5, 

and 10% w/v).  At all sucrose levels sucrose-resistant colonies were obtained at a 

frequency of 10
-4

 to 10
-5

.  These colonies were then screened for Tc sensitivity 

(indicating the expected loss of the pCM433-based construct), as well as the expected 

mutant phenotype (inability to grow on methanol for DhprA and DmptG, white colonies 

(versus pink) for crtI502
).  These were confirmed via PCR analysis using primers situated 

outside the region of the locus where recombination occurred.  In the cases presented 

here, differences in the size of amplified products sufficed to distinguish the alleles used, 

but primers designed to distinguish single-nucleotide substitutions (or sequencing) have 

been used in subsequent studies (Chou and Marx, unpublished).  Overall, a false positive 

rate of sucrose
R
, Tc

R
 strains generated here in M. extorquens AM1 was 26% (105/402).  

It should be noted, however, that the range of frequencies varied from 0% to 78% for 

different construct/recipient pairs.  This is likely related to the rate of recombination for 

the flanking regions of each locus as compared to the rate of generating sucrose-

resistance from other mechanisms.  For all three loci, wild-type alleles were replaced by 

mutant alleles, and vise versa.  In subsequent work, dozens of allelic exchanges including 

the introduction of single-nucleotide substitutions have been successfully performed 

utilizing this system (Chou and Marx, unpublished). 

 

Conclusions 
The broad-host-range vector for marker-free allelic exchange described here has several 

features that greatly facilitate its use in various systems.  First, unlike a number of similar 
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washing with Hypho and re-plating) onto selective medium containing an appropriate C 

source, Rif for counter-selection against E. coli [9], and the selective antibiotic (Tc for 

pCM433-based donors; neither Ap nor Cm works effectively in M. extorquens AM1, 

Marx, unpublished).  Sucrose selection was accomplished by suspending a loop of a 

given strain in 100 ml Hypho (approximately 10
9
 ml

-1
) and plating 50 ml of a 10

-2
 dilution 

of this suspension onto Hypho plates containing an appropriate C source (generally 

succinate) and 5% sucrose.  Resulting strains were tested for Tc sensitivity, additional 

expected phenotypes (depending on the locus and allele being exchanged), and 

additionally, the chromosomal organization of all strains constructed was confirmed 

through PCR analysis.  DNA concentrations were determined using a ND-1000 

spectrophotometer (NanoDrop). 

 

Construction of plasmids and generation of strains 

In order to generate the allelic exchange vector pCM433, the Km resistance cassette of 

pCM184 [4] was excised with NdeI and SacII, and the remaining 5.4 kb vector backbone 

was ligated together with a synthetic linker designed to introduce three additional, unique 

cloning sites into the final vector (PstI, XhoI, and NotI).  The linker was formed by 

boiling, and then slowly re-annealing at room temperature, a mixture of two oligos, CM-

link1f (tatgctgcagctcgagcggccgc) and CM-link1r (ggccgctcgagctgcagca), which were 

designed to have complementary overhangs to NdeI and SacII.  The resulting plasmid, 

pCM432, was then transformed into the dam dcm E. coli strain, C2925H (ara-14 leuB6 

fhuA31 lacY1 tsx78 glnV44 galK2 galT22 mcrA dcm-6 hisG4 rfbD1 R(zgb210::Tn10) TcS 

endA1 rspL136 (SmR) dam13::Tn9 (CmR) xylA-5 mtl-1 thi-1 mcrB1 hsdR2, New England 
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Biolabs), enabling digestion at an otherwise methylated, and therefore blocked, MscI site.  

The 2.7 kb XbaI-XmaI fragment of pDS132 [10] containing sacB and cat was then 

purified, blunted with Klenow enzyme, and ligated with the MscI-digested pCM432 

vector to generate pCM433 (see Figure 2).  A construct with the sacB-cat fragment in the 

opposite orientation, pCM433r, was also obtained.  All plasmids and strains used are 

referenced in Table 1. 

 

A series of constructs and strains were generated in order to test the ability of pCM433 to 

enable unmarked allelic exchange at three distinct loci in the M. extorquens AM1 

chromosome.  Donor constructs for allelic exchange at the mptG locus were generated by 

first amplifying a region including mptG from CM501 (an isolate of wild-type, Rif
R
 M. 

extorquens AM1 [9]), or the corresponding region from the DmptG strain, CM508 (an 

isolate of CM253.1 [18]), each of which were ligated into pCR2.1 (Invitrogen) to 

generate pCM411 and pCM424, respectively.  These PCR-amplified inserts (and all other 

alleles described below that were cloned into pCR2.1) were sequenced to confirm no 

PCR errors were introduced during amplification.  The 2.1 kb ApaI-BamHI fragment of 

pCM411 containing the mptG region was then introduced into pCM433 that had been 

digested with ApaI and BglII, resulting in the donor vector pCM436.  Similarly, the 1.3 

kb SacI-XhoI fragment of pCM438 with the DhprA region was cloned into the same sites 

of pCM433 to generate the donor vector pCM439.  This allowed the use of pCM436 

(containing the wild-type mptG allele) to reverse the lesion found in CM508, while 

pCM437 (DmptG allele) was introduced into CM501 to do the opposite, generating the 

deletion in a single step. 
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