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Introduction

Lactic acid bacteria (LAB) are Gram-positive bacteria and mem-
bers of this group have been used for fermentation of foods for 
thousands of years. It is because of this long history of human 
consumption that many strains are now generally recognized 
as safe (GRAS).1,2 In addition, several strains of LAB are being 
investigated for the potential health-promoting properties they 
elicit.3-5 The combination of safe use and potential health-pro-
moting abilities have led to exploration and application of these 
organisms as a platform for the delivery of therapeutics.6-9 In 
order to gain a better understanding of how these bacteria inter-
act with their environment, and the ability to modify strains for 
subsequent use as therapeutic delivery vehicles, development of 
powerful genetic tools is of pivotal importance.

ssDNA recombineering has been applied in E. coli for over a 
decade, and we recently introduced this technology to a range of 
lactobacilli and Lactococcus lactis.10,11 The methodology relies on 
the expression of a homolog of the lambda phage-derived ssDNA 
binding protein (Bet) or a homolog derived from the Rac pro-
phage (RecT). These proteins have collectively been referred to 
as recombinases.10,12 In cells expressing a recombinase one can 
introduce an oligonucleotide that subsequently is incorporated 
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in the chromosome. The role of the recombinase is proposed to 
bind to the oligonucleotide to protect it from nuclease degrada-
tion and to promote annealing between the oligonucleotide and 
the template strand.13 Rather than a homologous recombination 
event, incorporation of the oligonucleotide occurs via an anneal-
ing and replication-dependent mechanism.10,14-17 Thus, the oligo-
nucleotide may serve as a primer for lagging strand replication or 
possibly as a small Okazaki fragment.

Several strategies have been described which improve the ssDNA 
recombineering efficiency in E. coli, including the use of oligonucle-
otides with modified bases.18 The most dramatic increase in recom-
bineering efficiency is obtained with an oligonucleotide which 
avoids the mismatch repair system.19,20 In L. reuteri we were able to 
show that the mismatch repair system is completely avoided with an 
oligonucleotide that yields five adjacent mismatches. Avoiding the 
mismatch repair system is critical to generate mutants in L. reuteri 
without the need for antibiotic selection. Moreover, whole genome 
sequence analysis of L. reuteri and L. lactis strains that had under-
gone a recombineering event showed that ssDNA recombineering 
is specific and not hypermutagenic.11 ssDNA recombineering is 
thus an efficient tool to make chromosomal mutations in lactic acid 
bacteria, and other Gram-positive organisms, to study gene func-
tion and to improve (probiotic) strain characteristics.



210	 Bioengineered	 Volume 3 Issue 4

identification of recombinases which may serve as a useful data-
base to improve or establish recombineering. As recombinases are 
highly diverse in their sequence content we identified homologs 
by utilizing the Position Specific Iteration Basic Local Alignment 
Search Tool (PSI-BLAST).22 To this end we used RecT1 derived 
L. reuteri ATCC PTA 6475, and the Bet homolog ORF245 
derived from L. lactis SMQ-86 as initial query sequences.11,12

The genus Lactobacillus represents the largest genus within 
the phylum Firmicutes, and the NCBI currently holds 192 
genomes encompassing 46 species in their databases. Our search 
within this genus resulted in the identification of 19 recombinase 
homologs that are present in 16 Lactobacillus strains encompass-
ing 10 species (Table 1). In three strains two RecT homologs were 
identified: L. reuteri DSM 20016, L. casei BL23 and L. paraca-
sei 8700:2 (Table 1). When we used the Bet homolog ORF245 
as a query sequence no additional recombinases were identified. 

Herein, we discuss optimization parameters to increase 
recombineering efficiencies in L. lactis and L. reuteri and show 
how this technology may improve existing properties of a strain 
by introducing base changes in the chromosome.

Results and Discussion

RecT and Bet recombinases are not widely distributed in lac-
tobacilli. We recently established ssDNA recombineering in 
three Lactobacillus species and Lactococcus lactis by expressing a 
recombinase, RecT1, that was derived from L. reuteri ATCC PTA 
6475.11 Previous studies have shown that different recombinase 
homologs have the ability to function in a wide range of hosts and 
thus screening multiple recombinases would be a useful approach 
when establishing or optimizing ssDNA recombineering in any 
organism.12,21 We focused on lactobacilli and L. lactis for the 

Table 1. Identification of recombinases in lactobacillus and Lactococcus lactis

strain Accession nr. AAæ ID¶

Lactobacillus

reuteri DSM 20016 YP_001271411.1 309 309/309 (100%)

plantarum WCFS YP_004888633 295 136/298 (46%)

pentosus IG1 CCC18574 295 131/297 (44%)

reuteri DSM 20016 YP_001271733.1 329 183/297 (62%)

plantarum ATCC 14917 ZP_07078351 299 134/302 (44%)

plantarum ST-III YP_003925340 299 133/302 (44%)

buchneri NRLL B-30956 YP_004398761 315 142/315 (45%)

fermentum IFO 3956 YP_001843483 342 163/320 (51%)

buchneri ATCC 11577 ZP_03943265 333 141/287 (49%)

paracasei 8700:2 ZP_04674145 284 47/303 (16%)

paracasei 8700:2 ZP_04674324 279 45/273 (16%)

paracasei ATCC 25302 ZP_03964192 287 54/288 (19%)

mali KCTC 3596 ZP_09447952 274 57/295 (19%)

rhamnosus Lc 705 YP_003173539 291 137/285 (48%)

rhamnosus R0011 EHJ20790 291 136/285 (48%)

casei BL23 YP_001987247 287 54/288 (19%)

rhamnosus GG YP_003170850 291 136/285 (48%)

casei BL23 YP_001986912 295 53/314 (17%)

ruminis SPM0211 ZP_08564335 254 38/263 (14%)

Lactococcus

lactis subsp lactis KF147 YP_003353956 308 71/320 (22%)

lactis subsp lactis CV56 ADZ64766 308 70/320 (22%)

lactis subsp cremoris CNCM I-1631 EHE93774 308 68/311 (22%)

lactis subsp lactis Il1403 NP_266602 268 54/236 (23%)

lactis subsp cremoris A76 AEU39829 115 26/117 (22%)

lactis subsp cremoris A76 AEU41341 245 242/245 (99%)

To identify recombinases in the the genus Lactobacillus, Lactococcus lactis we searched the NCBI protein databases of the respective genera using the 
tool PSI-BLAST with standard algorithm settings. A total of five iterations were performed. As a query sequence we used RecT1 derived from L. reuteri 
ATCC PTA 6475 (accession number ZP_03961322, 329 amino acids). Results highlighted in gray are the PSI-BLAST results using ORF245 (Lactococcus 
lactis strain SMQ-85, ϕUL36; accession number AAF74061, 245 amino acids) as a query. ælength of the recombinase homolog in amino acids; ¶number 
of identical residues compared with the (partial) amino acid sequence of L. reuteri ATCC PTA 6475 RecT (or L. lactis ORF245 in the gray rows), followed by 
the percentage of identical residues within the alignment in brackets.
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an amino acid change in the RNA polymerase protein (RpoB) 
that confers resistance to the drug rifampicin. Thus, the level 
of rifampicin-resistant colonies is a measure for the efficiency of 
recombineering.

Expression of a RecT homolog derived from L. casei BL23 
(accession number YP_001987247) from pJP046 was detrimen-
tal to L. reuteri cells as cells aggregated and could not be resus-
pended, and was therefore not included for further analysis. The 
highest recombineering efficiency was obtained in cells express-
ing L. reuteri RecT1 or RecT derived from E. faecalis (Table 2). 
E. faecalis RecT also proved efficient in E. coli, yielding recombi-
nants at levels comparable to E. coli Bet, and higher than E. coli 
RecT.12 The observation that RecT from E. faecalis CRMEN 19 
is efficient in phylogenetically distant bacteria suggests that this 
is a highly efficient recombinase. Direct comparison of the amino 
acid sequences of E. faecalis RecT with L. reuteri RecT1 revealed 
52% identity. Although it is tempting to suggest that recom-
binases with highly similar sequences promote ssDNA recom-
bineering at comparable levels in the same genetic background, 
careful selection of a recombinase is required. For example, we 
noted a 250-fold lower recombineering efficiency in L. reuteri 
expressing the L. plantarum RecT homolog from pJP052 com-
pared with L. reuteri RecT expressed from pJP042, yet both pro-
teins share 54% amino acid identity. Preliminary experiments in 
L. plantarum BAA-793 harboring either pJP052 or pJP042 also 
yielded higher recombineering levels with pJP042 (unpublished 
results). Thus, when establishing this technology in a new host it 
is therefore useful to screen a large panel of recombinases derived 
from different hosts.

The lagging strand bias of recombineering efficiency is 
approximately 4,000-fold in L. reuteri but 25-fold in L. lac-
tis. The highest efficiency of ssDNA recombineering is obtained 
with an oligonucleotide that is—apart from the mutations 
to be incorporated—identical to the lagging strand of replica-
tion. The lagging strand bias in E. coli, Pseudomonas syrin-
gae and in Mycobacterium tuberculosis is approximately 3 to 
10-fold, 10-fold and 1,000 to 10,000-fold, respectively.12,21,23 
One hypothesis for this lagging strand bias is that more single-
stranded DNA is exposed during replication on the lagging 
strand because of the formation of the different Okazaki frag-
ments. At present it is unknown why the magnitude of strand 
bias in recombineering in Mycobacterium tuberculosis is different  
from E. coli.

Thus, RecT and Bet recombinases are not widely distributed in 
the genus Lactobacillus.

L. lactis is represented by 16 subspecies and a total of 34 
genomes in the NCBI databases. Using L. reuteri ATCC PTA 
6475 RecT1 as a query we identified recombinase homologs in 
five different strains (Table 1). In three strains (KF147, CV56 
and CNCM I-1631) the identified proteins are closely related as 
their amino acid sequences share > 95% identity. In L. lactis subsp 
cremoris A76 a putative recombinase was identified; however, an 
in-frame stop codon (TAA) yielded an open reading frame that 
is considerably shorter (115 amino acids) than the recombinases 
which have been experimentally validated. Downstream of the 
stop codon an open reading frame of 98 amino acids was identi-
fied. Using a pairwise BLASTP comparison between the deduced 
amino acid sequence of the 3'-end of the recombinase and  
L. reuteri RecT revealed 24% identity between the sequences. 
Using L. lactis ORF245 SMQ-86 (Bet) as a query we identi-
fied an additional recombinase in L. lactis subsp cremoris A76 
which differs by only three amino acids from ORF245 (Table 1, 
highlighted in gray). When we searched the protein databases of 
the genus Lactobacillus and strains of L. lactis using the amino 
acid sequences of the second RecT homolog of L. reuteri or RecT 
derived from E. faecalis CRMEN 19 as initial queries we did not 
identify any additional homologs.

Expression of RecT derived from E. faecalis yields compa-
rable recombineering efficiencies in L. reuteri compared with 
native RecT protein. Previously we have shown that expression 
of a native recombinase (RecT1) of L. reuteri yields recombineer-
ing efficiencies ranging from 0.3–19%, which allows identifica-
tion of mutants without the need for antibiotic selection.11 To 
investigate whether we could further increase the recombineering 
efficiency in L. reuteri by expressing different RecT homologs, we 
cloned genes putatively encoding RecT from a range of sources in 
the backbone of pSIP411. These are two RecT homologs derived 
from L. casei BL23, a single homolog derived from L. plantarum 
BAA-793 (pseudonymous to L. plantarum WCFS1), and a homo-
log derived from E. faecalis CRMEN 19 (a kind gift from Donald 
Court, NCI-Frederick, MD). The recombineering efficiency in 
L. reuteri expressing the different homologs was assessed as previ-
ously described.11 Briefly, competent cells were prepared in which 
expression of RecT was induced 20 min prior to harvesting. 
One hundred micrograms of oligonucleotide was transformed 
in cells which upon incorporation in the chromosome, yields 

Table 2. Relative activity of RecT homologs derived from different lactic acid bacteria in L. reuteri ATCC PTA 6475

plasmid source RecT accession number‡ relative activity (%) SD

pJP042 L. reuteri ATCC PTA 6475 ZP_03961195 100 NA

pJP043 E. faecalis CRMEN 19 NA 76 38

pJP045 L. casei BL23 YP_001986912 15 8

pJP046 L. casei BL23 YP_001987247 ND ND

pJP052 L. plantarum BAA-793 YP_004888633 0.4 0.3

The recombineering efficiencies in L. reuteri expressing the different RecT homologs. Data are expressed as percentage activity relative to cells harbor-
ing pJP042. Data presented are the averages of five independent experiments. ‡NA, not applicable; SD, standard deviation; ND, not determined. The E. 
faecalis CRMEN19 RecT only differs by two amino acids compared with RecT from E. faecalis V583 (accession number AE016830), as determined by Datta 
et al.12
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these results show that also in lactic acid bacteria the highest 
efficiency of recombineering is achieved with an oligonucle-
otide that is incorporated in the lagging strand of replication.

Increased levels of oligonucleotide with phosphoro-
thioate linkages increase the recombineering efficiency in  
L. lactis but not in L. reuteri. Besides the use of an oligonu-
cleotide that is incorporated in the lagging strand of replica-
tion, there are a range of options that have been utilized in E. 
coli to increase the recombineering efficiency. Among these 
are co-transformation of carrier DNA or the use of phos-
phorothiotate oligonucleotides (PTOs) to avoid host nucle-
ases, oligonucleotides with other chemical modifications, or 
design of oligonucleotides that avoid the mismatch repair 
system (MMR).18-20 We have previously shown how the 
MMR in L. reuteri may be avoided using oligonucleotides 
that have multiple adjacent mismatches, however, we had 
not investigated whether we can increase the recombineering 
efficiency in either L. reuteri or L. lactis by means of avoiding 
the host nucleases.11

PTOs are oligonucleotides that contain a phosphorothioate 
(PT) bond by replacing an oxygen atom with a sulfur atom in 
the phosphate backbone of the oligonucleotide, which yields 
a nuclease-resistant oligonucleotide.24 We designed three oli-
gonucleotides which have five PT-linkages located either at 
the 5'-end, the 3'-end or at both termini (Fig. 2A). When 
incorporated in the chromosome all PT-containing oligo-
nucleotides will yield the same base changes compared with 
the respective control oligonucleotide that lacks PT-linkages, 
subsequently resulting in a rifampicin-resistant phenotype. 
The resulting amino acid changes for L. lactis and L. reuteri 
are identical as described above. Recombineering efficiency 

is determined by plating cells on antibiotic-free plates and on 
plates containing rifampicin, followed by expressing the number 
of rifampicin-resistant colonies per 109 viable cells.

Increasing the oligonucleotide concentration to 200 μg in  
L. reuteri resulted in cell lysis and negatively impacted recom-
bineering efficiency (unpublished results). In L. lactis increasing 
the levels of oJP563 from 100 μg to 200 μg yielded on average  
(n = 3) an increase from 2E + 06 ± 0.7 to 4E + 06 ± 2.8 rifampi-
cin-resistant colonies per 109 cells, respectively. We were surprised 
to note that further increasing the oligonucleotide concentration 
to 500 μg yielded on average 1.6E + 07 ± 0.3 rifampicin-resis-
tant colonies per 109 cells (~10-fold increase over 100 μg). For 
construction of mutants in L. lactis NZ9000 it would be use-
ful to use 500 μg oligonucleotide so that fewer colonies need to 
be screened; however, for the purpose of identifying the effect 
of PTOs (Fig. 2A) on the recombineering efficiency in L. lactis 
NZ9000, we initially used 200 μg to minimize cost for oligo-
nucleotide synthesis.

The presence of 5 PT-linkages on the 5'-end of the oligonu-
cleotide (oJP1147) improves recombineering efficiency 6.8-fold  
(p = 0.03) compared with the control oligonucleotide lacking the 
PT-linkages (oJP563) (Fig. 2B). Thus, oJP1147 yielded recombi-
nants in 2.7% of the total population of cells that survived the 
electroporation. Compared with the control no increase in the 
number of recombinants was observed with an oligonucleotide 

To determine to what extent there is a strand bias in recom-
bineering in L. reuteri and L. lactis we transformed cells expressing 
RecT with 100 µg oligonucleotide that is incorporated in either 
the leading strand [oJP610 (L. reuteri) or oJP1157 (L. lactis)] or 
the lagging strand [oJP577 (L. reuteri) or oJP563 (L. lactis)] of 
replication. The leading and lagging strand oligonucleotides yield 
the same amino acid changes, namely T487S and H488R for  
L. reuteri and H486N for L. lactis. The level of rifampicin-resis-
tant colonies per 109 cells was determined (Fig. 1). In L. reuteri 
approximately 4,000-fold more rifampicin-resistant colonies 
were obtained with the lagging strand oligonucleotide (oJP577) 
compared with the leading strand oligonucleotide (oJP610). In  
L. lactis the bias is not as great since the difference is 25-fold 
higher for the lagging strand compared with the leading strand. It 
is unclear why L. lactis shows a relatively small lagging strand bias 
(similar to E. coli) whereas L. reuteri displays a large bias, simi-
lar to the lagging strand bias observed in Mycobacterium tuber-
culosis. One possibility is the replication forks of L. reuteri and 
Mycobacterium may function in a way such that larger regions 
of single-stranded DNA are exposed compared with E. coli or  
L. lactis. Although the rpoB genes are located in similar regions 
of the chromosome, located at 559 Kb (L. lactis) and 455 Kb  
(L. reuteri) from the ori, the strand bias might be affected by the 
specific position of the target site that is being recombineered in 
a chromosome. Regardless of the size of the lagging strand bias, 

Figure 1. Lagging strand bias of ssDNA recombineering in L. reuteri and  
L. lactis. One hundred micrograms of oligonucleotide, incorporated in either 
the leading or lagging strand of DNA replication, was transformed in  
L. reuteri and L. lactis to quantify the level of recombineering. Incorporation 
of the oligonucleotide yields a rifampicin-resistant phenotype, and the level 
of rifampicin-resistant colonies was expressed per 109 cells. The black bars 
represent the number of rifampicin-resistant colonies obtained from trans-
forming an oligonucleotide that is incorporated in the lagging strand of DNA 
replication (oJP577 and oJP563 for L. reuteri and L. lactis, respectively) and 
the gray bars represent the number of rifampicin-resistant colonies obtained 
from transforming a leading strand oligonucleotide (oJP610 and oJP1157 for 
L. reuteri and L. lactis, respectively). The fold difference in the lagging strand 
bias is indicated above the bars. Data presented are the averages of three 
independent experiments and the error bars indicate standard deviation.
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per 109 cells, and these differences may be attributed to different 
batches of oligonucleotides.

As the presence of five PT linkages did not increase level of 
recombinants compared with the control oligonucleotide oJP577, 

harboring PT-linkages on the 3'-end (oJP1148) but 
placing five PT-linkages on either end (oJP1149) 
yielded a 3.8-fold increase (p = 0.01) in the number 
of recombinants (Fig. 2B). Having established that 
oJP1147 increases the recombineering efficiency we 
transformed 500 μg oJP563 and oJP1147 accord-
ingly which yielded recombinants in 1.6% and 5.6%, 
respectively, of the population of cells that survived 
the transformation.

It needs to be emphasized that these numbers are 
obtained by a direct comparison of the number of 
colonies that are formed on non-selective and rifam-
picin-containing plates. Thus, cells are only resistant 
to rifampicin which have already incorporated the 
oligonucleotide during the recovery period after the 
transformation. When we screen 200 colonies from 
the non-selective plates for rifampicin-resistance we 
note that the level of rifampicin-resistant colonies is 
about 2-fold higher, yielding ~3% and ~12% recom-
binants obtained with 500 μg oJP563 and oJP1147, 
respectively. This is indicative of the fact that during 
growth on non-selective plates the oligonucleotides 
may still be incorporated into the chromosome. 
However, prolonging the outgrowth of transformed 
L. lactis cells did not further increase the efficiency 
when cells are plated on rifampicin-containing plates 
(unpublished results). This may suggest that either 
the growth rate of rifampicin-resistant mutants is dif-
ferent to that of wild type cells, or that binding of 
the oligonucleotide to the template strand hampers 
the replication. Further experiments are required 
to evaluate whether fewer PT-linkages may yield a 
similar result or whether increasing the number of 
PT-linkages may further increase the level of recom-
binants. Based on three independent experiments we 
also noted that the fold difference between oJP563 
and oJP1147 is 6.7- and 3.5-fold when transforming 
200 μg and 500 μg oligonucleotide, respectively. It is 
plausible that exonucleases in the cell are being satu-
rated by the higher level of oligonucleotides that are 
transformed. In E. coli, for example, co-transforma-
tion of carrier-DNA also increases the recombineer-
ing efficiency and also here the rationale is saturating 
the host nucleases.20

In L. reuteri no increase in the recombineering 
efficiency was obtained when transforming PTOs. 
One hundred micrograms of a PTO harboring five 
PT-linkages on the 5'-end (oJP1158), the 3'-end 
(oJP1159) or on both termini (oJP1160) yielded com-
parable recombineering efficiencies compared with 
the control oligonucleotide oJP577 (Fig. 2C). In three 
independent experiments we noted that the recombineering effi-
ciency with the control oligonucleotide oJP577 is slightly lower 
(3.3E + 06 ± 1.3 recombinants per 109 cells) compared with effi-
ciencies reported in Figure 1 which exceed 1E + 07 recombinants 

Figure 2. Increased ssDNA recombineering efficiency in L. lactis with oligonucle-
otides harboring phosphorothioate-linkages. (A) Schematic overview of the different 
phosphorothioate oligonucleotides (PTOs). The red rectangle indicates the presence 
of 5 PT linkages in the oligonucleotide at either the 5’-end, the 3’-end or at both prox-
imal ends. The control oligonucleotide (listed on top) does not have any PT linkages. 
The two columns left of each oligonucleotide list the corresponding names for L. 
reuteri and L. lactis. The panel of oligonucleotides for L. reuteri or for L. lactis have the 
same nucleotide sequence and yield a rifampicin-resistant phenotype once incor-
porated in the chromosome. (B) Recombineering efficiencies in L. lactis transformed 
with 200 μg control oligonucleotide (oJP563) or 200 μg PTOs. Statistical significance 
(p < 0.05) is indicated with an asterisk between oJP563 and oJP1147, and oJP563 and 
oJP1149. All data presented are the averages of three independent experiments, and 
error bars represent standard deviation. (C) Recombineering efficiencies in L. reuteri 
transformed with 100 μg control oligonucleotide (oJP577) or 100 μg PTOs. Recombi-
nants were expressed as the number of rifampicin-resistant colonies per 109 cells. All 
data presented are the averages of three independent experiments, and error bars 
represent standard deviation.
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when the CRE sequence was located in or downstream of the -35 
and -10 region. We hypothesized that mutating the CRE locus 
would increase the reuterin levels in L. reuteri cells grown in 
MRS medium, which contains a high concentration of glucose.

We designed an oligonucleotide (oJP675) that, when incorpo-
rated in the chromosome, changes six adjacent bases in the CRE 
locus (Fig. 3A). We identified a mutant genotype by MAMA-
PCR, and following isolation of a pure genotype the strain was 
designated RPRB3007. To assess reuterin production, cells were 
harvested during mid-logarithmic growth phase (OD

600
 = 0.6) 

and at the onset of stationary phase (OD
600

 = 2), and reuterin 
production was monitored. Using a minimum inhibitory con-
centration (MIC) assay we found that approximately 3-fold more 
reuterin is produced by RPRB3007 compared with the wild type 
with cells derived from both growth phases (p < 0.05) (Fig. 3B). 
The fact that modification of the CRE region does not yield com-
parable reuterin levels in both growth phases suggests that other 
regulatory elements play a role.

In summary, we identified recombinase homologs in 
Lactobacillus and Lactococcus lactis. Expression of RecT homo-
logs derived from L. casei and L. plantarum did not improve 
the recombineering efficiency in L. reuteri ATCC PTA 6475; 
however, RecT derived from E. faecalis CREM 19 was equally 
efficient compared with L. reuteri RecT1. Increasing the oligonu-
cleotide concentration to 500 μg combined with the use of PTOs 
only proved useful in L. lactis, yielding recombinants in 12% of 
the population. This improvement will make the identification of 
mutations without the need for any type of selection much easier 
in L. lactis. To demonstrate the utility of ssDNA recombineering 
we made six base changes in the promoter region upstream of 
the pdu-operon, yielding a 3-fold increase in the production of 
the antimicrobial reuterin. In both L. reuteri ATCC PTA 6475 
and L. lactis NZ9000 ssDNA recombineering is currently the 
most time-efficient methodology to make targeted subtle genome 
changes without the need for antibiotic selection, and we envis-
age the methodology will be a useful approach for several lactic 
acid bacteria.

Materials and Methods

Bacterial strains, plasmids and media. All strains and plas-
mids used in this study are listed in Table S1. All lactobacilli 
used in this study were cultured under anaerobic conditions at 
37°C in deMan Rogosa Sharpe (MRS) medium (Difco, BD 
BioSciences). Lactococcus lactis NZ9000 was cultured statically at 
30°C in M17 broth (Difco, BD BioSciences) supplemented with 
0.5% (w/v) glucose. E. coli was cultured in Luria-Bertani (LB) 
broth (Difco, BD BioSciences) at 37°C with vigorous shaking. 
Electrocompetent cells of L. reuteri and L. lactis were prepared as 
described before.34,35 For selection of L. reuteri harboring deriva-
tives of pSIP411, 5 μg/ml erythromycin was used, and rifampi-
cin-resistant colonies were selected on plates harboring 25 μg/ml  
rifampicin. Selection for L. lactis NZ9000 harboring pJP005 was 
achieved using 5 μg/ml chloramphenicol, and rifampicin-resis-
tant resistant colonies were selected on plates supplemented with 
50 μg/ml rifampicin.

we subsequently assessed recombineering efficiencies with 100 μg 
oligonucleotide harboring 10 PT linkages. However, no increase 
in recombineering efficiency was obtained (unpublished results). 
An oligonucleotide which only contained PT linkages com-
pletely abolished the recombineering activity in L. reuteri yield-
ing 100,000-fold fewer rifampicin-resistant colonies compared 
with oJP577, corresponding to levels which are comparable to the 
negative control (no DNA) (unpublished results). Some bacteria 
have the ability to naturally incorporate sulfur-linkages in the 
DNA backbone, a characteristic which is encoded by a cluster of 
dnd genes which is hypothesized to serve as a restriction modifi-
cation system.25,26 More recently an endonuclease has been iden-
tified in Streptomyces coelicor A(3)2 (Sco4631) that cleaves DNA 
near a PT-linkage thereby excluding the possibility for uptake of 
the dnd gene cluster.27 Based on BLAST analyses and searching 
the database for identification of dnd genes we did not identify a 
dnd gene cluster in L. reuteri.28 Although we could not identify 
a homolog of the S. coelicor endonuclease Sco4631 by BLAST 
analysis it is plausible that L. reuteri encodes other endonucle-
ases which confer a similar function. If an oligonucleotide that 
only has PT-linkages anneals to the template strand, cleavage by 
an endonuclease would subsequently result in ablation of ssDNA 
recombineering. Thus, a panel of different optimizations may be 
required for different strains of lactic acid bacteria to improve/
establish ssDNA recombineering and the rules established in  
E. coli will not always apply.

Subtle base changes in the chromosome of L. reuteri increase 
the reuterin production levels. Single-stranded recombineering 
presents the ability to optimize probiotic properties in a subtle 
and time-efficient manner without the need for antibiotic selec-
tion. We previously showed that mutations in the D-Ala-D-
Ala ligase gene, yielding a single amino acid change, converted  
L. reuteri to a vancomycin-sensitive phenotype.11 Here we pro-
vide an example of how ssDNA recombineering may be used to 
modulate a putative probiotic factor: the production of an anti-
microbial compound.

Reuterin (3-hydroxypropionaldehyde) is a broad-spectrum 
antimicrobial compound that is produced by L. reuteri.29 It has 
proven effective in the inhibition of a range of intestinal patho-
gens, including Vibrio cholerae, Salmonella enterciae, enterohem-
orrhagic E. coli (EHEC) and enteropathogenic E. coli (EPEC).30 
Reuterin is produced as an intermediate in the production of 
1,3-propanediol from glycerol, which is converted to reuterin by 
the enzyme glycerol dehydratase. In cells derived from the mid-
logarithmic growth phase, lower levels of reuterin are produced 
whereas levels are increased when cells reach the stationary phase. 
Sriramulu et al. reported the presence of CRE (catabolite repres-
sion element) sequence located downstream of the predicted 
-10 promoter region (Fig. 3A) of the glycerol dehydratase locus. 
CRE loci are binding sites for carbon catabolite control protein A 
(CcpA), which is an important regulator in the carbon catabolite 
repression in Gram-positive bacteria.32 In L. lactis a correlation 
was found between the location of the CRE sequence relative to 
the promoter sequence and subsequent repression or activation.33 
Activation was predicted when the CRE sequence was located 
upstream of the -35 region, whereas repression was predicted 
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4659). We chose to only present the RecT homologs identified in  
L. reuteri DSM 20016 but similar results are obtained for the 
other strains mentioned.

Construction of RecT expression vectors. All oligonucle-
otides were ordered from IDTDNA Technologies and are listed 
in Supplemental Table 2. We amplified and cloned recT genes 
from different sources in the backbone of the sakacin-based 
expression vector pSIP411.36 Using conventional colony PCR 
the recT genes were amplified with oligonucleotide pairs oJP413-
oJP414 (accession number YP_004888633, L. plantarum BAA-
793), oJP409-oJP410 (accession number YP_001986912,  
L. casei BL23), oJP411-oJP412 (accession number 
YP_001987247, L. casei BL23) and oJP373-oJP161.1 (recT  
E. faecalis CRMEN 19 from E. coli SIMD44).12 The backbone 
of pSIP411 was amplified with oligonucleotide pair oJP367-
oJP371, followed by DpnI treatment to digest template DNA. 
The different amplicons were purified by Pellet Paint precipi-
tation (Novagen) and subsequently blunt-end ligations were 
performed using molar ratio’s of 1:1 of vector:insert. The ori-
entation of each of the inserts was verified by PCR using oligo-
nucleotide pairs oJP414-oJP415 (L. plantarum), oJP409-oJP416 

Reagents and enzymes. All restriction enzymes and T4 DNA 
ligase were purchased from New England Biolabs (NEB). PCR 
amplification for cloning purposes were performed with KOD 
hot start DNA polymerase (Novagen). Prior to restriction diges-
tion, ligation or transformation DNA was precipitated with Pellet 
Paint Co-precipitant (Novagen).

Identification of RecT homologs by PSI-BLAST. The level 
of homology between RecT homologs is low, and we there-
fore opted for PSI-BLAST to identify homologs in the gen-
era Lactobacillus, and in Lactococcus lactis strains. As queries, 
the amino acid sequences of the RecT homologs derived from 
Lactobacilllus reuteri ATCC PTA 6475 (accession number 
ZP_03961195 [RecT1]; ZP_03961322 [RecT2]), Enterococcus 
faecalis V583 (accession number AE016830 [EF2132]) and a 
Bet homolog of Lactococcus lactis SMQ-85, ϕUL36 (accession 
number AAF74061 [ORF245]) were used. For each search a 
total of five iterations using a standard e-value cut-off of 0.005 
was performed. Results were further filtered by setting a cut-
off to 10% amino acid identity. In the Lactobacillus database 
there are several L. reuteri genomes that are highly similar 
(strains DSM20016, JCM 1112, ATCC PTA 6475, ATCC PTA 

Figure 3. Increased reuterin production followed by modification of the CRE region upstream of the pdu operon. (A) Schematic overview of the tran-
scriptional regulatory elements located upstream of the pdu operon as determined before in L. reuteri wild type (top).31 Grey rectangles indicate the 
predicted -35 and -10 regions, the red dot indicated the transcriptional start, boxed sequence represents the catabolite response element (CRE), the 
green rectangle represents the Shine-Dalgarno sequence, and ATG is the translational start site. Bottom: upon incorporation of oJP675 six adjacent 
bases are modified in the CRE region. The newly incorporated sequence is italicized and underlined. (B) Reuterin minimum inhibitory concentration 
assay with L. reuteri wild type and RPRB3007. Cells were harvested at growth phases representative for the mid-logarithmic phase (OD600 = 0.6) or sta-
tionary phase (OD600 = 2) followed by a reuterin assay, a minimum inhibitory concentration assay, and conversion to Units reuterin per ml as described 
in Materials and Methods. The Units reuterin/ml for the wild type strain (black bars) and strain RPRB3007 (gray bars) were determined for both growth 
phases. Asterisks indicates statistical significance (p < 0.05). Data presented are averages of three independent experiments, and error bars indicate 
standard deviation.
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EcoRI, and a digested amplicon (a 500 bp fragment) was indica-
tive for incorporation of oJP675. The corresponding culture was 
re-streaked in order to separate the mixed genotypes and a pure 
genotype was identified by subsequent PCR amplification and 
restriction digest analysis as described above. The newly con-
structed strain was denoted RPRB3007.

Reuterin production assay. Reuterin production was mea-
sured as previously described with minor modifications.30,37,38 
Briefly, L. reuteri wild type and strain RPRB3007 were grown 
overnight, and subsequently the strains were diluted to OD

600
 

= 0.05. At OD
600

 = 0.6 and OD
600

 = 2, representative for the 
mid-logarithmic and the stationary growth phase, respectively, 
cells were harvested by centrifugation (10 min 4,000 × g). The 
pellets were washed twice with 50 mM sodium phosphate buffer  
(pH 7.4), and wet weight of the pellet was determined. The pel-
lets were resuspended in 250 mM glycerol to a concentration of 
3.3 mg/ml, and 15 ml was transferred to a 15 ml conical screw 
cap tube (corresponding to 50 mg cell pellet). The cell suspen-
sion was incubated for 1.5 h at 37°C, followed by centrifugation 
(10 min 4,000 × g). The reuterin-containing supernatant was 
filter-sterilized by passing it through a 0.22 μm filter (Millipore), 
and the filtered supernatant was stored at 4°C for up to a week 
prior to use.

Minimum inhibitory concentration (MIC) assay to assess 
antimicrobial reuterin levels. This assay was performed as 
described before with minor modifications.30,37,38 Briefly, 2-fold 
dilutions were prepared of reuterin in water in a total volume 
of 100 μl, and added in triplicate to a 96-well plate (VWR 
Scientific). A fresh overnight of E. coli DH5α cells were diluted 
to ~104 cells per ml in 2× Luria-Bertani broth, and 100 μl was 
transferred to all wells. As a control, 100 μl of bacterial culture 
was added to 100 μl water. The relative reuterin concentration 
levels were determined as the reciprocal of the reuterin dilution 
which did not yield E. coli growth.
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and oJP411-oJP416 (L. casei) to yield constructs pJP052, 
pJP045 and pJP046, respectively. The amplicon corresponding 
to the recT gene of E. faecalis was digested with NcoI-XbaI fol-
lowed by ligation into the backbone of pSIP411 that was gen-
erated with oligonucleotide pair oJP367-oJP368 and treated 
with the same enzymes. Ligation was performed using a molar 
ratio of 1:1 vector:insert. Insertion was verified by PCR analy-
sis (oJP373-oJP161.1) and restriction digest analysis, and the 
resulting construct was named oJP043.

Recombineering experiments. Cells for recombineering pur-
poses were prepared as described before.11 All oligonucleotides 
were ordered from IDTDNA Technologies at a 100 nmol scale 
and desalted.

To test the recombineering efficiency in L. reuteri ATCC PTA 
6475 expressing the different RecT homologs we first established 
pJP043, pJP045, pJP046 and pJP052 in this strain. As previ-
ously described, the recombineering efficiency was determined 
by transforming 100 μg oJP577 in the different strains.11 This 
oligonucleotide, when incorporated, yields an amino acid change 
yielding a rifampicin-resistant phenotype. The level of rifam-
picin-resistant colonies was adjusted per 109 cells, and the effi-
ciency of the different proteins was expressed relative to the levels 
obtained with pJP042.

To determine the lagging strand bias of recombineering in 
L. reuteri and L. lactis, we used the same approach as described 
above. Oligonucleotides which are incorporated in the lagging 
strand of replication (oJP577 and oJP563 for L. reuteri and L. lac-
tis, respectively) or the leading strand of replication (oJP610 and 
oJP1157 for L. reuteri and L. lactis, respectively) were used. One 
hundred micrograms oligonucleotide was transformed in cells, 
and the number of rifampicin-resistant colonies per 109 cells were 
determined.

Oligonucleotides with phosphorothioate (PT) linkages were 
designed such that 5 consecutive PT linkages were present either 
on the 5'-end, the 3'-end or on both termini of the oligonucle-
otide (see Fig. 2A). In L. reuteri expressing RecT from pJP042 
100 μg of each oligonucleotide was transformed and levels were 
expressed relative to the control oligonucleotide oJP577. L. lactis 
NZ9000 expressing RecT from pJP005 was transformed with 
200 μg or 500 μg oligonucleotide and the experiment was per-
formed in an identical manner as described before.

Mutating CRE locus upstream of pdu operon. The 
Catabolite Response Element (CRE) located upstream of the 
pdu operon was previously described.31 We designed an oligo-
nucleotide (oJP675) that, when incorporated, makes six adjacent 
base changes within the CRE locus thereby creating an EcoRI 
restriction endonuclease site that is unique in the 500 bp flanks. 
L. reuteri ATCC PTA 6475 competent cells harboring pJP042 
were prepared upon induction for expression of RecT and sub-
sequently transformed with 100 μg oJP675. From the pool of 
viable cells we screened 300 colonies by PCR (oligonucleotide 
pair oJP673-oJP674) to yield a 1 kb amplicon. The amplicons 
were subsequently subjected to restriction digest analysis with 
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