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Previous investigators have been unsuccessful in using the Lambda Red Recombinase 

system to delete the lacI gene from Escherichia coli C29 cells. The last investigator 
hypothesized that this failure was likely due to the presence of inverted repeat (IR) 
sequences within the kanamycin resistance cassette, which is intended to replace the lacI 
gene. Therefore, in order to address this hypothesis, we designed novel primers to amplify 
the kanamycin resistance cassette without the flanking IR sequences. As done previously, 
PCR products containing this kanamycin cassette flanked by lacI homologous regions 
were transformed into cells containing the Lambda Red Recombinase system on plasmid 
pKD46. Unfortunately, our attempts to knockout the lacI gene were unsuccessful. Like 
previous groups, experiments performed on putative transformants strongly suggest that 
sensitivity of these cells to IPTG was retained, and hence lacI was not deleted. Upon 
investigation into problems with the experimental protocol, it came to our attention that, 
similar to previous groups, we had in fact failed to use L-arabinose to induce the 
expression of the Lambda Red Recombinase genes from the pKD46 plasmid. Lack of 
induction resulted in the absence of an operational Recombinase system, thus preventing 
successful replacement of lacI with the kanamycin resistance cassette. Hence, future 
attempts to use the Lambda Red Recombinase system to delete genes in E. coli should 
make use of the inducer, L-arabinose. Our initial hypothesis regarding the IR sequences 
therefore remains unaddressed.  

     _______________________________________________________________ 
 

The Lambda Red Recombinase system, present on 
plasmid pKD46, has been used successfully for 
inactivation of chromosomal genes in Escherichia coli 
(2). This system is unique in that it allows for the 
transformation of linear PCR products into E. coli cells 
(2). E. coli cells contain an intracellular exonuclease, 
exonuclease V of the RecBCD recombination complex, 
which normally degrades linear DNA (2).  

The low copy number plasmid pKD46 encodes the 
proteins necessary for stabilization of linear DNA in E. 
coli cells, as well as proteins necessary for homologous 
recombination between linear DNA and chromosomal 
DNA (2, 10). The Red system, present on plasmid 
pKD46, includes the genes , , and exo, which 
respectively encode products Gam, Bet, and Exo (2). 
Gam inhibits the RecBCD exonuclease V, while Bet 
and Exo promote recombination by attaching to the 
linear DNA ends (2). These genes are under the control 
of an inducible promoter, which is activated by L-
arabinose (2).  

Inactivation of the chromosomal gene occurs 
through replacement of that gene with an antibiotic 
resistance marker (2). Primers used in PCR 
amplifications of antibiotic resistance markers must 
contain nucleotide extensions that are homologous to 
regions on the gene that will be disrupted (2). The Red 
Recombinase system will allow for homologous 

recombination between the homologous primer 
extensions and the chromosomal gene (2). Cells 
containing inactivated genes can be selected for based 
on antibiotic resistance (2). 

In this investigation, we attempted to knock out the 
lacI gene of the lac operon using a PCR product 
encoding a kanamycin cassette flanked by 36nt 
extensions of the lacI gene. The lac operon encodes 
genes which allow for lactose metabolism (4). There 
are three structural genes in the operon: lacZ, lacY, and 
lacA. lacZ encodes the !-galactosidase enzyme, which 
cleaves lactose into glucose and galactose (4). lacY 
encodes a permease which allows transport of lactose 
into the cell, and lacA encodes a transacetylase which 
is not involved in lactose metabolism (4). The lacI gene 
encodes a repressor protein which binds to the operator 
of the operon, blocking transcription of lacZ, lacY, and 
lacA (4). The expression of the lac system can be 
induced using Isopropyl-!-D-thiogalactopyranoside 
(IPTG), which binds to the LacI protein and prevents 
its binding to the operator (4).    

Previous investigators have attempted to knock out 
the lacI gene using the Red Recombinase system, but 
have thus far been unsuccessful, as putative knockouts 
have demonstrated inducibility with IPTG (1, 6, 11). 
One investigator hypothesized that their PCR product 
(which encoded lacI homologous regions and a 
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kanamycin resistant cassette) was not inserting into the 
lacI gene due to the presence of Inverted Repeat 
Sequences present in the kanamycin cassette (1). These 
Inverted Repeat Sequences may have been homologous 
to other regions of the genome, and therefore 
homologous recombination may have occurred in a 
region distinct from lacI, or caused a transposition 
event which negated homologous recombination (1). In 
this investigation, we designed primers which excluded 
the Inverted Repeat Sequence, such that our PCR 
products would contain only the kanamycin gene and 
flanking 36nt regions homologous to lacI. If lacI was 
successfully deleted, we would expect constitutive 
expression of !-galactosidase. This would be indicated 
by insensitivity to IPTG, detected through an enzyme 
activity assay; and also indicated phenotypically, 
detected on solid media containing the chromogenic 
substrate 5-Bromo-4-chloro-3-indolyl !-D-
galactopyranoside (X-gal).  
 

MATERIALS AND METHODS 
 

Plasmids. Plasmid pACYC177 is 3941 bp, containing rep 
(plasmid replication), kan (kanamycin resistance), and bla (ampicillin 
resistance) (9). Plasmid pKD46 is 6329 bp, and contains the genes 
required for lambda red recombination technology (2). Plasmid 
pACYC177 was isolated from E. coli DH5" cells using the 
Invitrogen PureLink™ HQ Mini Plasmid Purification Kit (catalogue 
#: K2 100-01). Plasmid pKD46 was harboured within E. coli C29 
cells provided by the UBC Teaching Labs.  

Bacterial strains. Escherichia coli DH5" cells harbouring 
plasmid pACYC177 were grown in Luria-Bertani (LB: pH 6.95, 1% 
w/v NaCl, 0.5% yeast extract, 1% tryptone) broth containing a final 
working concentration of 50 #g/ml kanamycin. Cultures were 
incubated overnight at 37°C with rolling.  

Ethanol precipitation. Plasmid DNA isolated from pACYC177 
was ethanol precipitated using 0.1 vol of 3 M NaAc (pH 5.2) and 3 
vol of 95% ethanol. The solution was then incubated at -20°C for 10 
minutes. DNA was centrifuged at 11750 x g for 15 minutes before 
removing the supernatant. The DNA pellet was then rinsed with 70% 
ethanol, centrifuged at 11750 x g for 15 minutes, and cleared of 
supernatant. The DNA pellet was air-dried, then resuspended in 18.0 
uL of dH2O. 

Primers and PCR. The sequence of the forward primer (Lac-
Kan-F) used was 5’AGGGTGGTGAATGTGAAACCAGTAACGT 
TATACGATTTATGAGCCATATTCAACGG-3’. The forward 
primer had an approximated melting temperature of 67oC, a GC 
content of 41% and a length of 56 nucleotides. The forward primer 
was designed by hand to contain the first 12 nucleotides upstream 
from the E. coli K12 lacI gene, 24 nucleotides of lacI (1), and the 
first 20 nucleotides of the kanamycin resistance cassette contained in 
the pACYC177 plasmid.The sequence for the reverse primer (Lac-
Kan-R)  was 5’TCACTGCCCGCTTTCCAGTCGGGAAACCTGT 
CGTGCAACTCATCGAGCATCAAATG -3’. The reverse primer 
had an approximate melting temperature of 66oC, a GC content of 
56% and a length of 56 nucleotides. The reverse primer was designed 
by hand to contain the last 36 nucleotides of the E. coli K12 lacI gene 
(1) as well as the last 20 nucleotides of the kanamycin resistance 
cassette contained in the pACYC177 plasmid. Both forward and 
reverse primers were designed using software by Integrated DNA 
Technologies (IDT Inc. Coralville, IA). Sterile distilled water was 
added to both primers to a concentration of 100 #M. The following 
reagents were used to amplify the kanamycin resistance construct: 5.0 
#L 10x PCR buffer, 1.25 #L (10 mM) dNTP, 2.0 #L (50 mM) MgCl , 
2.0 #L of primer, 2.0 #L pACYC177 template DNA, 0.25 #L (5 

U/#L) Taq polymerase

2

, and 36.25 #L dH2O to a final volume of 
48.75 #L. A temperature gradient of 49.9-68.0oC was conducted to 
determine the optimum annealing temperature. The PCR reaction 
conditions used were an initial denaturation of 4 minutes at 95oC, 40 
cycles of 1 minute at 95oC, 1 minute at 49.9oC, 54.4oC, 59.2oC, 
63.9oC, 66.1oC or 68.0oC, followed by 1 minute at 72oC and a final 
extension of 10 minutes at 72oC. 

Preparation of electrocompetent cells. E. coli C29 cells, 
harbouring pKD46, were grown in 10 mL of LB broth containing a 
final working concentration of 100 #g/mL ampicillin. Cultures were 
incubated overnight at 37°C with shaking until a final OD600 of 0.70 
was reached. The broth culture of E. coli C29 cells was then 
centrifuged at 16000 x g for 2 minutes. The supernatant was 
discarded; the pellet was then resuspended in 1.5 mL of 10% 
glycerol, and centrifuged at 16000 x g for 2 minutes. The subsequent 
supernatant was discarded, and the pellet was resuspended in 1.5 mL 
of 10% glycerol, and centrifuged at 16000 x g for 2 minutes. Again, 
the supernatant was discarded, and the pellet was resuspended in 1.5 
mL of 10% glycerol, and centrifuged at 16000 x g for 2 minutes. The 
final E. coli C29 pellet was resuspended in 40 #L of 10% glycerol. 
The cells were flash frozen and stored at -80°C until further use. 

Transformation. Forty microliters of electrocompetent AmpR E. 
coli C29 cells were combined with 2 #L of PCR product within the 
BIO-RAD 0.2 cm cuvette (catalogue #: 165-2086). Using the BIO-
RAD MicroPulser, cells were pulsed at 2.5 kV for 1 second (program 
EC2). Immediately after pulsing, 0.96 uL of LB was added, and then 
cells were incubated for 1.5 hours at 37°C on a shaking platform. 
Additional independent transformations were completed using 40 #L 
of electrocompetent AmpR E. coli C29 cells and 2 #L of sterile 
distilled water as a negative control. Successful transformations were 
selected by spreading either 20 #L, 100 #L or 200 #L of each 
electroporated sample on solid LB, LB with kanamycin (50 #g/mL), 
LB with kanamycin (50 #g/mL) and X-gal (1 #L/mL), or LB with 
kanamycin (50 #g/mL), X-gal (1 #L/mL), and isopropyl-!-D-
Thiogalactopyranoside (IPTG) (1 mM). Plates were incubated 
overnight at 37°C. 

! -galactosidase assay.  ! – galactosidase productivity and 
activity was assessed using the protocols outlined by W.D. Ramey 
(8). White colonies from LB, LB-kanamycin plates, and blue colonies 
from LB-kanamycin + X-gal, and LB-kanamycin + X-gal + IPTG 
plates were each incubated with aeration at 37°C overnight in 3 mL 
of LB broth. E. coli C29 cells (positive control) were also inoculated 
under the same conditions. All cultures were then diluted to an OD420 
of 0.15 in 3 mL fresh LB + IPTG and incubated at 37°C for 2 hours. 
After which, each culture was mixed with 200 #L of toluene, then 
vortexed thoroughly for 30 seconds. The toluene was then allowed to 
separate into a distinct phase and 0.4 mL of the cell extract was 
removed from the bottom phase. These cell extracts were then mixed 
with 1.2 mL Tris buffer and 0.2 mL o-nitrophenyl-!-D-
galactopyranoside (ONPG) (5 mM). The reaction was carried out in a 
27°C water bath, and stopped by the addition of 2 mL Na2CO3 (0.6 
M). The time for the reaction and the final absorbance reading at 420 
nm were recorded. 

 
RESULTS 

 
Plasmid pACYC177 was isolated from E. coli 

DH5" at a final concentration of 22 ug DNA/mL. The 
isolated plasmid concentration was too low to use for 
PCR and was thus subjected to ethanol precipitation to 
concentrate the sample to a final concentration of 104 
ug DNA/mL. 
 The optimal annealing temperature of the designed 
primers was found to be 63.9°C as indicated by the 
intensity and thickness of the band at the expected size 
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of 850 bp (Fig. 2). Aberrant PCR products with size of 
approximately 2.9 kb (Fig. 2) can also be observed. 
 Growth of E. coli C29 cells after transformation 
was observed on all LB, LB-kanamycin, LB-
kanamycin + X-gal and LB-kanamycin + X-gal + IPTG 
plates. Both the LB and LB-kan plates exhibited white 
colonies. The colonies grown on LB-kan + X-gal plates 
were light blue in colour, while the colonies grown on 
LB-kan + X-gal + IPTG plates were brilliant blue. Cells 
from a negative control experiment, subjected to a 
mock transformation reaction using water instead of 
PCR products, showed no growth on any plates 
containing kanamycin, but did exhibit growth on plain 
LB plates. 
 Cell lysates from LB cultures of single 
representative colonies selected from LB, LB-kan, LB-
kan + X-gal, and LB-kan + X-gal + IPTG plates grown 
in the presence and absence of the inducer IPTG were 
used to assay for !-galactosidase levels as previously 
described above. All cultures showed increased levels 
in !-galactosidase production when induced with IPTG 
(Fig. 1). The culture grown from a colony selected 
from a LB-kan + X-gal + IPTG plate showed no 
enzyme activity when not induced (no IPTG) (Fig. 1). 
 

0
10
20
30
40
50
60
70
80
90

A B C D E

Sample

En
zy

m
e 

ac
tiv

ity
 (m

un
its

/m
L)

(-) IPTG (+) IPTG  
 

FIG 1. Production of !-galactosidase from transformed cells 
isolated from plates containing LB-kan + X-gal (A), LB-kan (B), LB-
kan + X-gal + IPTG (C), LB (D), and E. coli C29 containing only 
pKD46 grown on LB (E).  
 

 
 

 
 

FIG 2.  Agarose Gel Electrophoresis (1%) of PCR products. 
Product A, a strong band in all reaction lanes of approximately 850 
bp, represents the desired Kanamycin resistance gene. Product B, a 
faint band approximately 2.9 kb in size, represents an aberrant PCR 
plasmid product. Temperatures indicate annealing temperature of 
PCR. The bands at the bottom of the gel indicate unused primers. 
 

DISCUSSION 
 

The results expected after successful deletion of 
lacI would be transformed cells that displayed non-
inducibility of the lac operon. Therefore, growth of 
successful mutants in the presence or absence of the 
inducer IPTG should not make any difference in the 
expression levels of !-galactosidase. This can be 
measured both quantitatively, through ONPG assays 
which measure !-galactosidase enzyme activity, and 
qualitatively through blue/white screening on plates 
containing X-gal. 
 As indicated in the results, transformed E. coli C29 
cells displayed a light blue colour when grown on LB 
plates in the absence of IPTG, and a brilliant blue color 
in the presence of IPTG. Additionally, the results from 
the ONPG assay (Fig. 1) show dramatically increased 
enzyme activity levels when cells are grown in the 
presence of IPTG. As differences in !-galactosidase 
enzyme activity are a reflection of differences in the 
level of transcriptional expression of lacZ, these results 
strongly suggest the retention of inducibility and that 
we were unsuccessful in deleting the lacI gene, despite 
the use of the new primers initially hypothesized to 
allow for site-specific recombination. The reason 
colonies grown in the absence of IPTG (with X-gal) 
produced a light blue color is because the lac operon is 
considered to be a ‘leaky’ one, which can allow low 
levels of gene expression to take place even under non-
inducing conditions (4). This leakiness of expression is 
also reflected in the low enzyme activity levels detected 
by the ONPG assay (Fig. 1) for uninduced cells. 

As the ONPG assay results (Fig. 1) show, all 
cultures set up from plates with putative transformants 
showed inducibility, since there were dramatic 
increases in !-galactosidase enzyme activity upon 
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IPTG induction compared to the uninduced cultures. 
The minute levels of enzyme activity detected in 
uninduced samples are a reflection of the leakiness of 
the lac operon, as described above. However, the 
uninduced cells obtained from the LB-kan + X-gal + 
IPTG (Sample C on Fig. 1) showed no enzyme activity. 
This is not considered to be anomalous since the 
difference between this result and the results for the 
other uninduced samples is minimal and likely 
negligible. It is quite possible that in this particular 
sample of uninduced cells, the leaky expression of the 
operon was undetectable using this particular assay. 

Upon further research into the scientific literature 
on the use of the Lambda Red Recombinase system (2, 
3, 5, 10) we discovered that the previous investigators 
have not been following the required protocol for this 
system. The Red Recombinase genes on the pKD46 
plasmid are under the control of an L-arabinose 
inducible promoter; therefore L-arabinose must be 
added to growth media for cells intended for use in 
transformation (2). 
The previous experimenter (1), on whose manuscript 
we based the majority of our experimental protocol 
(with the only notable modification being the change in 
primer sequence), had not indicated that L-arabinose 
was a prerequisite for the induction of the Red 
Recombinase genes, and likely had not been aware of 
this requirement. This would be the primary reason for 
the failure of our own and previous groups’ attempts. 
 As evidenced by the agarose gel electrophoresis 
results (Fig 3), our PCR reactions successfully 
generated kanamycin resistance cassette amplicons of 
the expected size (~850 bp). In addition, the cells that 
were subjected to the transformation protocol, despite 
being grown in the absence of L-arabinose, did 
successfully receive kanamycin resistance encoding 
DNA. However, since L-arabinose induced expression 
of Red Recombinase genes on pKD46 did not take 
place, it is reasonable to assume that the linear 850bp 
amplicons were degraded upon entry into transformed 
cells through the action of the endogenous RecBCD 
exonuclease V.   
 Further literature research (2) on the Lambda Red 
Recombinase system has shown that the template 
plasmid used for PCR reactions (prior to transformation 
of cells with the PCR products) should have a specific 
origin of replication called oriR!, which requires the 
trans-acting $ protein for replication (7). Plasmid 
templates without this specific ORI (9), such as 
pACYC177, have been demonstrated to yield aberrant 
PCR products in the form of small plasmids containing 
the target gene, in this instance kanamycin resistance 
(2). The results from the agarose gel electrophoresis 
indicate anomalous bands at approximately 2.9 kb (Fig. 
2), which likely correspond to the abovementioned 
aberrant PCR products. The electrocompetent cells 

exposed to the PCR products in the transformation 
protocol would consequently acquire these aberrant 
PCR products along with any other linear products 
produced. However, as previously mentioned, circular 
PCR products would resist degradation by the host 
exonuclease activity in the absence of the required Red 
Recombinase proteins while linear products would not. 
This explains why our transformed cells became 
resistant to kanamycin despite the fact that L-arabinose, 
a vital component of the mutagenesis system, was 
lacking. It is likely that the aberrant PCR plasmid has 
integrated somewhere in the E. coli chromosome, 
placing the kanamycin resistance cassette downstream 
of an active promoter. 
 In light of the requirements of the Lambda Red 
Recombinase system, it is clear that attempts to use this 
system to systematically delete lacI have failed due to 
unintended omission of L-arabinose induction of the 
crucial Red Recombinase genes. In addition, for this 
experiment to work optimally, PCR template plasmid 
should contain the oriR! origin of replication. The 
initial hypothesis regarding the interference of IR 
sequences within amplified kanamycin resistance 
cassette in the specific deletion of lacI remains 
unaddressed at this point due to the more 
overwhelming experimental deficiencies.  
 

FUTURE EXPERIMENTS 
 

In order to use the Red Recombinase system to 
delete lacI it is imperative that the genes encoded on 
the pKD46 plasmid are expressed by the E. coli cells 
transformed with the PCR products. This would allow 
for expression of the Gam protein that would stabilize 
the linear PCR products transformed into the cells. 
However, the expression of the genes requires 
induction by L-arabinose (2), and therefore the future 
experiment would be to add L-arabinose to cells before 
they are made electrocompetent.  
 In order to test the validity of our initial hypothesis 
regarding IR sequences it is advisable to perform the 
above experiment in parallel, once using our primers 
and once using primers designed by Manpreet Cheema 
(1). This would indicate whether IR sequences flanking 
the kanamycin resistance cassette play any role in the 
efficacy of the homologous recombination process. 
 As a secondary modification, the developers of the 
Red Recombinase system (2) suggest that template 
plasmids used for amplification of the antibiotic 
resistance gene have the specific origin of replication 
called oriR!. This is understood to reduce the 
occurrence of aberrant circularized PCR products and 
optimize the specificity of the PCR reaction and the 
downstream transformants. 
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D.T. Suzuki, and J.H. Miller. 2005. Discovery of the lac system of 
negative control, p. 307. In Introduction to genetic analysis, 8th ed. 
W.H. Freeman and Company, New York, NY. 
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