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Stringent response, a form of cellular reprograming when encountering environmental 
stress, has been link to several physiological changes in Escherichia coli cells. The effector 
molecules that activate the stringent response, (p)ppGpp, are made by relA and spoT. These two 
genes regulate the accumulation of ppGpp through synthesis and hydrolysis.  In this study, we 
utilized the lambda red recombinase system, a site-specific mutagenesis method, to knock out 
spoT in E. coli strain JW2755, which already had a deletion in relA. The JW2755 strain was first 
transformed with the plasmid, pCP20, to remove the kanamycin resistance, then again 
transformed with the plasmid pkD46 to introduce the lambda red recombinase system. The 
PCR product with sequence homology to the spoT gene and a kanamycin resistance marker was 
then transformed into the JW2755 strain. Evidence suggests that all transformations were 
successful. The final strains containing relA and spoT deletions were checked with PCR, and 
confirmed to have the correct recombination.  

	  
	  

Bacterial cells activate stringent response when 
environmental stress is detected. Environmental stress 
such as amino acid starvation triggers physiological 
reprograming to make appropriate adjustment to ensure 
the survival of the cell (9).  During amino acid 
starvation, tRNAs without an attached amino acid 
accumulate and bind to the A site of ribosomes causing 
ribosomal action to stall (10). This activates a signalling 
pathway that leads to the production of effector 
nucleotides; guanosine-3’, 5’-tetraphosphate (ppGpp) 
and guanosine-3’, 5’ pentaphosphate (pppGpp) (1, 10).  
Activation of stringent response has been linked to a 
reduction in RNA synthesis and also physiological 
changes to the cell surface resulting in exclusion of 
antibiotics outside of the cell (4, 5, 6, 7). Previous work 
by Cheng et al. reported that the stringent response 
induced through exposure to sub-lethal antibiotic 
concentration conferred low level antibiotic resistance 
in Escherichia coli (5).   

The function of RelA is to initiate the stringent 
response through the conversion of GTP and ATP into 
(p)ppGpp by addition of pyrophosphates (10). Another 
protein capable of producing ppGpp and contributes to 
the stringent response is SpoT, also a RSH family 
protein (1). In E. coli, the main function of SpoT is 
hydrolyses of pppGpp, however, synthase activity, 
similar to RelA is also present (11). In cases where relA 
is deleted, E. coli can still produce ppGpp through 
SpoT synthesis activity (1, 11). Cheng et al. were not 
able to eliminate (p)ppGpp production using relA 
mutant, thus was not able to determine the absolute 

relationship between (p)ppGpp and the stringent 
response.  To test the full effect of ppGpp and the 
stringent response on physiological functions it is 
essential to use an E. coli strain with both relA and spoT 
deletions. 

The lambda red recombinase system is a site-
specific mutagenesis method developed by Datsenko 
and Wanner (8).  This method accurately deletes genes 
through the recombination of a PCR product with the 
target gene; red recombinase replaces the target gene 
with the PCR product (2, 8). Through this method, 
Baba et al. have been able to create a collection of K12 
non-essential gene knocked out strains known as the 
Keio Collection (2).  Despite having spoT knockout 
strains in the Coli Genetic Stock Center, these strains 
also contain other mutations which impose constrains 
on further observations. Thus, application of lambda 
red recombinase system to delete spoT in a relA 
knockout strain was required to create a new double 
mutant for further testing of the stringent response.  

Application of the lambda red recombinase system 
to inactivate non-essential genes in E. coli strains has 
been successful in the UBC Microbiology laboratory. 
Beamish et al. were able to inactive lacI in three E. coli 
strains through improving aspects of experiments done 
by previous UBC Microbiology laboratory experiments 
(3). Despite previous success, and confirmation that 
both spoT and relA are non-essential genes but Xiao et 
al. indicated that the double deletion hindered bacteria 
growth and even led to lethality (14). However, the 
method of deletion used by Xiao et al. depended on 



Journal of Experimental Microbiology and Immunology (JEMI)    Vol. 16: 96 – 100 
Copyright © April 2012, M&I UBC 
	  

single independent mutations. By creating a double 
mutant, it is possible to visualize the full effect of 
stringent response through complete elimination of 
(p)ppGpp. 

 
MATERIALS AND METHODS 

 
Bacterial strains and culture conditions. Escherichia coli 

strain JW2755 was obtained from Yale University Coli Genetic Stock 
Collection and MG1655/pKD46, DH5α/pACYC177 were obtained 
from the University of British Columbia MICB421 collection (Table 
1). pCP20 plasmid was obtained from UBC MICB 421 collection, 
previously extracted from the BT340 strain using PureLink Quick 
Plasmid MidiPrep Kit (Invitrogen, Carlsdad, CA). E. coli strain 
MG1655/pKD46 and DH5α/pACYC177 were grown at 30°C in 
sterile Luria Bertani (LB) media (1% tryptone, 0.5% yeast extract, 
and 1% NaCl) overnight with aeration at 150 rpm. The 
MG1655/pKD46 strain was grown for obtaining pKD46 through 
PureLink Quick Plasmid MidiPrep Kit, and thus was grown with 
added ampicillin (Sigma, St. Louis, MO) at 50 µg/ml. pACYC177 
was obtained from E. coli strain DH5α/pACYC177 grown in regular 
LB media. E. coli strain JW2755 was grown in LB media with 
kanamycin (50 µg/ml) at 30°C with aeration at 150 rpm.   

Plasmids. pCP20, extracted from E. coli strain BT340, contains 
ampicillin resistance (Table 1). It was used to excise the kanamycin 
resistance gene in JW2755. After transformation, the strain was gown 
at 40°C to remove the pCP20 plasmid, and revert back to ampicillin 
sensitive again.  

The multi-copy pACYC177 was used as a template for PCR 
amplification of kanamycin gene. The 3920 bp plasmid contained 
both ampicillin and kanamycin resistant genes (Table 1). pkD46 was 
a temperature sensitive plasmid encoding Lambda Red genes (exo, 
beta, gamma) for recombination (3). Due to its temperature 
sensitivity, and presence of an ampicillin resistance gene, curing 40°C 
was done to revert the strain back to being ampicillin sensitive.  

Plasmid extraction. Strains of E. coli containing the plasmids 
were grown in 25 ml LB over night at 30o C with aeration at 150 rpm. 
Plasmids were isolated using PureLink Quick Plasmid MidiPrep Kit 
(Invitrogen, Carlsdad, CA), and precipitated using ethanol 
precipitation outlined in the manufacturer’s protocol. Plasmids that 
were too dilute were dried in an Eppendorf vacufuge and re-
suspended to an appropriate concentration.  

PCR amplification. PCR was performed to amplify the 
kanamycin gene and confirm the deletion of spoT. To amplify the 
kanamycin gene, 1 set of primer was designed with 30 bp of the spoT 

sequence followed by 33 bp of FLP sequence, then finally 17 bp of 
kanamycin sequence corresponding to the kanamycin sequence on 
pACYC177 (table 2). Primers were used for checking the correct 
deletion of spoT, containing the sequence from the upstream rpoZ 
gene, and the downstream trmH gene (Table 2). Presence of the 
correct recombination product yields a 966 BP band; incorrect or no 
recombination will yield a band of 2230 bp.  The PCR mix contained 
1X PCR buffer, 0.3 mM dNTP, 2.5 mM MgCl, 0.2 µM forward 
primers, 0.2 µM reverse primers, 1.25 U Taq polymerase, and 
distilled water (Fermentas, Burlington, Ontario, Canada). The PCR 
condition included 5 minutes at 95°C; 35 cycles of 45 seconds at 
94°C, 30 seconds at 65°C, and 92 seconds at 72°C; and lastly final 
extension of 10 minutes at 72°C. PCR products were run on 1% 
agarose gel at 100 V for approximately 1 hour and 20 minutes then 
viewed under ultra-violet light. 

Preparation of electrocompetent cells. Electrocompetent cells 
were required for transformation of pCP20, pKD46 and kanamycin 
PCR product into the JW2755 strain. Preparations for 
electrocompetent cells for all three transformations were identical. 3 
ml of LB were inoculated with well isolated colonies of the JW2755 
strain and grown overnight at 30°C, shaking at 150 rpm. Next day, 20 
ml of LB were inoculated with 2 ml of the overnight culture. The 
culture was then grown at 30°C with aeration at 150 rpm until OD600 
of ~0.4. The culture was then chilled on ice for 30 minutes then 
transferred to a pre-chilled Oakridge Tube for centrifugation at 4000 
rpm for 5 minutes at 4°C. The supernatant was then discarded, and 
the cell pallet washed with ice cold sterile water. After washing, cell 
pellet was re-suspended in 10% ice cold glycerol. The suspension was 
then centrifuged again at 4000 rpm for 5 minutes at 4°C. After 
centrifugation, the supernatant was discarded and the pellet 
resuspended in 1 ml of ice cold 10% glycerol. 200 µl aliquots were 
separately frozen at -80°C for later use.  

Transformation. Competent cells stored at -80o C were kept on 
ice until half thawed prior to mixing with DNA. 40 µl of competent 
cells were premixed with 50 µg of DNA and left on ice for another 15 
minutes. The mixture was then transferred into a pre-chilled 0.2 cm 
electroporation cuvette (BioRad, CA, USA) and left on ice for an 
additional 15 minutes. Electroporation was done once at 2.5 kV with 
the BioRad GenePulser (BioRad MicroPulser, BioRad, CA, USA) 
with a time constant under 10 milliseconds. Immediately after 
electroporation, 1 ml of LB was used to rinse the electroporated 
content out of the cuvette into a sterile test tube and incubated at 30°C 
for 2 hours with aeration at 150 rpm for recovery. After 2 hours, 100 
µl and 300 µl of transformants were spread onto LB agar plate with 
50 µg/ml of ampicillin or kanamycin for screening.  

 
 

TABLE 1: Escherichia coli strains and plasmids used for the construction of relA and spoT mutant. 
Strains and plasmids Strain characteristics Source 

JW 2755-3 Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, ΔrelA782::kan, rph-1, Δ(rhaD-
rhaB)568, hsdR514 

Coli Genetic Stock 
Center   

DL11W-1 Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, ΔrelA782, rph-1, Δ(rhaD-rhaB)568, hsdR514, 
pCP20 

MICB 421 culture 
Collection 

DL11W-2 Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, ΔrelA782, rph-1, Δ(rhaD-rhaB)568, hsdR515, 
pKD46 

MICB 421 Culture 
Collection 

DL11W-3 Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, ΔrelA782, rph-1, Δ(rhaD-rhaB)568, hsdR515, 
amp, Red recombinase,pKD46, Δ spoT, 

MICB 421 Culture 
Collection 

MG1655/pKD46 LAM-: rph-1 Coli Genetic Stock 
Center   

DH5α/pACYC177 DE(argF-lac)169; phi80dlacZ58(M15); glnV44(AS); LAM-; rfbC1; gyrA96(NalR); recA1; 
endA1; spoT1; thi-1; hsdR17 

MICB 421 Culture 
Collection 

pCP20 ts-rep, [cI857](λ)(ts), bla(ApR), cat, [FLP] Coli Genetic Stock 
Center   
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RESULTS 

 
Plasmid pACYC177 was isolated from DH5α 

strain at a concentration of 66 ng/µl. The PCR 
amplification of the kanamycin gene using pACYC177 
was successful, and expected the product of 902 bp was 
observed on an agarose gel. PCR product was estimated 
to be at a concentration of 100 ng/ul, through 
comparison with DNA markers. pKD46 was initially 
isolated from E. coli strain MG1655/pKD46 with a 
concentration of 23 ng/ul. After vacuum centrifugation 
the concentration was increased to 55 ng/ul.  

E. coli strain JW2755 was successfully made 
electro-competent and transformed with pCP20. Time 
constants for the electroporation were 6.5 ms and 6.6 
ms. Two lines of evidence confirmed the transformation 
of pCP20. Transformants grew on ampicillin containing 
media at 30°C but not at 40°C. The temperature 
sensitive ampicillin resistance phenotype confirmed the 
successfully introduction of pCP20 in the cell and 
subsequent curing of the plasmid at 40°C. Furthermore, 
transformants were no longer resistant to kanamycin 
(50ug/ml), confirming Flp activity in removing 
kanamycin gene.  

The JW2755 (DL11W-1) was made electro-
competent and transformed with pKD46. The time 
constants for the electroporation were 5.5 ms, 5.5 ms 
and 5.4 ms. Numerous transformation attempts were 
made and only 11 colonies were observed on 2 of the 8 
plates. However, four colonies that showed ampicillin 
resistance phenotype were all cured of the pKD46 
plasmid at 40°C. For additional assurance, plasmid was 
isolated from JW2755 (DL11W-2) to confirm the 
presence of the plasmid. Isolated plasmid product was 
run on an agarose gel, and the product size 10247 bp 

was consistent with the presence of pKD46 in JW2755 
(Fig.1).  

Electro-competent JW2755 (DL11W-2) cells were 
made and transformed with the kanamycin PCR 
product. Transformations had time constants of 7.7 ms 
and 5.6 ms. No colonies were observed on kanamycin 
plates after 24 hours at 30°C. However, colonies 
became visible at 36 hours. Isolated colonies were then 
re-streaked and incubated at 40°C.  No colonies were 
observed on kanamycin plates incubated at 40°C even 
after 48 hours. 7 out of 10 colonies incubated at 30°C 

showed both ampicillin and kanamycin resistance. To 
further ensure the correct recombination of the PCR 

TABLE  2: Primer Sequence used for amplification of kanamycin gene and verification of correct Lambda Red Recombination. 
Primer ID  Description  Nucleotide Sequence (5'-3') 
#1 spoT primer with Kanamycin homology sequence  for 

pACYC177 plasmid (left).    
 Spot Sequence-FLP sequence-Kanamycin 

*tgctgaaggtcgtcgttaatcacaaagcgg-
TGAAGTTCCTATACTTTCTAGAGAATAGGAACTTC-
AGCCATATTCAACGGG 

#2 spoT Primer with Kanamycin homology sequence for 
pAcyc177 plasmid (right).      
 Spot Sequence-FLP sequence-Kanamycin 

*gtgttgggttcataaaacattaatttcggt-
GAAGTTCCTATTCTCTAGAAAGTATAGGAACTTCA-
TTAGAAAAACTCATCGAC 

#3 rpoZ primer (left) CCGTTTTGACCTGGTACTGG 

#4 trmH primer (right) AGATGGGTTGCCAGAATCTG 

* Primer was designed with 30 bp of the spoT sequence (lower case) followed by 33 bp of FLP sequence (black), then finally 17 bp of 
kanamycin sequence (black italics) corresponding to the kanamycin sequence on pACYC177	  

	  

	  
	  

FIG. 1. Presence of band at 10247 bp confirming pKD46 
transformation. Numbers to the left of the gel are the size in bp 
for the DNA markers.  Lane A contains pKD46 isolated from 
transformed JW2755. Lane B contains pKD46 (10247 bp) 
isolated from MG1655. Lane C contains Fermentas 1 kb DNA 
ladder.	  
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product with spoT, 7 colony PCR were performed. The 
PCR product of approximately 1000 bp, close to the 
expected size of 966 bp, was observed for 3 of the 
colonies picked (Fig. 2). The other four colonies PCR 
showed 2 products at ~1000 bp and 2230 bp (Fig.  2).  

 
DISCUSSION 

 
The absence of a proper relA, spoT double mutant 

in the Yale University Coli Genome Collection meant 
the strain had to be self-produced. relA and spoT double 
mutants could be obtained in two ways; deletion of relA 
in an existing spoT knocked out strain, or deletion of 
spoT in an existing relA knocked out strain. Creation of 
the desired double mutant using existing relA knocked 
out mutant, and subsequent deletion of spoT was done 
for two major reasons. First, it has been reported by 
Xiao et al. that deletion of spoT lead to extremely slow 
growth in relA1 strain and lethality in relA+ strain due 
to the accumulation of excess ppGpp (14). spoT has 
been known to regulate ppGpp accumulation by 
controlling the rate of degradation, thus, without tight 
regulation cell excess ppGpp can affect cell function 
(9,11). By knocking out spoT in a relA mutant, 
accumulation of ppGpp in cells will be minimal, and 
any remaining ppGpp synthesized by spoT will have 
minor effect on the growth of cells.  

Second reason is the characteristics of the relA 
mutant strain, JW2755. The parental strain, BW25113, 
was originally used by Baba et al. to create the Keio 
Collection (2). Thus, JW2755 is accurately annotated, 
and well characterized (2). The predictable traits of the 
strain allow for easy PCR, electroporation and Lambda 
Red Recombination. Also, the presence of the 
kanamycin gene in the location of the deleted relA gene 
can be used as a selection marker for easy screening.  

Following the transformation protocol by Beamish 
et al. (3), and Chiang et al. (5) produced a few 
challenges. JW2755 transformed with pKD46 did not 
show any growth on ampicillin plate (50 µg/ml) for the 
first 24 hours. However, growth was observed after 36 
hours, and subsequently confirmed to be the correct 
transformants.  The delay in growth might have been 
the result of the electroporation parameter, which might 
have weakened the cells. Also, pKD46 plasmid is 
sensitive to temperature at 40°C, therefore, cells were 
incubated at 30°C instead of the regular 37°C. This 
might have delayed the growth of cells both in the 
recovery phase and growth phase.  To eliminate this 
problem, transformants should experience extended 
recovery phase after electroporation prior to plating on 
ampicillin plates to ensure adequate recovery.  

To check whether correct recombination occurred, 
colony PCRs were done on 7 isolated colonies. Out of 
the 7 colonies, 4 showed two bands at ~ 2230 bp and 
~1000 bp (Fig. 3). The presence of 2 bands was because 
the cells in the 4 colonies were not isogenic. The 
presences of transformed cells, which were kanamycin 
resistant, secreted aminophosphotransferase (APH), 
giving surrounding non transformed cells resistance. 
The two bands were the result of two different cell 
types in the PCR reaction. Colonies showing only one 
band at 1000 bp were frozen for future experiments.  

While the transformation protocol used by 
Beamish et al. (3). was able to produce transformants, 
minor adjustments in this experiments further optimized 
the results. The adjustments included the quantity of 
electrocompetent cells and DNA. Instead of mixing 50 
µl of electro-competent cells with 2 µl of DNA, 40 µl of 
electrocompetent cells were mixed with 500 µg (5 µl) 
of DNA. The increased amount of DNA yielded close 
to 2 times more isolated colonies (results not shown). 
The other adjustment was the incubation time of DNA 
with electrocompetent cells prior to electroporation. 
Instead of 1 minute of incubation on ice, the improved 
protocol involved premixing the DNA with electro-
competent cells in Eppendorf tubes, then transferring 
the mix to 0.2 cm electroporation cuvette for an 
additional 15 minutes of incubation on ice. The 

	  

FIG. 2. Confirmation of correct Lambda Red Recombination 
in deleting spoT.  Lane A contains DNA markers with size 
marked in bp. Lane B-H contain colony PCR products. Three out 
of 7 colony PCRs showed the correct band size at ~1000 bp 
confirming the deletion of spoT. 	  



Journal of Experimental Microbiology and Immunology (JEMI)    Vol. 16: 96 – 100 
Copyright © April 2012, M&I UBC 
	  

increased incubation period also yielded an increased 
number of isolated colonies.  

Through application of the lambda red 
recombinase system, and checking the final desired 
strain with PCR, we have successfully created a relA, 
spoT double mutant suitable for testing the effect of 
ppGpp on stringent response.  

 
FUTURE DIRECTIONS 

 
With the successful creation of the relA spoT 

double mutant, future experiments can be carried out to 
elucidate the effect of ppGpp on stringent response in E. 
coli. Specifically, the survival rate of E. coli with active 
and inactive stringent response can be fully visualized. 
In continuation of Cheng et al’s paper (5), the degree of 
kanamycin resistance due to activation of stringent 
response can be compared between isogenic wild-type, 
relA, and relA/spoT mutants.  
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FIG. 3. Negative Control with no spoT deletion.  Numbers to 
the left of the gel are the size in bp for the DNA markers.  Lane A 
and C contain the DNA markers.  Lane B, C and D contain colony 
PCR products of JW2755 prior to transformation. Presence of 
spoT yield bands at 2230 bp.	  


