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Stringency is produced in response to stress in bacteria. The stringent response results in 
the global transcriptional down-regulation of genes required for rapid growth and up-
regulation of the genes for amino acid biosynthesis. Past reports have demonstrated that 
heat shock-inducing antibiotics such as kanamycin and streptomycin induce a stringent 
response, while cold shock-inducing antibiotics such as chloramphenicol and erythromycin 
induce a relaxed response. Also, sub-inhibitory levels of chloramphenicol increase the 
replication of pBR322, a common Escherichia coli plasmid cloning vector. Since the 
replication of pBR322 is stimulated under the relaxed condition yet inhibited under the 
stringent condition, this study attempted to address whether antibiotics which elicit the 
stringent or the relaxed response would cause a decrease or an increase in the ratio of 
plasmid copy numbers to genomic DNA numbers (PCN), respectively. Kanamycin, 
streptomycin, chloramphenicol and erythromycin were used individually for the treatment 
in E. coli DH5α. Turbidity and PCN were determined at four time points; a control without 
antibiotics was set up. It was expected that kanamycin and streptomycin would produce 
lower PCN than chloramphenicol and erythromycin. However, the results indicated that 
antibiotics that elicit the stringent or relaxed response did not lead to a decreased or an 
increased PCN, respectively. No correlation was observed between the types of antibiotics 
and the PCN. A partial stringency, the recovery of the plasmid DNA and the natures of 
antibiotics are possible explanations. 

 
 

  
Stringency is produced in response to stress in 

bacteria (7). The stringent response results in the global 
transcriptional down-regulation of genes required for 
rapid growth and stable RNA synthesis, while the genes 
for amino acid biosynthesis are up-regulated (7).  The 
synthesis of pBR322, a commonly-used plasmid 
cloning vector, is stimulated under the relaxed 
condition yet inhibited under the stringent condition in 
Escherichia coli in a RelA-dependent manner (4, 11). 
The replication of plasmid DNA is negatively 
controlled by the relA+ allele, which results in the 
down-regulation of the Rop (replication of plasmid) 
protein (11, 12).  Specifically, the stringent response is 
produced in response to stalled ribosomes as a result of 
the occupation of the ribosomal A site by uncharged 
tRNA during amino acid deficient growth conditions; 
this leads to the production of the signaling molecule 
guanosine tetraphosphate (ppGpp) by the ribosomal 
factor RelA (7). E. coli normally have 30 to 70 copies 
of pBR322 per cell (14).  pBR322 replication is 
regulated by the ratio of its self-encoded primers RNA I 
and RNA II; RNA II is the initiation primer, which is 
inhibited by base-pairing to RNA I (2).  The plasmid-
encoded protein Rop also contributes to pBR322 
replication by stabilizing the RNA I/II complex (2, 12). 

Antibiotics such as chloramphenicol and 
erythromycin bind to the 50S ribosomal subunit to 
prevent the aminoacyl-tRNA from exiting the A site of 
the ribosomal complex; therefore, it is possible these 
antibiotics elicit the relaxed response by stalling the 
ribosomes, with a charged A-site and a charged P-site 
that eliminate the signal forl the production of ppGpp 
by RelA (15).  Since these bacteriostatic antibiotics 
also inhibit protein synthesis, they prevent the initiation 
of chromosomal DNA replication, and, as a result, cell 
division (13).   

Different types of bacteriostatic antibiotics which 
inhibit protein synthesis can induce either a heat or cold 
shock response protein expression profile, according to 
protein analyses using two-dimensional gel 
electrophoresis (15). For example, streptomycin and 
kanamycin induce protein expression patterns similar to 
those of the heat shock response, whereas 
chloramphenicol and erythromycin stimulate the cold 
shock response (1, 10, 15). Furthermore, heat shock-
inducing antibiotics have been shown to elicit a 
stringent response while cold shock-inducing 
antibiotics can elicit a relaxed response (15). For 
instance, chloramphenicol inhibits the production of 
ppGpp in E. coli, which would prevent the production 
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of a stringent response (9).  Kanamycin and 
streptomycin are aminoglycosides which bind the 30S 
ribosomal subunit to cause translational frameshift 
errors (6). Sub-inhibitory concentrations of 
chloramphenicol are known to increase the yield of 
pBR322 for generating higher plasmid copy numbers (3, 
8).  By increasing the plasmid copy number per cell, 
the initial purity of the plasmid can be increased due to 
the decreased protein and chromosomal DNA content 
(8); this can reduce the amount of resources needed 
downstream for the purification of plasmid DNA. If a 
relationship between the different classes of antibiotic 
and the ratios of plasmid copy numbers to genomic 
DNA numbers (PCN) can be established, then it may 
enable the prediction of a greater spectrum of 
antibiotics for this purpose, especially in the case where 
the plasmid of interest is resistant to chloramphenicol.  

In this experiment we used PCN to investigate 
whehter different classes of antibiotics, which have 
been proposed to induce either a stringent or relaxed 
response through RelA, lead to a change in PCN. We 
used E. coli DH5α cultures in logarithmic growth phase 
incubated in Luria-Bertani (LB) broth, each of which 
contains inhibitory concentrations of several antibiotics. 
We then sampled each culture at several time points for 
PCN quantification. The PCN was determined using 
real-time quantitative polymerase chain reaction (RT-
qPCR) in a method developed by Lee et al. (14).  It 
was expected that E. coli cultures that contained 
antibiotics such as streptomycin and kanamycin, which 
elicit the stringent response, would produce a lower 
PCN than cultures with chloramphenicol and 
erythromycin, which elicited the relaxed response. 

 
MATERIALS AND METHODS 

 
Bacterial culture & media preparation. E. coli DH5α was 

obtained from the UBC Department of Microbiology and 
Immunology and grown in Luria-Bertani (LB) media (10 g tryptone, 
5 g yeast extract (Difco Cat. #0127-01), 10 g NaCl, 2 g glucose per 
litre) at 37ºC with mild aeration (200 rpm) for all experiments. The 
cells hosted pBR322 plasmids. 

Antibiotic sensitivity assay. Antibiotic disc diffusion tests were 
performed on E. coli DH5α using kanamycin (soaked in Whatman 3 
filter paper; 20 mg/mL stock), 10 mg streptomycin (Difco Cat. 
#62303-90), 15 μg erythromycin (Becton, Dickinson and Company 
BBLTM Cat. #43-30793), 30 μg chloramphenicol (Difco Cat. #6133- 
89-1). Antibiotic discs were placed on LB agar plates streaked with E. 
coli DH5α and incubated overnight at 37ºC. 

Induction of stringent response in E. coli DH5α. E. coli DH5α 
was prepared using 20 ml of overnight culture in 140 ml of LB broth 
and incubated at 37ºC with aeration (200 rpm) until the optical 
density reached approximately 0.6 OD600. Twenty-five milliliters of 
this culture was split into each of five flasks and stringency was 
induced by adding one type of antibiotic at final concentrations: A= 
control without antibiotic, B= 100 μg/ml kanamycin-sulfate (Gibco 
Cat. #11815-024), C= 144 μg/ml chloramphenicol (prepared in 100 % 
ethanol; Sigma #C-70378), D= 100 μg/ml streptomycin-sulfate 
(Sigma Cat. #S6501-50G), and E= 160 μg/ml erythromycin (prepared 
in 100 % ethanol; Sigma Cat. #E5389). All five flasks were incubated 
at 37ºC with aeration (200 rpm), with samples removed at 0, 10, 70 

and 130 minutes. At each time point, 3 ml of sample was removed 
from each flask for turbidity measurement and another 2 ml was 
collected, centrifuged for 1 minute at 13,200 rpm and subsequently 
stored at -20ºC before cell breakage. 

Cell breakage and DNA extraction. Each pellet was resuspended 
in 400 μl of 50 mM Tris/50 mM EDTA, pH 8.0 and vortexed gently. 
Cells were lysed by adding 8 μl of 50 mg/ml lysozyme (Sigma Cat. 
#L-6876) solution prepared in TE and incubated at 37°C for 15 
minutes. Four microliters of 10 % SDS and 8 μl of 20 mg/ml 
proteinase K (USB Cat. #76230Y) solution was added followed by 
vigorous vortexing. The mixture was incubated at 50°C for 30 
minutes to allow digestion of cellular proteins. Proteinase K was then 
deactivated by heating at 75°C for 10 minutes. RNA was removed by 
adding 2 μl of 10 mg/ml RNaseA (10mg/ml stock, Fermentas Cat. 
#EN0531) solution, and then incubating at 37°C for 15 minutes. Total 
DNA was extracted by adding 425 μl of phenol:chloroform alcohol 
(25:24) and then vortexing the tube vigorously, intermittently for 20 
seconds. The tube was microfuged for 5 minutes at 10,000 rpm at 4°C. 
The upper aqueous phase was transferred to a fresh microcentrifuge 
tube with a wide-opening pipet tip (a regular tip cut about 0.5 cm 
from the end with a clean razor blade). Total DNA was further 
extracted by adding 400 μl of chloroform, vortexing the tube 
vigorously and intermittently for 20 seconds, and then microfuging 
the tube for 5 minutes at 10,000 rpm, 4°C. The upper aqueous phase 
was transferred to a fresh microcentrifuge tube using a wide-opening 
pipet tip and the content of the tube was sedimented for 5 minutes at 
10,000 rpm, 4°C. One volume of 100 % ethanol was added and 
vortexed to further purify DNA. Total DNA was precipitated at room 
temperature overnight. One volume of 70 % ethanol was used to wash. 
The tubes were left open to let ethanol evaporate for 10 minutes and 
then rehydrated in one volume of deionised water at 65 °C for 1 hour. 

Real-time quantitative PCR (RT-qPCR). Two primer sets 
(Integrated DNA Technologies) were used: one specific for the 
single-copy plasmid β-lactamase bla gene and the other specific for 
genomic 16S rRNA Xlf gene encoded by 7 loci. Two reactions were 
set up for each sample with one containing the genomic primer set 
(forward: XIf CCG GAT TGG AGT CTG CAA CT; reverse: XIr 
GTG GCA TTC TGA TCC ACG ATT AC); and the other with 
pBR322 plasmid primer set (forward: bla1f GTA TGC GGC GAC 
CGA GTT; reverse: bla1r GCT ATG TGG CGC GGT ATT ATC). 
Each reaction (total 4 μl) contained 0.6 μl MgCl2, 0.2 μl dNTP (25 
mM each; Fermentas Cat. #R1121), 0.1 μl Maxima™ SybrGreen 
(Fermentas Cat. #K0221), 0.2 μl Phire® Hot Start Taq DNA 
Polymerase and 1 μl Taq buffer (Finnzyme Cat. #F-1206), 0.1 μl 
template (total DNA extract), 1.8 μl H2O. Real time qPCR was 
performed using the MiniOpticon™ System (BioRad Cat. # CFB-
3120). The thermal profile used for the first cycle is 95°C for 2 
minutes, 50°C for 2 minutes, 95°C for 10 minutes, 95°C for 15 
seconds, and 60°C for 1 minute; and 4 95°C for 15 second and 60°C 
for 39 more amplification cycles. A melting curve analysis was 
performed by ramping from 60°C to 95°C over 20 minutes. Data 
acquisition and analysis were performed using the Opticon Monitor™ 
software Version 3.1 (BioRad). 

 
RESULTS 

 
Antibiotic sensitivity test. The zones of inhibition 

were measured for each antibiotic to assess whether the 
antibiotics were in working condition against E. coli 
DH5α. Erythromycin unexpectedly did not generate a 
zone of inhibition (0 cm in diameter) on a lawn of E. 
coli DH5α, whereas kanamycin (3.6 cm in diameter), 
chloramphenicol (2.6 cm in diameter), and 
streptomycin (1.8 cm in diameter) generated 
measurable zones of inhibition as expected. The control 
without any antibiotic did not generate a zone of 
inhibition (0 cm in diameter) as expected.  
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Turbidity readings over the time course. The 
turbidity readings were taken at 0, 10, 70 and 130 
minutes for the control sample and separate samples 
containing one of kanamycin, chloramphenicol, 
streptomycin, or erythyromycin (Fig. 1). The turbidity 
would indicate whether the bacteriostatic antibiotics 
work on the bacterial cells by inhibiting cell growth. 
The control sample showed increased growth rate (0.15 
per hour) over time as measured by turbidity, as 
expected (Fig. 1). Kanamycin (0.04 per hour) and 
streptomycin (0.09 per hour) exhibited decreased 
growth rate compared to the control (Fig. 1a). 
Chloramphenicol (0.03 per hour) and erythromycin 
(0.13 per hour) exhibited decreased growth rate 
compared to the control as well (Fig. 1b). This 
decreased rate of growth was observed for all the 
bacteriostatic antibiotics as expected, regardless of the 
corresponding stringent or relaxed response elicited 
(Fig.1). However, different antibiotics exerted different 
levels of inhibitions on growth rate. Furthermore, at 
time = 0 minutes, there was an initial decrease in 
turbidity in all samples added with kanamycin (0.16 
lnOD600), chloramphenicol (0.19 lnOD600), 
streptomycin (0.05 lnOD600) and erythromycin (0.09 
lnOD600), compared to the control (Fig.1). This initial 
decrease in growth rate in all the samples containing 
antibiotics was not expected.  

 
PCN over the time course. PCN was plotted at 0, 10, 

70, and 130 minutes with the results of the ratios of 
plasmid copy numbers over genomic copy numbers 
obtained through RT-qPCR, using the control without 
antibiotics and separate samples with one of kanamycin, 
chloramphenicol, streptomycin, or erythryomycin (Fig. 

2). The changes in PCN as caused by the antibiotics 
were expected to correlate with the stringent or relaxed 
phenotype elicited by the antibiotics: antibiotics 
exhibiting the stringent response would decrease PCN 
while those exhibiting the relaxed response would 
increase PCN. The control without antibiotics did not 
increase in PCN (0 PCN/h) over time as expected 
(Fig.2). The stringent response-inducing kanamycin (-9 
PCN/h) exhibited an overall decrease as expected while 
similarly categorized streptomycin (5 PCN/h) 
unexpectedly exhibited an overall increase in PCN over 
time (Fig. 2a). The relaxed response-inducing 
erythromycin (8 PCN/h) and chloramphenicol (9 PCN/h) 
both exhibited overall decreases in PCN over time 
compared to the control, although they were expected 
to increase PCN (Fig. 2b). Furthermore, all the samples 
with antibiotics had unexpected initial increases in PCN 
per genome from 0 to 10 minutes, which was not 
observed in the control: chloramphenicol (20 PCN) had 
the most dramatic initial increase, whereas kanamycin 
(10 PCN), erythromycin (10 PCN), and streptomycin (7 
PCN) all had relatively more modest initial increases 
(Fig. 2). 

 
DISCUSSION 

 
Since bacteriostatic antibiotics inhibit protein 

synthesis, they prevent the initiation of chromosomal 
DNA replication, and, as a result, cell division (13). 
Expectedly, it was observed that all the antibiotics 
exhibited inhibitory effects on bacterial growth 
overtime compared to the control, independent of 
stringent or relaxed phenotype (Fig.1). However, 
streptomycin and erythromycin elicited weaker 
inhibitions on cell growth, compared to kanamycin and  
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FIG. 1. The effect of antibiotics on the turbidity and growth of E. coli in a 37oC shaking water bath. (a) Antibiotics kanamycin and 
streptomycin which induce the stringent response. (b) Antibiotics chloramphenicol and erythromycin which induce the relaxed response. 
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chloramphenicol (Fig. 1). It is possible that the 
inhibitory concentrations of streptomycin (100 ug/ml) 
and erythromycin (160 ug/ml) were too low to cause a 
complete inhibition on bacterial cell growth. 
Specifically, erythromycin did not show a zone of 
inhibition when grown on a lawn of E. coli DH5α cells.  
Interestingly, the additions of all antibiotics did not lead 
to complete inhibition of cell growth as growth still 
occurred, although much more slowly than the control 
(Fig. 1).  

Since erythromycin and streptomycin did not seem to 
inhibit bacterial growth as well as the other antibiotics, 
the PCN results for erythromycin and streptomycin may 
be ignored based on the questionable qualities of the 
inhibition. The stringent response-inducing antibiotic 

kanamycin led to an expected decrease in PCN over 
time (Fig. 2a). Contrary to the expectation, the relaxed 
response-inducing antibiotic chloramphenicol led to a 
decrease in PCN over time (Fig. 2b). Although 
kanamycin did generate the expected observation, there 
did not seem to be a correlation between the class of 
antibiotics (stringent or relaxed) and a change in PCN.  
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FIG. 2. The effect of antibiotics on the ratio of plasmid copy numbers to genomic DNA numbers (PCN) in E. coli in a 37oC shaking 
water bath. (a) Antibiotics kanamycin and streptomycin which induce the stringent response. (b) Antibiotics chloramphenicol and erythromycin 
which induce the relaxed response. 

Although there appeared to be a lack of correlation 
between stringent or relaxed phenotype-inducing 
antibiotics and a change in PCN, it is possible that this 
experimental setup was flawed or incomplete. Thus, the 
interpretation of the results was limited. Since the 
induction of stringency, turbidity readings, and RT-
qPCR experiments were only performed once, the 
significance of the data was undetermined. For instance, 
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it is unclear why there was an initial decrease in 
turbidity accompanied by an initial increase of PCN in 
each of the antibiotic treated cultures. It may be an 
artifact or a crucial change that took place in the first 10 
minutes of treatment; however, since the experiments 
were performed only once, it was impossible to tell. 
More importantly, the trends for all samples were based 
on 3 or 4 data points, which may skew the trend based 
on which points were chosen for interpretation. For 
instance, the trendline for the control sample without 
antibiotics were interpreted based on the first three data 
points, which exhibited a straight line, assuming that 
the last data point was most likely inaccurate since the 
majorities of the points stayed at the same value (Fig. 2). 
The trendline for the sample with chloramphenicol was 
based on 3 data points, assuming the datum point at 70 
minutes was too abnormally low to be real (FIG. 2). It 
is likely that these abnormal data points could be a 
result of ineffective cell breakage and DNA isolation or 
errors in setting up of the real-time PCR reactions 
following induction experiment. However, it is 
unknown at this point.  

This lack of correlation may also be a result of 
incomplete induction of stringent or relaxed response. 
Although kanamycin and chloramphenicol inhibited 
bacterial growth better than erythromycin and 
streptomycin, the bacteria treated with kanamycin or 
chloramphenicol still went through cell divisions, 
although much more slowly than the control. 
Consequently, the stringent response or relaxed 
response was not completely elicited, resulting in an 
increase in PCN in chloramphenicol when a decrease 
was expected. It is possible that higher concentration of 
antibiotics were needed to fully elicit a stringent or 
relaxed phenotype. On the other hand, the lack of 
correlation between the class of antibiotics and a 
change in PCN may be a reflection of changes in 
plasmid copy numbers or genome copy numbers. The 
observed decrease in PCN for chloramphenicol may be 
due to a decrease in plasmid copy numbers or increase 
in genomic DNA numbers. Since chloramphenicol 
stalls the ribosome and consequently genomic DNA 
replication, it is less likely that there was an increase in 
genomic DNA numbers (15). A decrease in plasmid 
copy number may be a reflection of the quality of the 
plasmid DNA recovery in the DNA isolation step of the 
experiment. It is possible that more plasmid DNA was 
lost than genomic DNA for chloramphenicol treated 
samples at some time points than others. Similar 
situations may be true for other antibiotics at different 
time points where the change in PCN may be due to the 
recovery of plasmid DNA than a real change in plasmid 
replication, especially since the change in PCN could 
not be correlated with the stringent or relaxed 
phenotype. Since the total DNA was extracted using the 

protocol outlined in this paper, the recovery of the 
plasmid DNA alone may not be easily determined.  

Moreover, the change in PCN per genome may be 
due to other physiological changes elicited by the 
antibiotics, independent of stringency. Antibiotics were 
used to elicit a stringent or relaxed response in this 
paper; however, antibiotics are not always precise in 
their targets. Most antibiotics do not have single, easily 
definable targets: they have primary targets that inhibit 
cell growth as well as secondary targets that lead to the 
overall inhibitory effect (5). Streptomycin and 
kanamycin are aminoglycosides that have complicated 
modes of actions and multiple targets (5). Streptomycin 
can affect energy metabolism in its secondary effects, 
which may have obscured the specific correlation 
between the stringent response and PCN (5). 
Chloramphenicol is also known to cause secondary 
effect on bacterial membrane permeability at 
concentrations above the minimum inhibitory 
concentrations (5). Erythromycin, which works 
similarly as chloramphenicol, has secondary effects as 
well (5). These secondary effects prevent the 
observation of a specific and direct correlation between 
stringency and PCN, which has yet to be established. 
Thus, using antibiotics to elicit a stringent response 
may be innately flawed. Perhaps, other means of 
eliciting stringency can be investigated.  

In conclusion, kanamycin and streptomycin, which 
induce the stringent response, do not both lead to a 
decreased PCN. Furthermore, chloramphenicol and 
erythromycin, which induce the relaxed response, do 
not lead to an increased PCN at all. Therefore, the 
different classes of antibiotics do not seem to correlate 
with a change in PCN. 

 
FUTURE EXPERIMENTS 

 
Since the experimental setup in this paper was flawed 

and inferences were applied to the interpretation of the 
results, it is possible that the correlation between the 
different classes of antibiotics may indeed correlate 
with PCN. If this is true, we can modify the experiment 
by adjusting the concentrations of the antibiotics. The 
concentration of the antibiotics can be determined in a 
preliminary dosage experiment using various doses of 
the each antibiotic from each class to determine the 
optimal concentration to elicit a full stringency.  We 
can also use an additional method to assess the quantity 
of plasmid DNA and genomic DNA at each time point 
using gel densitometry, which can be utilized to directly 
observe the ratio of genomic DNA to plasmid DNA 
through band intensity. To make the analysis easier, 
PCR amplification with plasmid and genomic DNA 
specific primers can be used to generate specific band 
patterns for each DNA sample. Consequently, gel 
electrophoresis and imaging software can be used to 
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statistically analyze the ratio of the PCR products from 
the genome and plasmid. Although gel densitometry is 
not as sensitive as RT-qPCR, it is an alternative, 
cheaper, more convenient method that can be used to 
compare to the results obtained through RT-qPCR.  
On the other hand, using antibiotics to elicit a stringent 
response is inherently problematic due to their 
secondary effects (5). Instead, in order to establish a 
direct correlation between stringency and PCN, we can 
use isogenic bacterial strains which only differ in the 
relA allele, such as E. coli CP78 (relA+) and E. coli 
CP79 (relA), and trigger a stringent response through 
the starvation of a required amino acid (11). We can 
then measure the change in PCN using RT-qPCR 
protocol outlined in this paper to detect a direct 
correlation between stringency and PCN. For instance, 
the CP78 strain would be expected to exhibit a stringent 
phenotype and a decreased PCN whereas the CP79 
strain would be expected to exhibit a relaxed phenotype 
and an increased PCN. 
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