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Escherichia coli (E. coli) up-regulates two major kinds of DNA repair systems to enhance 

their survival upon UV radiation: the error free system and the error prone system.  The 
error free system consists of genes that code for high fidelity DNA polymerase (PolIII, PolI) 
and specific DNA-repair enzymes such as MutH and MutS.  The error prone system, 
characterized by the activation of the SOS regulon, is up-regulated in stationary phase cells 
even in the absence of DNA damage from UV radiation.  Stationary phase cells also have 
elevated ppGpp levels typically associated with the stringent response.  One of the genes 
that the stringent response up-regulates is dps.  The dps gene encodes for the Dps protein 
which functions to confer resistance to oxidative UV damage.  Previous studies 
demonstrated that stationary phase cells are more resistance to UV killing than log phase 
cells (Abedi-Moghaddam, N., Bulic, A., Herderson, L., Lam, E.  2004.  J. Exp. Microbiol. 
Immunol.  5:44-49).  This phenomenon might have arisen because the cells in stationary 
phase were no longer replicating their DNA, and therefore avoided accumulation of 
mutations caused by UV treatment.  In this study, culture growth was inhibited with 
chloramphenicol and valine to determine whether these non-growing cultures would have 
similar survival percentages compared to cells in stationary phase, upon UV treatment.  
The results show that stationary phase cells had the highest survival percentage, followed 
by log phase cells, and then antibiotic-treated cells.  An explanation for these observations 
is that stringent response activation is low in log phase and completely absent in antibiotic-
treated cells.   

     _______________________________________________________________ 
 

Bacteria sense stimuli from their environments and 
pass on these stimuli in the form of different signals to 
regulate gene expression.  The ability to incorporate 
signals from different environmental stimuli allows the 
bacterial cell to alter their physiological state and 
metabolism to enhance survival.  For instance, it has 
been well documented that E. coli changes their gene 
expression when oxidative stress such as UV radiation 
is present (1).  UV light produces reactive oxygen free 
radicals that can trigger DNA damage, such as 
dimerization of any two adjacent pyrimidine bases (3, 
12).  When induced by UV radiation, E. coli cells up-
regulate two major kinds of DNA-repair mechanisms to 
enhance their survival: the error free system and the 
error prone system (17, 20).  The error free system is 
characterized by up-regulation of high fidelity DNA 
polymerase with proofreading ability (PolIII, PolI) and 
specific DNA-repair enzymes such as MutH, MutS, 
MutL, exonuclease, and DNA photolyase (14).  These 
sets of genes are used for methyl-directed mismatch 
repair, base-excision repair, nucleotide-excision repair, 
and photoreactivation (14, 19).  The error prone system 
is characterized by activation of the SOS regulon, 
which is activated in stationary phase cells even 
without endogenous DNA damage (1, 13).  LexA acts 
as a repressor of the SOS regulon and negatively 
regulates the transcription of the Y family DNA 

polymerase (9).  Upon DNA damage triggered by UV 
radiation, LexA levels drop, resulting in the 
transcription of low fidelity DNA polymerases such as 
umuDC (Pol V) and dinB (Pol IV) (1, 2, 18).  These 
low fidelity DNA polymerases enhance the survival of 
E. coli because they have the ability to replicate the 
bulky DNA dimers that are often caused by UV 
radiation.  

Under nutrient deprivation environments, E. coli 
also undergoes an alteration in gene expression, known 
as the stringent response, to enhance their survival.  
Stringent response is activated when an uncharged 
tRNA enters the A site of a ribosome (due to low 
supply of amino acids); this activates RelA to 
synthesize guanosine 3’,5’-bispyrophosphate (ppGpp) 
(6).  ppGpp is an alarmone that binds to the RNAP 
complex and induces expression of an array of genes, 
such as rpoS, which encodes for σs, the stationary phase 
sigma factor (8).  Some systems that are activated by 
the stringent response include nucleotide repair, amino 
acid biosynthesis, carbohydrate metabolism, glycogen 
synthesis, and phospholipid turnover.  In addition, σs 

up-regulates a gene called dps which encodes the Dps 
protein.  Dps confers resistance to oxidative DNA 
damage by physically binding to Fe(II) and 
sequestrating chromatin, thus preventing the formation 
of hydroxyl radicals (7).  
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Previous findings by Abedi-Moghaddam et al. 
showed that cells in stationary phase were generally 
more resistant to UV-induced killing than cells in log 
phase (1).  There are two possible explanations for their 
findings.  Abedi-Moghaddam et al. reasoned that the 
higher survival percentage in stationary phase cells was 
due to the up-regulation of oxidative stress resistance 
genes.  However, we hypothesize that the reason for 
enhanced survival in stationary phase may be due to the 
fact that cells in stationary phase do not accumulate 
mutations, since active DNA replication has stopped, 
and thereby limited the risk of incorporating a UV 
induced change before it is repaired.  

The aim of this experiment was to investigate the 
primary reason for the enhanced survival of cells in 
stationary phase to UV radiation, relative to cells in log 
phase.  L-valine and chloramphenicol were used in this 
experiment to inhibit the growth of cells in log phase.  
Both of these compounds indirectly inhibit DNA 
replication by inhibiting protein synthesis.  
Chloramphenicol halts cell growth by adopting a 
conformation that mimics the peptidyl adenylyl 
terminus of tRNA’s, thus blocking ribosomes from 
translating cellular mRNA (4).  Valine inhibits protein 
synthesis by interacting with the valine sensitive 
enzyme, acetohydroxy acid synthetase, to inhibit the 
production of valine, leucine, and isoleucine (15).   
 

MATERIALS AND METHODS 
 

Bacterial strains.  The previously described E. coli SMR4562 
was used in this study (11).  The E. coli SMR4562 strain was used as 
a continuation of the experiment done by Abedi-Moghaddam et al., 
even though its leaky Lac- phenotype has no relevance to this 
experiment. 

Media and reagents.  Mutagenesis was done in M9 minimal 
media (1) supplemented with 1.25 mg/L thiamine and 0.1% glycerol 
after growth in minimal M9-medium.  M9-agar plates containing 
0.1% glycerol, 1.25 mg/L thiamine, 50 µg/mL isoleucine, and 1.5% 
agar were used to plate all samples, with the exception of one non-
irradiated plate per sampling set, where the isoleucine was omitted.  
Luria broth (LB) agar plates were also prepared (9).  

Culturing methods.  The supplied sample of E. coli SMR4562 
was streaked on two LB plates to assess for purity.  The plates were 
incubated overnight at 37°C and isolated colonies were used to 
inoculate overnight cultures in M9-broth for all subsequent 
experiments. 

Growth curve.  An overnight culture was grown at 37°C in a 
200 rpm shaking water bath.  The next day, the turbidity of the 
overnight culture was measured with a Klett-Summerson colorimeter, 
and appropriate amounts were removed to inoculate 35 mL of M9-
broth to attain an initial Klett reading of 100 units. The inoculated 
culture was returned to the shaking water bath to begin the growth 
curve.  Two hours later, the 35 mL culture was split into three 10 mL 
cultures in separate flasks with side arms.  One culture was treated 
with L-valine (60 µg/mL), another with chloramphenicol (80 µg/mL), 
and the last left as an untreated control.  The turbidity of all flasks 
(both before and after splitting) was measured every 30 minutes for 
six hours with the Klett-Summerson colorimeter.   

Sampling was done simultaneously with the growth curve 
experiment.  At 2, 5, and 6 hours post-inoculation, 0.1 mL and a 
separate 1 mL were removed from the appropriate flask.  The 0.1 mL 
was transferred to 9.9 mL of 0.9% saline.  Depending on the original 

sample’s Klett reading, further dilutions were performed to obtain a 
concentration of 300 – 3000 cfu/mL.  One hundred µL of the dilution 
was spread on each of two M9-agar plates.  One plate was not 
supplemented with isoleucine.  The 1 mL that was also removed was 
transferred onto an empty petri dish and placed into the UV 
StratalinkerTM 2400 (Stratagene. La Jolla, CA, USA).  Irradiation was 
performed using the energy mode at 4 mJ.  The irradiated 1 mL was 
further diluted to obtain a concentration of 300 – 3000 cfu/mL, and 
100 µL was plated on each of four M9-agar plates.  One of the plates 
had a 10-fold lower dilution, another had a 100-fold lower dilution, 
and a third plate had a 5-fold higher dilution.  All the plates were 
incubated at 37°C for up to 48 hours and checked daily for colonies.   

UV survival curve.  Ten separate 1-mL aliquots were removed 
from an overnight culture and irradiated at various UV dosages as in 
the sampling protocol.  The 10 samples were irradiated at 0, 0.5, 1, 
1.5, 2, 2.5, 3, 4, 5, and 6 mJ.  Appropriate plating dilutions of each 
sample were made to obtain between 30-300 colonies by estimating 
the amount of UV killing, as determined previously (1).  One M9 
minimal medium agar plate was spread per sample.  All plates were 
incubated at 37°C for up to 48 hours and checked daily for colonies. 

Antibiotic trial and Klett – cell number relationship.  
Protocol is identical to that of growth curve, except that 90 mL of 
M9-broth was initially inoculated to attain an initial Klett reading of 
10 units.  The 90 mL was then split into nine 10 mL cultures.  The 
flasks were treated with 30, 50, 60, or 70 µg/mL valine, or 70, 90, 
100, or 120 µg/mL chloramphenicol in order to determine the 
minimal effective concentration necessary to stop growth.  One flask 
was left as an untreated control.  Response to each concentration was 
followed via turbidity measurements with the Klett.  At 0, 1, 4, 5, and 
6 hours, samples from the control flask were spread plated on M9 
minimal medium agar plates to determine an empirical relationship 
between Klett units and cell numbers. 
 

RESULTS 
 

Relationship between Klett units and cell 
numbers.  A conversion between Klett units and 
cfu/mL was required to ensure that proper plating 
dilutions could be performed to achieve the statistically 
reliable 30 – 300 colonies.  This relation was 
empirically determined to be 1 Klett unit = 2×106 
cfu/mL. 

Concentrations of valine and chloramphenicol.  
The antibiotic trial described in the materials and 
methods section showed that all concentrations of 
inhibitors completely and immediately inhibited growth 
(data not shown).  However, when the actual growth 
curve was constructed, 30 µg/mL valine and 70 µg/mL 
chloramphenicol failed to inhibit growth.  To ensure an 
adequate treatment, the final concentrations were raised 
to 60 µg/mL of valine and 80 µg/mL of 
chloramphenicol.  These concentrations did not inhibit 
colony formation on plates, but stopped growth (Fig. 
3). 

Presence of isoleucine did not seem to affect 
normal growth.  A control to study the effects of 
isoleucine supplementation on normal colony growth 
was implemented in the plating protocol.  Fig. 1 shows 
the data from two trials of experimentation.  The first 
trial (Fig. 1A) suggests that the presence of isoleucine 
does not affect growth; the second trial (Fig. 1B) shows 
that the presence of isoleucine reduced growth. 
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FIG. 1 Comparison of cell numbers calculated from plates with and without 50 µg/mL isoleucine supplementation.  “Log” and “Stationary” 
refers to the growth phase of the cell.  (A) Data from first trial of experiment.  “Valine” refers to treatment with 30 µg/mL of valine, and “CAM” 
refers to treatment with 70 µg/mL of chloramphenicol.  (B) Data from second trial of experiment.  “Valine” refers to treatment with 60 µg/mL of 
valine, and “CAM” refers to treatment with 80 µg/mL of chloramphenicol.     

 
 UV survival curve.  Survival percentage declines 
as UV dosage is increased (Fig. 2).  Survival 
percentage is defined as the percentage of cells that 
survived the UV irradiation (that is, the cfu/mL of an 
irradiated sample divided by the cfu/mL of the same 
non-irradiated sample).  A UV dosage of 4 mJ was 
chosen to give an approximate survival percentage of 
20%. 
 

 
FIG. 2  Survival percentage of E. coli SMR4562 after various 

dosages of UV irradiation. 

 

Turbidity–based growth curve.  The growth of 
valine or chloramphenicol treated samples stopped 
approximately 1.25 and 2.25 hours post treatment, 
respectively (Fig. 3).  The untreated control sample 
shows the characteristic exponential growth and 
subsequent stationary phase.   

 

 
FIG. 3  Turbidity-based growth curve of E. coli SMR4562 in 

M9-broth.  The sample was equally split into 3 portions at 2 hours.  
One portion was treated with 60 µg/mL of valine, another portion 
was treated with 80 µg/mL of chloramphenicol (CAM), and the last 
portion was left as an untreated control.  The shaded region 
represents the pre-split culture.  Turbidity was measured with a Klett-
Summerson colorimeter. 
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FIG. 4  Extent of survival of E. coli SMR4652 in different conditions to 4 mJ of UV irradiation.  “Log” and “Stationary” refers to the 

growth phase of the cell; “Valine” refers to treatment with 60 µg/mL of valine, and “CAM” refers to treatment with 80 µg/mL of 
chloramphenicol.  The log phase cells were sampled from the control culture at 2 hours, prior to splitting.  The stationary phase cells were 
sampled from the same culture at 6 hours (3 hours post-entry into stationary phase).  The valine and chloramphenicol treated cells were sampled 
from their respective cultures at 5 hours (3 hours post-treatment).  (A) All cell samples are plotted.  (B) The chloramphenicol treated sample is 
omitted from the plot to prevent distortion of the scale and dwarfing of the other values.   

 
Survival of different samples to UV irradiation.  The 
extent of survival of cells, under various conditions, to 
UV irradiation is shown in Fig. 4.  Fig. 4A shows that 
the survival percentage of the chloramphenicol-treated 
sample greatly exceeds that of the other samples.  In 
fact, a survival percentage of nearly 550% suggests that 
the cell numbers increased dramatically after UV 
irradiation.   Fig. 4B shows that the survival 
percentage of the stationary phase sample is larger than 
that of the log phase sample; in turn, both these 
samples have a higher survival percentage than the 
valine-treated sample.   
 

DISCUSSION 
 

This experiment showed the effects of UV 
irradiation under various culture conditions.  The 
difference in survival percentages between the 
stationary and log phase samples (Fig. 4B) confirms the 
study by Abedi-Moghaddam et al. (1).  However, the 
differences between the log phase sample and the 
valine-treated sample (Fig. 4B) are novel.  In this 
experiment, all samples were immediately plated after 
UV irradiation.  Therefore the cells would have had the 
opportunity to resume growth on plates and thus all 
samples should have SOS-associated DNA repair (5, 
16).  Hence, the SOS response is unlikely the dominant  

 
 

 
reason for the observed differences in survival 
percentages.  The enhanced ppGpp response, however, 
may not be present in all samples.  The enhanced 
ppGpp response is induced in stationary phase and thus 
the σS-associated Dps protein would be present to 
confer protection from oxidative damage (6, 7).  This 
would explain the high survival percentage for the 
stationary phase sample.  The survival percentage of 
the log phase sample being higher than that of the 
valine-treated sample suggests that Dps is also present 
in log phase cells, albeit at lower levels.  This is 
plausible, given that dps expression has been observed 
in log phase cells under oxidative damage (10).   

So, a model that encompasses the above 
observations would include the Dps protein as a major 
determinate of survival percentage in this experiment.  
In the stationary phase sample, the combination of 
environmental conditions and UV damage triggers the 
expression of dps, and thus reduces the levels of 
oxidative damage.  Similar induction was seen in the 
log phase sample, but expression was lower, due to the 
absence of the endogenous signal of the ppGpp 
response.  Even though the valine-treated cells would 
also express high levels of ppGpp, because translation 
is inhibited, Dps cannot be made before the cells were 
irradiated, and thus survival percentage is lower.   

The SOS-response is likely not a major factor in 
this experiment because all cell samples would have the 
ability to activate repair mechanisms.  Thus, it would 

 17



Journal of Experimental Microbiology and Immunology (JEMI)                Vol. 7:14-19 
Copyright © April, 2005 M&I UBC 
 
increase the survival percentage of all cell cultures by 
similar amounts.  However, one may argue that the 
timing of SOS activation is important.  Because cells in 
the log phase sample were constantly in a favourable 
environment, the SOS-response in this case was likely 
activated earliest, perhaps immediately after UV 
irradiation.  The SOS-response is likely activated only 
after plating in the stationary phase and valine-treated 
samples, as their growth was inhibited (or slowed) by 
the poor environmental conditions of the culture flasks.  
Hence, one may argue that such timing differences 
would reduce the effectiveness of the SOS-response; 
that is, perhaps the prolonged presence of damaged 
DNA renders the repair mechanisms less effective.  
However, such arguments are unfounded, as the 
stationary phase and valine-treated samples have 
different survival percentages.  Both samples are likely 
to have their SOS repair mechanisms active only after 
plating.  In the stationary phase sample, growth was 
slow due to poor environmental conditions, and thus 
the SOS-response is triggered only after conditions 
have improved upon plating.  In the valine-treated 
sample, growth was inhibited by valine, and thus gene 
expression can only occur when the valine inhibition 
was reversed by isoleucine.  That is, the timing of SOS 
activation in the two samples is similar, and yet their 
survival percentages are different (Fig. 4B).  This 
suggests that the SOS-response is not a major 
influencing factor in this experiment.  It may still play a 
role in determining survival percentages, but in this 
study, it has similar effects on all cell samples.   

The presented model, however, may not be 
complete.  In particular, valine inhibition functions by 
starving the cell of specific amino acids (15).  Since the 
endogenous signal of the stringent response is 
nutritional starvation (6), valine-treatment may in fact 
induce dps expression.  Furthermore, the growth curve 
began without any lag phase, and cells reached 
stationary phase fairly quickly.  When the log phase 
culture was sampled, some stationary phase genes 
could have been expressed, and thus further 
complicating the physiological state of the cell samples.   

The biggest source of error in this experiment, 
however, stemmed from the plating procedure.  This is 
unfortunate, as almost every part of this experiment is 
linked to plating.  In particular, the survival data is 
derived from plating.  The plating errors were likely 
unrelated to dilution mistakes, as any particular set of 
plates showed a good qualitative correlation between 
dilution factor and colony number.  Likewise, the Klett 
unit – cfu/mL relation was likely not at fault, as most 
non-irradiated plates were within the statistically 
reliable 30 –300 colonies.  Error could have arose with 
irradiated plates, where the percentage of killing must 
be estimated in order for proper plating dilutions to be 
made.  The percentage of UV killing can be estimated 

from Fig. 2, but the curve also depended on plating, 
and so a circular loop was formed.  Breaking out of the 
loop requires more intermediate dilutions and replicate 
trials of the UV survival curve, something that was not 
done in this experiment due to a lack to time.  Poor 
estimations resulted in extremely difficult colony 
counts.  Specifically, many plates had highly dense, 
tiny colonies that were outside the 30 – 300 range.  
Some plates were so dense that only 4 grids of the 
colony counter were counted.  These values were then 
multiplied by the total number of grids, divided by four, 
to obtain rough estimations.  The errors associated with 
such estimations are high, as many plates had uneven 
colony distributions.  The situation was made worse by 
poor plating techniques, especially for the plates of the 
growth curve experiment.  Many colonies were pushed 
to the edge of the plate, creating an almost continuous 
line of colonies along the perimeter.  All these factors 
contributed to a large error range associated with the 
plating results. 

Quantification of the error range could be 
accomplished by considering the variations in colony 
distribution of plates where only 4 grids were counted, 
and by considering the discrepancy between estimated 
and actual colony numbers.  Since different dilutions 
were performed on different samples, the error range 
varies for each sample.  However it is as high as 200% 
for some samples.  This large value means that any 
variations in the values of Fig. 4 may actually be within 
error.  This certainly appears to be the case with the 
large survival percentage of the chloramphenicol-
treated sample, which is otherwise illogical.   

The 200% error range is also likely an explanation 
for Fig. 1.  Isoleucine is an amino acid not known to be 
involved in any inhibitory pathway (such as valine), 
and so is not expected to interfere with growth.  This 
appears to be the case in Fig. 1A, where all the plates 
were properly spread, and colony numbers were within 
range.  The contrasting trend of Fig. 1B is likely a 
result of the large error range. 

In summary, the data shows differences in 
response between growing cultures, stationary phase 
cultures, and valine-treated cultures.  The results might 
be caused by differences in dps expression.  However, 
poor plating may have skewed the data.  In particular, it 
rendered the chloramphenicol data meaningless. 
 

FUTURE EXPERIMENTS 
 
 The patterns observed in this experiment must be 
confirmed.  Furthermore, the model concerning the 
levels of dps expression under different physiological 
states should be tested.  This could be done by 
repeating our experiment with an additional relA– and 
spoT– strain.  Since RelA and SpoT are responsible for 
the synthesis of ppGpp, their absence should prevent 
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the stringency-associated expression of dps.  Hence, if 
the extent of survival is similar between the SMR4562 
and the relA– spoT– strain, this suggests that Dps plays 
an important role, as postulated by our model.  
Subsequently, RT-PCR could also be used to 
investigate the levels of dps transcription under 
different conditions.    
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