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Tanscriptome comparison of ionizing radiation resistant strain of Escherichia coli,

CB2000, and naturally occurring strain of Escherichia coli, Founder

Abstract

CB2000 is a strain of Escherichia coli (E. coli) that is extremely resistant to

ionizing radiation.  It was derived from a colony, referred to as the founder strain,

isolated from naturally occurring Escherichia coli K12 MG1655.  Using microarray

technology developed by Affymetrix, a transcriptome comparison was done on CB2000

and Founder to determine the gene(s) that are differentially expressed in CB2000.  A

large number of genes which are involved in metabolism, transport and stress response

were identified to display changes in expression levels in CB2000 when compared to

Founder.

Introduction

Previous studies have shown that exposure to ionizing radiation has many adverse

effects on many cells, including death in E.coli at sufficiently high doses (1, 2).

Radiation sensitivity has often been associated with DNA damage.  DNA damage usually

triggers DNA damage repair and the SOS response in E. coli, which involves proteins

such as RecA and lex proteins (3).  However, many studies have indicated that radiation

sensitivity in prokaryotes depends on many cellular mechanisms other than DNA repair.

Heat shock responses (4) and protein oxidation (5) have been implicated in conferring

radiation resistance to prokaryotes.  Hence, it can be seen that though DNA repair is

important in preventing cell death when cells are exposed to radiation, other cellular

responses also play important roles in the survival of these cells.
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CB2000 was obtained by subjecting a culture obtained from a single colony,

referred to as the Founder, isolated from naturally occurring E. coli K12 MG1655 to

twenty cycles of exposure to ionizing radiation and growth.  The length of each exposure

was adjusted to kill greater than 99% of the population.  The dose administered increased

from 2040Gy for the first cycle to 10000Gy for the last cycle. Cells which survived after

each exposure cells were harvested, and allowed to recover in rich media until reaching

stationary phase. This population was then irradiated again.  After 21 cycles of irradiation

and growth, single colony isolates were tested for ionizing radiation and from those

isolates which displayed between 1000- to 5000-fold increase in survival, one colony,

CB2000 was selected for further analysis.  This culture was grown for at least 100

generations without selection and expressed no considerable change in ionizing radiation

resistance.  CB2000 has about a 4500-fold increase in survival relative to the Founder

after exposure to 3,000Gy.

With this knowledge, we set out to elucidate the genes that are differentially

expressed in CB2000, as part of an effort to determine which genes are critical to

radiation resistance.  cDNA obtained from reverse transcription of RNA isolated from

CB2000 and Founder were compared to identify changes in gene expressions.  Three sets

of comparisons between CB2000 and Founder were performed to ensure the accuracy

and consistency of the results of this study. Microarray technology developed by

Affymetrix was employed in our study.  Changes in expression (increased or decreased)

were analyzed.  Changes in gene expression levels which were significant (having a p-

value >1.0 for increased gene expression and <-1.0 for decreased gene expressions) were
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collated and used for analysis.  The p-value used here is specific to Affymetrix’s

algorithm and is different from the p-value used in statistical hypothesis testing.

Genes with significant changes in expression levels in CB2000 compared to

Founder were first obtained for each of the 3 sets of comparisons.  This was followed by

the identifying genes with significant changes in expression levels which were common

in all three comparisons.

Materials and Methods

Organisms and culture methods

Radiation resistant strain of Escherichia coli, CB2000 and naturally occurring

Escherichia coli isolate, Founder, were obtained from Elizabeth Wood, University of

Wisconsin- Madison.  These E. coli strains were cultured in Luria broth (LB) and

incubated overnight at 37 ºC.

Total RNA extraction

Total RNA from both overnight cultures were extracted using the MasterPure
TM

RNA purification kit developed by Epicentre Biotechnologies.  Concentrations of the

RNA obtained from both strains were determined using the NanoDrop® ND-1000 UV-

Vis Spectrophotometer.

Obtaining cDNA from RNA

Total RNA extracted from both strains was used to create complementary DNA

(cDNA) via reverse transcription.  This was done according to the E. coli total RNA

labeling protocol for Affymetrix GeneChips.  The pd(N)6 sodium salt (hexamer) was
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obtained from Amersham.  A 12 uL mixture containing 10 ug of total RNA, 0.5 ug/uL

hexamer and Diethylpyrocarbonate (DEPC) water (RNase-free) was prepared for each

strain.  This mixture was incubated at 70 ºC for 5 minutes.  The RNA/hexamer mix for

each strain was chilled on ice for 2 minutes.  This 12 uL RNA/hexamer was incubated at

42 ºC in a 60 uL solution containing 10mM dNTP mix, 5x First Strand Buffer, 0.1M

DTT, DEPC water and  200U/ul SuperScriptII.  The dNTP mix was obtained from

Amersham; the 5x First Strand Buffer and 200U/ul SuperScriptII from Invitrogen.

Note: Incubations at 70 ºC and 42 ºC were carried out in a thermal cycler.

Removing RNA remnants

The total cDNA from each strain was incubated at 37 ºC for 10 minutes with

2U/uL RNase H and 5ug/uL RNase A.

Purifying cDNA

The total cDNA obtained for each strain was purified using Qiagen’s Minelute

PCR purification kit.  The concentrations of the total cDNA obtained from each strain

were determined using the NanoDrop® ND-1000 UV-Vis Spectrophotometer.

Digestion of cDNA

DNase I was used to fragment the obtained cDNA.  10uL of purified cDNA was

added to make a 40uL solution containing 10x DNase I buffer, water and 0.1U/uL DNase

I.  This mixture was incubated at 37 ºC for 8 _ minutes and followed by 99 ºC for 10

minutes to inactivate the DNase I.  Fragmentation of cDNA was checked on a 2%
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agarose 1x TAE gel using 2 uL of each sample.  cDNA fragments must have sizes

between 50 and 100 base pairs.  The DNase I and buffer were obtained from Epicentre

Biotechnologies.

cDNA end-terminus labeling

38 uL of the fragmented cDNA from each strain was added to a final volume of

100uL solution containing 10x Terminal deoxynucleotide transferase (TdT) buffer, 2.5

mM cobalt chloride, 1 mM Biotin-N
6
-ddATP, water and 20U/uL TdT.  The mixture was

incubated in a thermal cycler for 2 hours at 37 ºC.  The Biotin-N
6
-ddATP was obtained

from Enzo, the TdT from New England Biolabs and RNase H from Invitrogen.

Microarray analysis

The E. coli Antisense Genome Arrays were purchased from Affymetrix.



Meng Kwang Marcus Tan                                                             Senior Honors Thesis - 7

Results

Table 1 : Genes with increased expression in CB2000 compared to Founder
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Table 2 : Genes with decreased expression in CB2000 compared to Founder
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Table 2 (continued)
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Discussion

CB2000 possesses an extraordinary ability to withstand the lethal effects of

ionizing radiation.  Using microarray technology, genes which may play a part in

radiation resistance in E. coli were identified.

Contrary to previous reports which indicated that DNA repair proteins, such as

RecA (6), are required for prokaryotic cell survival when DNA damage had occurred, the

results obtained from our study did not show changes in expression levels in genes

responsible for DNA repair such as RecA, LexA, helicases, etc.  Since only changes in

gene expression which were significant were selected, the genes responsible for DNA

repair may have changed their expression levels, but were not significant, so they have

been discounted in our analysis.  Another reason for this is that DNA repair may play an

integral role in cell survival under radiation, but it alone cannot guarantee the survival of

the cell.

The majority of the genes with increased gene expressions in Table 1 are involved

in nucleotide metabolism.  One of the damaging effects of ionizing radiation is degrading

DNA.  Cells overcome this problem by activating DNA repair mechanisms (7, 8, 9).  All

of these mechanisms involve adding/replacing nucleotide bases in the damaged DNA.

Thus, it is apparent that having increased levels of nucleotide metabolism may hasten and

promote DNA repair.  Fragmented DNA can be removed by nucleotide catabolism and

the nucleotides obtained are recycled and become available for repair.  Nucleotide

anabolism creates more nucleotides needed to the DNA repair.

Upon close observation of the genes in Table 2, two groups of genes stand out

among the genes identified to have decreased levels of expression.  They are genes
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responsible for the metabolism of various essential compounds such as glucose, proteins

and lipids, and genes responsible for stress responses.

The decrease in expression levels of genes responsible for metabolism may be

attributed to the evolution of more efficient metabolic mechanisms in CB2000 compared

to the Founder.  When cells are made to survive in harsh environments, they have to

make use of whatever carbon, nitrogen, sulphur, mineral and energy sources available to

sustain themselves.  Therefore, CB2000, having to survive under conditions with high

doses of ionizing radiation, may have developed metabolic pathways which are more

efficient than its naturally occurring counterpart, the Founder strain.  

Genes responsible for stress response also had decreased expression levels in

CB2000 compared to Founder.  Cellular stress responses help cells to counter and adapt

to environmental stresses such as heat and shock.  These responses are essential for cells

to survive when changes in environmental conditions change.  The highly radiation

resistant CB2000 has adapted to harsh living conditions such as exposure to high doses of

ionizing radiation, by developing a higher tolerance or threshold for environmental

extremities.  Under normal and ambient living conditions, stress response genes

expression levels in CB2000 are lower than wild type levels because the increased

threshold for harsh conditions in CB2000 has not been reached to trigger the expression

of these genes.

Another striking observation is that radiation resistance is not controlled by a

single gene or a few genes.  It can be attributed to the coordinated, universal cellular

responses which protect the cells and allow these cells to survive and thrive under harsh
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conditions.  Changing a single or a few phenotypes is insufficient in the preservation of

cells living in harsh conditions.

More work will be needed to determine the extent to which certain groups of

proteins are important in radiation resistance.  Some of the genes identified may not even

play any role in radiation resistance, while others may be essential for conferring

radiation resistance.  A way to investigate this is by using gene knock-outs or to prevent

the translation of the mRNA of the genes of interest using siRNA.  Strains of CB2000

with certain genes removed from their genome can be created.  The viability and

survivability of these knock-out strains under similarly high doses of ionizing radiation

can be determined and compared to the original CB2000 strain.  The importance of any

given gene or groups of genes is directly proportional to how well the cells which have

this gene or genes removed survive compared to the original CB2000 strain.

Another method of identifying important radiation resistance conferring genes is

by comparing the gene expression levels of CB2000 with other radiation resistant strains

of E. coli.  By doing so, genes with common significant changes in expression levels

among the different radiation resistant strains can be deduced to have important roles in

radiation resistance in E. coli.
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