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Numerous agents can damage the DNA of prokaryotes in the environment (e.g., reactive oxygen species,
irradiation, and secondary metabolites such as antibiotics, enzymes, starvation, etc.). The large number of
potential DNA-damaging agents, as well as their diverse modes of action, precludes a simple test of DNA
damage based on detection of nucleic acid breakdown products. In this study, free 3'-OH DNA ends, produced
by either direct damage or excision DNA repair, were used to assess DNA damage. Terminal deoxyribonucleo-
tide transferase (TdT)-mediated dUTP nick end labeling (TUNEL) is a procedure in which 3’-OH DNA ends
are enzymatically labeled with dUTP-fluorescein isothiocyanate using TdT. Cells labeled by this method can be
detected using fluorescence microscopy or flow cytometry. TUNEL was used to measure hydrogen peroxide-
induced DNA damage in the archaeon Haloferax volcanii and the bacterium Escherichia coli. DNA repair
systems were implicated in the hydrogen peroxide-dependent generation of 3'-OH DNA ends by the finding that
the protein synthesis inhibitors chloramphenicol and diphtheria toxin blocked TUNEL labeling of E. coli and
H. volcanii, respectively. DNA damage induced by UV light and bacteriophage infection was also measured
using TUNEL. This methodology should be useful in applications where DNA damage and repair are of

interest, including mutant screening and monitoring of DNA damage in the environment.

DNA damage is a ubiquitous phenomenon experienced by
microbes in the environment. Potential DNA-damaging agents
include enzymes (e.g., restriction enzymes encoded by addic-
tion modules or bacteriophage) (1, 23, 31), as well as nonen-
zymatic attacks via physical (e.g., irradiation) (18) and chemi-
cal (e.g., secondary metabolites such as antibiotics and reactive
oxygen species [ROS]) agents (13). Additionally, it is probable
that during differentiation and/or under ecological pressures,
microbes undergo programmed cell death involving DNA frag-
mentation (1, 12, 16). Identifying conditions in which DNA
damage occurs is important to understanding microbes in their
natural environments.

DNA damage is a serious threat to survival. Consequently,
all organisms have developed intricate and extensive DNA
repair systems (6, 9, 15, 20, 30). There are two general cate-
gories of DNA repair systems: direct and indirect (20). Direct
DNA repair systems are rare and involve the chemical reversal
of damage (e.g., photoreactivation of pyrimidine dimers) (9,
20). Indirect DNA repair systems require the recognition and
removal of DNA damage (i.e., excision) and the synthesis of
new DNA (9). Indirect DNA repair systems are responsible for
fixing most forms of DNA damage (9, 15). The excision step of
indirect DNA repair systems results in single-strand DNA
breaks, regardless of the type of original DNA-damaging agent
(9, 15). For example, hydrogen peroxide treatment of cells
results in DNA damage mainly through the modification of
DNA bases by the attack of hydroxyl radicals (13). DNA repair
is initiated when the modified bases are recognized and re-
moved by a DNA glycosylase (reviewed in reference 13). Re-
moval of the base forms an apurinic or apyrimidinic (AP) site.
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AP endonucleases then nick the strand at the AP site, thereby
creating a 3'-OH DNA end, which is used as a substrate for
synthesis of a new DNA strand to replace the damaged area.
The strand is then closed by DNA ligases. Hypothetically, any
DNA damage that is recognized by a cell’s DNA repair system
should result in production of 3'-OH DNA ends. Identifying
cells with an excess of 3'-OH DNA ends would indicate that
the cell has experienced DNA damage and is undergoing DNA
repair.

Previous methods to measure biologically relevant microbial
DNA damage in the environment have included (i) the killing
rate of DNA-repair-negative Escherichia coli (19), (ii) DNA-
and bacteriophage (phage)-containing dosimeters (25), (iii)
bacterial activity (2, 10, 14, 29), (iv) antibodies to damaged
DNA (17, 22), and (v) expression of RecA (M. G. Booth and
R. V. Miller, presentation at Limnology and Oceanography:
Navigating into the Next Century, 1999, Santa Fe, N.Mex.). In
this study, we tested the hypothesis that DNA damage in pro-
karyotes can be measured in individual cells by monitoring the
formation of 3'-OH DNA. This was done by adapting the
TUNEL (terminal deoxyribonucleotide transferase [TdT]-
mediated dUTP nick end labeling) method to prokaryotes
(11). TUNEL is a procedure in which 3'-OH DNA ends are
enzymatically labeled with dUTP-fluorescein isothiocyanate
(dUTP - FITC) using TdT. TUNEL is routinely used to mon-
itor the DNA fragmentation associated with apoptosis in eu-
karyotes (27). DNA damage caused by hydrogen peroxide
treatment of the bacterium E. coli and the archaeon Haloferax
volcanii was readily detectable using TUNEL. Similarly, UV-
induced DNA damage and phage-induced DNA breaks could
be detected using this procedure. TUNEL is simple to per-
form, and samples can be stored for at least 3 weeks before
analysis, making it useful for field studies of DNA damage in
prokaryotes.



1002 ROHWER AND AZAM

MATERIALS AND METHODS

Culturing conditions and treatments. E. coli strain K37 [W3110 galK rpsL
(Str")] was grown in Luria-Bertani medium (LB) at 37°C with constant shaking
(26). H. volcanii was grown in H. volcanii medium (3.5 M NaCl, 150 mM MgSO, -
7H,0, 50 mM KCl, 127.5 pg of MnCl, liter !, 50 mM Tris - CI [pH 7.2], 0.05%
CaCl, - 2H,0, 0.003% Bacto yeast extract, 0.005% Bacto tryptone) at 42°C with
constant shaking (8).

For the hydrogen peroxide treatments, 100 wl of an overnight E. coli culture
or 500 pl of a late-log—early-stationary-phase H. volcanii culture was inoculated
into 10 ml of fresh medium. Aliquots were removed from the new cultures at
various times, and the optical density at 600 nm was measured. Cells from
exponentially growing cultures were treated with 0.2% hydrogen peroxide (~86
mM) or an equivalent volume of water (i.e., control) and incubated at room
temperature for 30 min. For the protein inhibitor studies, the exponentially
growing cells were pretreated for 10 min with chloramphenicol (E. coli; 100 ng
ml™") or diphtheria toxin (DT) (H. volcanii; 1 pg ml™'; Calbiochem-Novabio-
chem Corp., San Diego, Calif.) before the 30-min hydrogen peroxide treatment.
Stationary E. coli cells were obtained by pelleting 1 ml of an overnight culture,
resuspending it in 10 ml of M-9 minimal medium (MM) (26), and incubating it
at 37°C for 2 h. One-milliliter aliquots were treated with 0.4% hydrogen peroxide
or an equivalent volume of water for 30 min and then analyzed by TUNEL. A
third aliquot of the stationary cells was fixed and permeabilized, and then the
DNA was digested with the restriction enzyme Smal. The fixed cells were washed
three times with 1X NEBuffer 4 (New England Biolabs, Beverly, Mass.), resus-
pended in 100 pl of 1X NEBuffer 4 supplemented with 100 U of Smal (New
England Biolabs), and incubated at 37°C for 15 min. The Smal-treated cells were
then washed two times with 1X phosphate-buffered saline (PBS) (10X PBS = 1.4
M Na(l, 27 mM KCl, 15 mM KH,PO,, 96 mM Na,HPO,, pH 7.3) and analyzed
via TUNEL.

For the UV experiments, a 10-ml E. coli culture was rinsed one time with MM
supplemented with 1.5% glucose (26), resuspended in 10 ml of MM-glucose, and
incubated at 37°C for 1 h. Five milliliters of the resuspended culture was then
transferred into a small petri dish (50 by 9 mm; Fisher Scientific) and placed 20
cm under a Spectrolin XX-15F germicidal lamp (Spectronics Corporation, West-
bury, N.Y.) without a cover. The lamp contained a 120-V, 60-Hz, 0.7-A bulb
outputting a nearly monochromatic band at 255 nm (i.e., UV-C). The control
culture was treated identically, except that the petri dish was covered with
aluminum foil during UV exposure. After the 30-s UV irradiation, one-half of
the culture was removed and fixed for TUNEL analysis. The rest of the culture
was allowed to recover at 37°C for 15 min before fixation and TUNEL analysis
(i.e., recovered samples).

For the phage experiments, 100 pl of an overnight E. coli culture was trans-
ferred to LB supplemented with maltose and MgCl, (26) and monitored using
spectrophotometry. Lambda phage cI857 was added to exponentially growing
cells at a multiplicity of infection of 1:1 (phage/bacterium ratio) and incubated at
37°C for 1 h before TUNEL analysis. Similarly, an exponentially growing culture
of Roseobacter strain SIO67 grown in ZoBell 2216E medium (5 g of peptone and
1 g of yeast extract, in 0.45-um-pore-size-filtered seawater) was exposed to
Roseophage SIO1 (multiplicity of infection of 1) for 1 h before fixing and
TUNEL analysis. The phage titers were determined using standard top agar
techniques (26).

Cell fixation and permeabilization. After appropriate treatments, cells were
pelleted by centrifugation at 13,000 X g for 2 min in a Hermle Z 231 M
microcentrifuge. The supernatant was decanted, and the E. coli cells were re-
suspended into 1 ml of ice-cold E. coli fixing solution (4% paraformaldehyde
[Sigma, St. Louis, Mo.] in 1X PBS). H. volcanii cells were resuspended in H.
volcanii fixing solution, which was made by combining 1 part E. coli fixing
solution with 1 part 1X H. volcanii wash buffer (HVWB; 1X HVWB is 3.5 M
NaCl, 150 mM MgSO, - 7H,0, 50 mM KCl, 127.5 pg of MnCl, liter !, 50 mM
Tris-Cl [pH 7.2], and 0.05% CaCl, - 2H,0). Cells were incubated in their
appropriate fixing solutions for 30 min at room temperature. At the end of the
incubation, cells were again pelleted and the fixing solution was removed. The
pellets were resuspended in 500 wl of ice-cold permeabilization solution (0.1%
Triton X-100 and 0.1% sodium citrate) and incubated on ice for 2 min (in situ
cell death detection kit, fluorescein, booklet, 1998; Roche Molecular Biochemi-
cals). Again cells were pelleted and washed once in PBS (E. coli) or HVWB (H.
volcanii).

Direct TUNEL with dUTP - FITC. The fixed and permeabilized cells were
resuspended in 100 pl of TUNEL reaction mix from the in situ cell death
detection kit, fluorescein, from Roche Molecular Biochemicals (catalog no. 1 684
795; Indianapolis, Ind.). This reaction mix includes dUTP - FITC, TdT, and
appropriate buffers. The reaction mixture was then incubated at 37°C in the dark
for 1 h. Samples were washed one time with PBS or HVWB and then resus-
pended in 1 ml of PBS or HVWB for storage and analysis. The PBS and HVWB
used for the final resuspension were filtered through a 0.2-wm-pore-size Acrodisc
syringe filter (Gelman Sciences, Ann Arbor, Mich.).

Indirect TUNEL with dUTP - biotin. Biotin-16-dUTP was added to DNA
breaks by first washing the cells one time with PBS and then resuspending them
in 100 pl of elongation buffer (1X Roche Molecular Biochemicals TdT buffer, 2.5
mM CoCl,, 0.1 mM biotin-16-dUTP, 5 U of TdT; all reagents were obtained
from Roche Molecular Biochemicals) and incubating them at 37°C for 60 min.
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FIG. 1. TUNEL analysis of hydrogen peroxide-induced DNA excision repair
in bacteria and archaea. Samples of E. coli and H. volcanii were exposed to 0.2%
hydrogen peroxide for 30 min before TUNEL analysis. Control cultures were
treated with an equivalent volume of water for 30 min. The x axis (FL1-H)
represents the relative FITC fluorescence, and the y axis (counts, or events) is the
number of cells.

After elongation, the cells were pelleted and the supernatant was removed. The
cells were resuspended in 100 pl of TUNEL staining solution (5X SSC [20X SSC
is 3 M NaCl and 0.3 M sodium citrate, pH 7.5], 5% Carnation nonfat dried milk,
0.2 pg of FITC - avidin [Sigma] ml™, 0.01% Triton X-100) and incubated at
room temperature for 30 min in the dark. After staining, the cells were pelleted,
the supernatant was removed, and the pellet was resuspended in 100 pl of 1X
PBS.

Propidium iodide (PI) staining. A 500X stock solution was made by dissolving
dried PI at 10 mg ml™ ! in 1X PBS. This solution was filtered through a 0.2-um-
pore-size syringe filter to remove particulates and stored in the dark at 4°C.
Samples were stained by adding PI at a final 1X concentration directly to cells in
growth medium or wash buffers.

Flow cytometric analysis. TUNEL and PI samples were analyzed on a
FACSort sorter (Becton Dickinson, San Jose, Calif.).

Unless otherwise noted, reagents were obtained from Sigma.

RESULTS

Hydrogen peroxide-induced DNA damage was measured by
TUNEL in the bacterium E. coli and the archaeon H. volcanii.
Aliquots of exponentially growing cultures were treated with
0.2% hydrogen peroxide or an equivalent volume of water (i.e.,
control) and incubated at room temperature for 30 min. The
cells were then fixed, permeabilized, and analyzed via TUNEL.
Figure 1 shows a representative experiment in which hydrogen
peroxide treatment caused the vast majority of both popula-
tions to become TUNEL positive. Since TdT selectively uses
the 3'-OH end of DNA as a substrate for extension, the
TUNEL-positive cells in the hydrogen peroxide treatment
must have more of these ends (in situ cell death detection kit
booklet, Roche Molecular Biochemicals; 26). To quantify this
effect, cellular DNA was stained with PI subsequent to the
TUNEL procedure. The DNA-containing population (i.e., PI
positive) was electronically gated away from non-DNA-con-
taining particles, thereby removing unwanted background. The
DNA-containing population was then analyzed for TUNEL
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staining. For convenience, the gate, marked M1 in Fig. 1, was
started at the intersection of the control and hydrogen perox-
ide treatment histograms. In this experiment, 97.4% of the
hydrogen peroxide-treated E. coli cells were TUNEL positive.
In comparison, less than 1% of the control E. coli cells were
TUNEL positive. Similarly, 84.3% of the hydrogen peroxide-
treated H. volcanii cells were TUNEL positive, as opposed to
9.6% of the control cells. Neither the relative size, shape, nor
granularity, as determined by forward and side scatter,
changed significantly with hydrogen peroxide treatment (data
not shown).

Hydrogen peroxide-induced DNA damage predominately
involves the attack of OH* on the various rings of the DNA
bases and backbone (13). Hydrogen peroxide has also been
reported to induce both double- and single-strand breaks in
DNA (13). To determine if the DNA breaks observed upon
hydrogen peroxide treatment of E. coli were due to activation
of repair enzymes, the effect of the protein synthesis inhibitor
chloramphenicol on hydrogen peroxide-induced 3’-OH DNA
ends was measured. Since many of the DNA repair systems
involve de novo protein synthesis, it was hypothesized that
chloramphenicol may block the generation of 3'-OH DNA
ends produced by excision repair processes. Conversely, if hy-
drogen peroxide was directly breaking the DNA, chloramphen-
icol would not be expected to block the formation of 3'-OH
DNA ends detectable by TUNEL. Figure 2A shows that treat-
ing the cells with 0.2% hydrogen peroxide for 30 min induces
3’-OH DNA breaks detectable by TUNEL. Analysis of the
DNA-containing population showed that 84.1% of the treated
E. coli cells were within the gated region (M1). Only 4.2% of
the untreated cells were in M1. Pretreating the same cells with
chloramphenicol for 10 min before the hydrogen peroxide
treatment blocks the generation of TUNEL-positive cells
(7.8% in M1). The control population was the same E. coli
population treated with chloramphenicol for 40 min. There-
fore, the hydrogen peroxide-induced formation of 3'-OH DNA
ends was dependent on de novo translation, presumably in-
volved in activating cellular DNA repair systems. Similarly,
pretreatment of H. volcanii with DT, a protein synthesis inhib-
itor in archaea (21), blocked approximately 50% of the hydro-
gen peroxide-induced 3’-OH DNA ends (percentage of popu-
lation in M1 for experiment shown in Fig. 2A: DT-alone
control, 6.9%; hydrogen peroxide, 78.2%; and hydrogen per-
oxide plus DT, 31.4%). Finally, it was hypothesized that if
hydrogen peroxide was directly breaking DNA, the growth
phase of the cells should not have an effect on generation of 3’
ends. As shown in Fig. 2B, stationary E. coli cells treated with
hydrogen peroxide did not experience DNA breaks detectable
by TUNEL. In this experiment, the cells were treated with
0.4% hydrogen peroxide, double the concentration used in the
other experiments. It was a possibility that the cell wall (e.g.,
peptidoglycan structure) of stationary cells differs significantly
from that of exponentially growing cells, thereby excluding the
TUNEL reagents and preventing efficient labeling. To address
this possibility, stationary cells were fixed, permeabilized, and
treated with the restriction enzyme Smal before TUNEL analy-
sis. A strongly positive population was observed in the Smal-
treated cells, showing that the stationary cells were susceptible
to TUNEL labeling (Fig. 2B).

PI is a DNA stain that cannot cross intact cellular mem-
branes (28). This property of PI was exploited to determine if
hydrogen peroxide treatment selectively destroyed the mem-
branes of TUNEL-positive cells, thereby exposing them to
exogenous DNases, rather than activating internal DNA repair
systems. E. coli cells were treated with 0.2% hydrogen peroxide
for 30 min. During the last 10 min of this treatment, PI was
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FIG. 2. (A) The effect of protein synthesis inhibitors on the formation of
3’-OH DNA ends in E. coli and H. volcanii. Three aliquots of an exponentially
growing E. coli culture were treated with (i) chloramphenicol (100 pg ml~') for
40 min (Chloro), (ii) 0.2% hydrogen peroxide for 30 min (Peroxide), and (iii)
chloramphenicol for 10 min followed by 0.2% hydrogen peroxide for 30 min
(Chloro + Peroxide). DT (1 g ml~"), a protein synthesis inhibitor in archaea,
was used in an identical study of H. volcanii. (B) Stationary E. coli cells do not
form 3’-OH DNA ends when treated with hydrogen peroxide. One milliliter of
an overnight E. coli culture was pelleted, resuspended in 10 ml of MM, and
incubated at 37°C for 2 h. One-milliliter aliquots were treated with 0.4% hydro-
gen peroxide (Stationary + Peroxide) or an equivalent volume of water (Sta-
tionary) for 30 min and then analyzed by TUNEL. A third aliquot of the
stationary cells was fixed, permeabilized, treated with the restriction enzyme
Smal, and then analyzed via TUNEL (Stationary + Smal).

added to the cells. These cells were washed once with PBS and
then analyzed by flow cytometry. Figure 3 shows that the cells
excluded PI whether or not they were treated with hydrogen
peroxide. Therefore, it was concluded that the inside of the cell
was not accessible to exogenous DNases. To show that PI was
effective at staining DNA under these conditions, two control
populations of E. coli were fixed and permeabilized (as de-
scribed for the TUNEL procedure) and then resuspended in
LB. These samples were then treated exactly like the experi-
mental samples. In both of these control populations, the cells
became stained with PI. Similar results were obtained with H.
volcanii (Fig. 3) and stationary E. coli cells (data not shown).

Two other DNA-damaging agents frequently encountered
by prokaryotes in the environment are UV and bacteriophage.
To determine if DNA damage induced by UV treatment could
be detected using TUNEL, E. coli cells were exposed to a
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FIG. 3. Hydrogen peroxide treatment does not induce the loss of membrane
integrity. Exponentially growing E. coli cells were treated with 0.2% hydrogen
peroxide (dashed lines) or water for 30 min (solid lines). During the last 10 min
of this treatment, 1X PI was added. After the incubation was complete, the cells
were washed once with PBS and analyzed on the flow cytometer (Unfixed). The
positive controls were E. coli or H. volcanii previously fixed, permeabilized, and
analyzed in parallel with the experimental samples (Fixed).

germicidal UV lamp (120-V Spectrolin XX-15F with maximal
emission at 255 nm) for 30 s, fixed, and analyzed using the
assay. No DNA damage could be detected (Fig. 4A). However,
when the cells were exposed to the same UV treatment and
then allowed to recover for 15 min, a TUNEL-positive popu-
lation was observed.

To determine if TUNEL could detect DNA breaks associ-
ated with phage infections, E. coli was exposed to coliphage \
cI857 and Roseobacter strain SIO67 was exposed to roseophage
SIO1. Roseobacter strain SIO67 is a marine alpha-proteobac-
terium susceptible to infection by roseophage SIO1, a marine
podovirus genetically related to coliphages T3 and T7 (25a,
31). Previous studies have shown that roseophage SIO1 de-
grades the host’s DNA and incorporates the freed nucleotides
into its genome during replication (31). Roseophage SIO1 also
encodes an endo-DNase that is closely related to that of T3
and T7. This endo-DNase presumably cuts up the host’s
chromosome during the phage replication. Therefore, 3’ ends
for TUNEL labeling should include both those made by the
phage endo-DNase and those made by the production of new
phage, each of which have two termini. In contrast, coliphage
\ does not degrade the host’s DNA during lytic reproduction
(3). Therefore, 3'-OH DNA ends available for TUNEL label-
ing in E. coli infected by coliphage N\ should be the result of
new phage termini alone. Figure 4B shows that infection of
both bacteria, by their respective phages, results in a TUNEL-
positive population, indicating that this method can be used to
identify cells undergoing a lytic phage infection.

Samples collected in the field must often be stored before
analysis; therefore, the effect of storing TUNEL-stained sam-
ples was tested. In this assay, E. coli was treated with 0.2%
hydrogen peroxide and incubated at room temperature for 1 h.
The cells were then permeabilized, fixed, and TUNEL stained.
The samples were immediately analyzed on the flow cytometer
and then placed at 4°C in the dark. The samples were reana-
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FIG. 4. TUNEL analyses of bacteria treated with UV radiation or infected
with bacteriophages. (A) An E. coli culture was exposed to a wide-coverage UV
lamp for 30 s. An aliquot of the cells was immediately fixed and analyzed using
TUNEL (UV No Recovery). A second aliquot was allowed to recover for 15 min
after the UV exposure and then analyzed by TUNEL (UV with Recovery). The
control cultures were treated exactly the same as the experimental cultures,
except that they were covered with aluminum foil. (B) An E. coli culture was
incubated with coliphage N cI857, and a Roseobacter strain SIO67 culture was
exposed to roseophage SIO1 for 1 h and then fixed for TUNEL analyses. The
multiplicity of infection was approximately 1 for both samples. The control
populations were treated with a heat-killed aliquot of the respective phages.

lyzed 6, 13, and 26 days after the original treatment and
TUNEL staining. There was a slight loss of mean fluorescence
over the first 13 days (Fig. 5). However, this change was minor,
and it can be concluded that TUNEL samples can be stored for
at least 2 weeks without any special treatment. The effects of
storing samples in 4% paraformaldehyde in PBS (fixing solu-
tion) or in 70% ethanol after fixing and permeabilization were
also tested. These treatments significantly reduced the mean
fluorescence of the TUNEL-positive cells (data not shown).
Based on these observations, it is suggested that samples be
fixed, permeabilized, and TUNEL treated as soon as possible.
The cells can then be stored until analysis on a flow cytometer
or fluorescence microscope.
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FIG. 5. Effect of storing TUNEL samples. E. coli cells were treated with
0.2% hydrogen peroxide for 60 min, fixed, permeabilized, and TUNEL stained.
This sample was then analyzed on the fluorescence-activated cell sorter imme-
diately (No Storage; solid line). After fluorescence-activated cell sorter analysis,
the remaining sample was stored in the dark at 4°C. At 6 (6 Days; dotted line),
13 (13 Days; solid line), and 26 (26 Days; dotted line) days, the sample was
reanalyzed on the fluorescence-activated cell sorter.

The TUNEL procedure in the previous studies requires
FITC as the fluorochrome. There are times, however, when it
is desirable to use other fluorochromes (e.g., when analyzing
cells expressing green fluorescent protein). We tested a second
TUNEL protocol in which dUTP - biotin was used as the
substrate for TdT. After the 3'-OH DNA ends had been
labeled with the dUTP - biotin, the cells were stained with
avidin conjugated to the fluorochrome of choice (in this case,
FITC). To compare these two methods, E. coli was treated with
0.2% hydrogen peroxide for 30 min and split into two aliquots.
The first aliquot was TUNEL stained using the dUTP - FITC
method described above. The second aliquot was TUNEL
stained using dUTP - biotin in the elongation step, and then the
cells were stained with avidin - FITC. Figure 6 shows that both
methods detect 3'-OH DNA ends produced during hydrogen
peroxide treatment of E. coli. However, the dUTP - FITC
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FIG. 6. Comparison TUNEL using dUTP - FITC or dUTP - biotin. Expo-
nentially growing E. coli cells were treated with 0.2% hydrogen peroxide for 30
min. The sample was split into two aliquots that were then analyzed using either
the dUTP + FITC or the dUTP - biotin protocol.
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protocol results in a significantly lower background than that
for the dUTP - biotin method. Many attempts were made to
lower the background in dUTP - biotin samples by changing
staining conditions (e.g., increasing milk and/or salt concentra-
tions, addition of bovine serum albumin, etc.). However, none
of these treatments significantly changed the background stain-
ing. It can be concluded that the dUTP - biotin method will
work in prokaryotes, but with less satisfactory results than
those of the dUTP - FITC approach.

DISCUSSION

In order to develop a general assay for detecting DNA
damage in prokaryotes, the formation of 3'-OH DNA ends was
monitored in individual cells using TUNEL. Three types of
environmentally relevant DNA-damaging agents (e.g., hydro-
gen peroxide, UV irradiation, and phage infection) produced
3’-OH DNA ends that were detectable using TUNEL. We
believe that 3'-OH ends produced during DNA excision repair,
as well as 3’-OH ends caused by directly breaking the DNA
backbone, were measured in these studies. First, activation of
excision DNA repair mechanisms was implied by the require-
ment of de novo protein synthesis for the formation of 3'-OH
DNA ends in cells treated with hydrogen peroxide. Second,
DNA breaks were not produced in stationary E. coli cells
treated with hydrogen peroxide, supporting the conclusion that
hydrogen peroxide was not directly breaking the DNA back-
bone (however, this interpretation may be complicated by en-
try of the stationary cells into a hydrogen peroxide-hyperresis-
tant state [C. Fraley, M. McCann, M. Keyhan, and A. Matin,
Abstr. 94th Gen. Meet. Am. Soc. Microbiol. 1994, abstr. H-98,
p- 217, 1994]). Third, UV irradiation, a treatment which does
not directly induce DNA backbone breaks, produced TUNEL-
detectable 3'-OH DNA ends. Finally, we have identified an E.
coli mutant strain that does not produce measurable 3'-OH
DNA ends upon hydrogen peroxide exposure (i.e., hydrogen
peroxide treatment of the mutant does not result in TUNEL-
positive population [data not shown; analysis of this mutant
will be presented elsewhere]). This finding indicates that a
specific genetic component was necessary for the observed
phenomenon. Based on these observations, it was concluded
that excision repair responses, activated by DNA damage, can
be measured using TUNEL. By extension, any DNA-damaging
agent that activates DNA excision repair systems should be
detectable using this method.

One potential complication associated with using the
TUNEL approach to detecting DNA damage would be the
Okazaki fragments produced during DNA replication (20).
Each of these fragments has a 3'-OH DNA end that should be
targeted by TdT in the TUNEL reaction. Therefore, replicat-
ing cells should be more brightly labeled than nonreplicating
cells. Except for the experiment whose results are shown in Fig.
2B, the cell populations used in this study were exponentially
growing cultures and contained replicating cells. In each con-
trol population, there was a small percentage (less than 10%)
of the cells that may have TUNEL-labeled Okazaki fragments.
However, untreated stationary cells (Fig. 2B) and exponen-
tially growing cells had almost the same level of background
labeling, suggesting that Okazaki fragments were not major
targets for TUNEL labeling.

During the course of these studies, a difference in the mean
fluorescence induced by similar ROS treatments was observed.
For example, a 30-min 0.2% hydrogen peroxide treatment of
E. coli resulted in a mean fluorescence shift of approximately
2 logs in Fig. 1 and 1 log in Fig. 2A. These differences were
somewhat surprising, because it was expected that the mean
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fluorescence should be proportional to the amount of DNA
damage. To address this ambiguity, the same cells used for Fig.
2 were also exposed to 0.2% hydrogen peroxide for 60 min
(Fig. 5, “No Storage” sample), on the assumption that longer
exposure to the ROS would induce more DNA damage. Com-
parison of these two samples showed that treating E. coli cells
with one concentration of hydrogen peroxide for a longer time
resulted in more DNA damage. Additionally, treating the cells
with varying concentrations of hydrogen peroxide induced
changes in the mean fluorescence that were proportional to the
hydrogen peroxide concentration (i.e., more peroxide results in
more measurable DNA breaks [data not shown]). In retro-
spect, the differences observed from experiment to experiment
were due to variations in the concentration of cells in the
sample. Though care was taken to use only exponentially grow-
ing cells, the actual concentration of cells per milliliter was not
normalized. Later analysis revealed that a higher cell concen-
tration decreased the amount of DNA damage by hydrogen
peroxide. It was assumed that this phenomenon was due to the
increased concentration of ROS scavenging molecules associ-
ated with higher concentrations of cells.

The concentration of hydrogen peroxide used in this study
(i.e., 0.2% or ~86 mM) was approximately 10 times greater
than the highest reported hydrogen peroxide concentration in
surface and ground freshwater (6) and approximately 10° times
higher than the predominant hydrogen peroxide concentra-
tions found in marine systems (e.g., 0.5 to 200 nM) (7) and
freshwater systems (e.g., <800 nM) (5). However, microniches
(e.g., around algal cells [24]) may have much higher hydrogen
peroxide concentrations, thereby complicating the hydrogen
peroxide regimens that a cell experiences. At hydrogen perox-
ide concentrations of <10 wM, we were unable to detect DNA
damage in E. coli using TUNEL (data not shown). Therefore,
DNA damage to prokaryotes due to exogenous hydrogen per-
oxide may be relatively limited in the bulk phase of natural
environments. Future studies need to more closely address the
relationship between cell concentration, ROS scavenging, and
DNA damage experienced in natural prokaryotic communities.

To our knowledge, this is the first use of TUNEL in pro-
karyotes. Based on the observation that both bacteria and
archaea show similar responses to hydrogen peroxide treat-
ment, this method should be useful for monitoring DNA dam-
age and excision repair in the majority of prokaryotic groups.
This approach has many potential applications, including
screening for DNA-damaging agents, determining how effec-
tive DNA-damaging agents are in an environmental context,
monitoring DNA stress of natural prokaryotic populations in
their natural ecosystem, screening of mutants to see if they are
more or less sensitive to DNA damage, etc.
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