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FIG. 3. Images after the application of Micro-Halomax to cultures of P. mirabilis (a) and C. albicans (b), processed as indicated in Materials
and Methods. Nucleoids without DNA fragmentation released DNA loops around a central core from the residual cell. Otherwise, nucleoids with
fragmented DNA were clearly identified by a big halo of DNA spots (asterisks). Bar: 5 pm.

with diffused DNA fragments in control E. coli cultures, the
DBD-FISH technique was employed (14, 15). This procedure
uses the same microgel as the diffusion assay, allowing simul-
taneous or sequential visualization of the nucleoids with or
without fragmented DNA and labeling of DNA breaks. DBD-
FISH is a powerful procedure that involves microgel embed-
ding, lysis, and incubation with a limited alkaline DNA un-
winding step (3, 32). This final step transforms DNA breaks
into limited single-stranded DNA (ssDNA) segments gener-
ated from the ends of the breaks, which hybridize to fluores-
cent DNA probes. As DNA breaks increase, more ssDNA is
produced, increasing probe hybridization and fluorescence in-
tensity. Fluorescence may be quantified using image analysis
software. When hybridizing with a whole-genome probe, DNA
breaks in the entire genome are assessed. Damage within spe-
cific DNA sequence areas may be evaluated by hybridizing
specific DNA probes.

The DBD-FISH procedure was applied to E. coli (Fig. 2)
and other microorganisms lysed in the microgel. Nucleoids
with diffused spots were strongly labeled, further confirming
massive DNA breaks.

Three kinds of experiments demonstrated the potential of
the procedure to determine chromosomal DNA fragmenta-
tion, as follows: (i) analysis of cells with spontaneous frag-
mented DNA in culture, (ii) reactive oxygen species-induced

DNA damage, and (iii) analysis of antibiotic and antifungal
agent effects.

Batch cultures. P. mirabilis was incubated in liquid LB me-
dium for 106 h, while the turbidity was monitored and aliquots
were removed periodically to determine membrane permeabil-
ity and DNA fragmentation. Bacteria with fragmented DNA
were easily separated from nucleoids without fragmented

FIG. 4. Kinetics of the frequency of P. mirabilis cells with frag-
mented DNA and with a PI-permeable membrane. Identification of
bacteria with fragmented DNA was performed using the Micro-Halo-
max Kkit, as indicated in Materials and Methods. ODy, optical density
at 600 nm.
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DNA (Fig. 3a). The frequency of bacteria with DNA fragmen-
tation was established using the Micro-Halomax kit. This eval-
uated nucleoids with diffused DNA fragments in 1,000 to 5,000
cells per experimental point. Membrane permeability was de-
termined by SYBR Green II and PI staining. All cells were
permeable to SYBR Green II, but PI is a vital dye, so only cells
with membrane permeability, which do not exclude the dye,
appear red under the PI filter set of the microscope. The
frequency of Pl-permeable cells was established in 1,000 to
5,000 microorganisms per experimental point (Fig. 4).

The culture changed from the exponential growth phase to
the stationary phase after 9 h. The percentage of cells perme-
able to PI increased at 48 h from 0.5% to 5% and then pro-
gressively rose through the end of the experiment to 88%. The
proportion of bacteria with fragmented DNA significantly in-
creased after 81 h from 0.5 to 1% up to 9.5%. It remained
constant at 35% from 99 to 103 h and then rose to 52% 3 h
later.

These results suggest that membrane permeability does not
indicate the presence of fragmented DNA, being that these are
independent parameters related to different initial targets and
not correlated in time. Moreover, the stationary phase does
not seem to be steady in the frequency of bacteria with frag-
mented DNA. In the initial period of the stationary phase, the
proportion of bacteria with DNA fragmentation did not in-
crease over that in the exponential phase. The percentage
increased later, probably reflecting a progressive change in the
turnover rate between dead and dividing cells. Perhaps with
the accumulation of metabolites and the depletion of nutrients,
the fraction of cells with fragmented DNA should increase
further.

Hydrogen peroxide treatment. The effect of reactive oxygen
species on DNA integrity was evaluated. Hydrogen peroxide
decomposes into hydroxyl radicals ("OH) through catalysis by
low-valence-transition metal ions in a Fenton-Haber-Weiss re-
action. These oxidizing agents strongly reacted with macromol-
ecules. ‘OH attack on DNA results in a variety of base damages
and DNA breaks (8, 9). In the only report using the TUNEL
assay for bacteria (31), labeling of DNA breaks was detected in
exponentially growing cultures of E. coli after exposure to
extremely high doses of H,O, (86 mM for 30 min). Surpris-
ingly, in stationary-phase cultures, even doubling the H,O,
dose (172 mM) did not result in DNA breakage. This sug-
gested that H,O, does not directly cause DNA breaks, which
could be transient intermediates in DNA repair produced by
the DNA repair enzymes (31).

We tested this hypothesis by using our DNA fragmentation
assay. The percentage of E. coli cells with fragmented DNA
was 0.4% and 37.6% in untreated control cells growing expo-
nentially and in the stationary phase, respectively (Fig. 5a and
¢). Using a lower dose for a shorter length of time than in the
previous report (10 mM and 10 min), 100% of nucleoids
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FIG. 6. E. coli cultures processed with the Micro-Halomax kit after
ampicillin treatment, 300 pg/ml, for 24 h. Nucleoids from residual cells
appear more relaxed, accompanied by a dense background of DNA
fragments. Bar: 5 pm.

showed extensively fragmented DNA, either in the exponential
or stationary growth phase (Fig. 5b and d). This result suggests
a higher sensitivity in the microgel-based assay than in the
TUNEL assay for bacteria and illustrates a difficulty with en-
zymatic procedures for labeling DNA breaks. In the case of
TdT, a free 3'-OH group at the terminus of the DNA break is
essential as a substrate in order to polymerize the nucleotides
(10). Attack by agents like H,O, does not produce “clean”
DNA termini but rather chemically modified ends, such that
direct DNA breaks could be undetectable to enzymes (9). To
allow for DNA repair, exonuclease III removes blocking
groups at the 3’ terminus (9). Labeling by TdT should there-
fore be possible. The absence of enzymatic labeling in station-
ary-phase cultures could be explained if end processing is im-
paired at this stage. Nevertheless, H,O,-induced DNA breaks
are visible with our assay, since it is independent of the chem-
ical nature of the DNA break. Overall, our diffusion assay
identifies DNA damage by ‘OH, in both the exponential and
stationary growth phases.

Ampicillin incubation. To evaluate the influence of ampicil-
lin treatment on chromosomal DNA, exponentially growing
cultures of TG1 were exposed to 300 pg/ml ampicillin for 40
min or 24 h. This dose was much higher than the MIC of 3
pg/ml. In contrast to the target of ciprofloxacin, which affects

FIG. 5. Exponentially growing cultures from E. coli control cells (a) and from those exposed to 10 mM hydrogen peroxide for 10 min (b),
evaluated with the diffusion-based assay using the Micro-Halomax kit. (a) Bacterial nucleoids from control cultures only show spreading of DNA
loops. Some nucleoids had a big halo of diffused DNA spots, as indicated in the image (asterisk). (b) All nucleoids observed after H,O, treatment
reveal a halo of DNA spots. In stationary-phase cultures, untreated cells (c) showed similar images to those in panel a, with a higher proportion
of background nucleoids with diffused DNA spots (asterisks), whereas those treated with H,O, (d) were similar to those in panel b. Bar: 5 pm.
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FIG. 7. S. cerevisiae cells with fragmented DNA (right scale), a PI-permeable membrane, and viability (left scale) after incubation for 24 h with

increasing doses of amphotericin B.

DNA, the cell wall is the primary target for ampicillin; it
inhibits peptidoglycan synthesis after binding to penicillin
binding proteins and activating autolysins (5, 16).

Unlike with ciprofloxacin, a 40-min treatment with ampicil-
lin barely increased the frequency of cells with fragmented
DNA or with the appearance of DNA damage. The nucleoids
were similar to those from untreated control cells. When in-
cubated for 24 h, the density of bacteria and corresponding
nucleoids was reduced but had a uniform background of DNA
spots that were probably from spontaneously lysed cells that
released the DNA fragments to the medium (Fig. 6). This
suggests that cell death initially appears to be independent of
DNA damage but may evolve later in DNA degradation.

Amphotericin B incubation in yeast. A presumed PCD has
been described in S. cerevisiae, following acidic, oxidative, or
osmotic stress and after UV exposure (23). This has also been
reported for Candida albicans after acetic acid, H,O,, or am-
photericin B treatment (28, 29). Apoptotic cells were very
significantly increased after a 200-min incubation with 4 pg/ml
amphotericin B (28). Apoptotic cells were considered those
not growing and not permeable to PI. DNA fragmentation was
not assessed. After a dose of 16 wg/ml, practically no Candida
cells grew, with the cells appearing 10% PI impermeable as-
sumed to be apoptotic and the PI-permeable cells presumed to
be necrotic.

An image of C. albicans showing DNA fragmentation is
presented in Fig. 3b. Nevertheless, we assessed the possible
induction of DNA fragmentation by amphotericin B in S. cer-
evisiae. In untreated control cultures, no cells with fragmented
DNA were detected in 6,000 yeasts. There was no evidence of
fragmented DNA with any dose of the antifungal agent when
incubated for 3 h. After a 24-h incubation with amphotericin B,
yeast cells with fragmented DNA were recorded in a dose-
dependent manner (Fig. 7). The frequency of cells with frag-
mented DNA was lower than that with the PI-permeable mem-
brane. In fact, with the highest dose assayed, 5% of the cells

contained fragmented DNA, whereas 85% were PI permeable.
This decouples membrane permeability from DNA fragmen-
tation as being indicative of death in these microorganisms, at
least after treatment with antifungal agents, like amphotericin
B, that target yeast cell membranes (4). A substantial and
proportional decrease in viability with the dose, assayed 48 h
after treatment, was demonstrated (Fig. 7), suggesting that
DNA fragmentation after amphotericin B treatment is either a
rare phenomenon or a late response.

Conclusion. The experiments presented here illustrate the
ability of the technique, assembled as a kit, to determine the
presence of fragmented DNA in microorganisms. Its simplic-
ity, short assay time (50 min), and efficacy make this technique
useful for the routine determination of DNA fragmentation
and intercellular variation. Applications may be extensive for
both basic and clinical research. Only a fluorescence micro-
scope is required. Though direct visual identification is quite
sharp, the scoring process may be partially automated by
adapted image analysis software. This automation could be
more complete by integrating a microscope with a motorized
plate and focus, a charge-coupled-device camera for image
capture, and image analysis software. This could be useful
when scoring many thousands of microorganisms, resembling
the conditions in flow cytometer facilities.

ACKNOWLEDGMENTS

J. L. Fernandez, V. Goyanes, and J. Gosalvez collaborate as scien-
tific advisers of Halotech DNA SL.

This work was supported by public grants from the Xunta de Galicia
(07CSA050916PR  and INCITE07PXI916201ES) and by FIS
PI061368.

We are grateful to Christopher de Jonge, from the University of
Minnesota, for the critical reading of the manuscript.

REFERENCES

1. Aersten, A., and C. W. Michiels. 2004. Stress and how bacteria cope with
death and survival. Crit. Rev. Microbiol. 30:263-273.

1sanb Aq 0z0zZ ‘Tz Jequaldas uo /Bio wse war//:dny woll papeojumoq


http://aem.asm.org/

VoL. 74, 2008

2.

3.

10.

11.

13.

16.

17.

19.

Ahnstrom, G. 1988. Techniques to measure DNA strand breaks in cells: a
review. Int. J. Radiat. Biol. 54:695-707.

Ahnstrom, G., and K. Erixon. 1973. Radiation-induced strand breakage in
DNA from mammalian cells. Strand separation in alkaline solution. Int. J.
Radiat. Biol. 23:285-289.

. Baginski, M., J. Czub, and K. Sternal. 2006. Interaction of amphotericin B

and its selected derivatives with membranes: molecular modeling studies.
Chem. Rec. 6:320-332.

. Bayles, K. W. 2000. The bactericidal action of penicillin: new clues to an

unsolved mystery. Trends Microbiol. 8:274-278.

. Beppu, T., and K. Arima. 1971. Properties of the colicin E,-induced degra-

dation of deoxyribonucleic acid in Escherichia coli. J. Biochem. 70:263-271.

. Chen, F., J.-R. Lu, B. J. Binder, Y.-C. Liu, and R. E. Hodson. 2001. Appli-

cation of digital image analysis and flow cytometry to enumerate marine
viruses stained with SYBR Gold. Appl. Environ. Microbiol. 67:539-545.

. Dahm-Daphi, J., C. Sab, and W. Alberti. 2000. Comparison of biological

effects of DNA damage induced by ionizing radiation and hydrogen peroxide
in CHO cells. Int. J. Radiat. Biol. 76:67-75.

. Demple, D., A. Johnson, and D. Fung. 1986. Exonuclease III and endonu-

clease IV remove 3’ blocks from DNA synthesis primers in H,O,-damaged
Escherichia coli. Proc. Natl. Acad. Sci. USA 83:7731-7735.

Didenko, V. V. (ed.) 2002. In situ detection of DNA damage: methods and
protocols. Humana Press, Totowa, NJ.

Drlica, K., M. Malik, R. J. Kerns, and X. Zhao. 2008. Quinolone-mediated
bacterial death. Antimicrob. Agents Chemother. 52:385-392.

. Dubnau, D. 1999. DNA uptake in bacteria. Annu. Rev. Microbiol. 53:217-
224.
Enciso, M., C. Lopez-Fernandez, J. L. Fernandez, P. Garcia, A. Gosalbez,

and J. Gosalvez. 2006. A new method to analyze boar sperm DNA fragmen-
tation under bright-field or fluorescence microscopy. Theriogenology 65:
308-316.

. Ferndndez, J. L., and J. Gosalvez. 2002. Application of FISH to detect DNA

damage. DNA breakage detection-FISH (DBD-FISH). Methods Mol. Biol.
203:203-216.

. Ferndndez, J. L., V. Goyanes, and J. Gosalvez. 2002. DNA breakage detec-

tion-FISH (DBD-FISH), p. 282-290. In B. Rautenstrauss and T. Liehr (ed.),
FISH technology—Springer lab manual. Springer-Verlag, Heidelberg, Ger-
many.

Fuda, C., D. Hesek, M. Lee, W. Heilmayer, R. Novak, S. B. Vakulenko, and
S. Mobashery. 2006. Mechanistic basis for the action of new cephalosporin
antibiotics effective against methicillin- and vancomycin-resistant Staphylo-
coccus aureus. J. Biol. Chem. 281:10035-10041.

Garcia-Macias, V., P. de Paz, F. Martinez-Pastor, M. Alvarez, S. Gomes-
Alves, J. Bernardo, E. Anel, and L. Anel. 2007. DNA fragmentation assess-
ment by flow cytometry and Sperm-Bos-Halomax (bright-field microscopy
and fluorescence microscopy) in bull sperm. Int. J. Androl. 30:88-98.

. Herrero, M., and F. Moreno. 1986. Microcin B17 blocks DNA replication

and induces SOS system in Escherichia coli. J. Gen. Microbiol. 132:393-402.
Hooper, D. C. 2001. Mechanisms of action of antimicrobials: focus on fluo-
roquinolones. Clin. Infect. Dis. 32(Suppl. 1):S9-S15.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

DNA FRAGMENTATION IN MICROORGANISMS 5933

Kohanski, M. A,, D. J. Dwyer, B. Hayete, C. A. Lawrence, and J. J. Collins.
2007. A common mechanism of cellular death induced by bactericidal anti-
biotics. Cell 130:797-810.

Lebaron, P., N. Parthuisot, and P. Catala. 1998. Comparison of blue nucleic
acid dyes for flow cytometric enumeration of bacteria in aquatic systems.
Appl. Environ. Microbiol. 64:1725-1730.

Lewis, K. 2000. Programmed death in bacteria. Microbiol. Mol. Biol. Rev.
64:503-514.

Madeo, F., S. Engelhardt, E. Herker, N. Lehmann, C. Maldener, A. Proksch,
S. Wissing, and K. U. Frohlich. 2002. Apoptosis in yeast: a new model system
with applications in cell biology and medicine. Curr. Genet. 41:208-216.
Malik, M., X. Zhao, and K. Drlica. 2006. Lethal fragmentation of bacterial
chromosomes mediated by DNA gyrase and quinolones. Mol. Microbiol.
61:810-825.

Malik, M., X. Zhao, and K. Drlica. 2007. Effect of anaerobic growth on
quinolone lethality with Escherichia coli. Antimicrob. Agents Chemother.
51:28-34.

Nagata, S. 2000. Apoptotic DNA fragmentation. Exp. Cell Res. 256:12-18.
Olive, P. L., and R. E. Durand. 2005. Heterogeneity in DNA damage using
the comet assay. Cytometry Part A 66:1-8.

Phillips, A. J., I. Sudbery, and M. Ramsdale. 2003. Apoptosis induced by
environmental stresses and amphotericin B in Candida albicans. Proc. Natl.
Acad. Sci. USA 100:14327-14332.

Phillips, A. J., J. D. Crowe, and M. Ramsdale. 2006. Ras pathway signaling
accelerates programmed cell death in the pathogenic fungus Candida albi-
cans. Proc. Natl. Acad. Sci. USA 103:726-731.

Rodriguez, S., V. Goyanes, E. Segrelles, M. Blasco, J. Gosalvez, and J. L.
Ferndndez. 2005. Critically short telomeres are associated with sperm DNA
fragmentation. Fertil. Steril. 84:843-845.

Rohwer, F., and F. Azam. 2000. Detection of DNA damage in prokaryotes by
terminal deoxyribonucleotide transferase-mediated dUTP nick end labeling.
Appl. Environ. Microbiol. 66:1001-1006.

Rydberg, B. 1975. The rate of strand separation in alkali of DNA of irradi-
ated mammalian cells. Radiat. Res. 61:274-287.

Singh, N. P. 2000. A simple method for accurate estimation of apoptotic
cells. Exp. Cell Res. 256:328-337.

Singh, N. P., R. E. Stephens, H. Singh, and H. Lai. 1999. Visual quantifica-
tion of DNA double-strand breaks in bacteria. Mutat. Res. 429:159-168.
Valenti, A., A. Napoli, M. C. Ferrara, M. Nadal, M. Rossi, and M. Ciara-
mella. 2006. Selective degradation of reverse gyrase and DNA fragmentation
induced by alkylating agent in the archaeon Sulfolobus solfataricus. Nucleic
Acids Res. 34:2098-2108.

Vasquez, M., and R. R. Tice. 1997. Comparative analysis of apoptosis versus
necrosis using the single cell gel (SCG) assay. Environ. Mol. Mutagen. 29:53.
Von Sonntag, C. 1987. The chemical basis of radiation biology. Taylor and
Francis Ltd., London, United Kingdom.

Yarmolinsky, M. B. 1995. Programmed cell death in bacterial populations.
Science 267:836-837.

1sanb Aq 0z0zZ ‘Tz Jequaldas uo /Bio wse war//:dny woll papeojumoq


http://aem.asm.org/

