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Abstract
Sodium hypochlorite and sodium chlorite are commonly used as disinfectants, and
understanding the mechanisms of microbial resistance to these compounds is of
considerable importance. In this study, the role of oxidative stress and antioxidant
enzymes in the sensitivity of the yeast Saccharomyces cerevisiae to hypochlorite and
chlorite was studied. Yeast mutants lacking Cu–Zn superoxide dismutase, but not
mutants deficient in cytoplasmic and peroxisomal catalase, were hypersensitive to
the action of both hypochlorite and chlorite. Both compounds depleted cellular
glutathione, induced the production of reactive oxygen species and decreased the
viability of the cells. The toxicity of hypochlorite and chlorite was abolished by
hypoxic and anoxic conditions and ameliorated by thiol antioxidants and ascorbate.
The results demonstrated that the action of hypochlorite and chlorite involves the
formation of superoxide and peroxide and that SOD1 is protective, probably by
limiting the formation of hydroxyl radicals and damage to proteins. Copyright 
2011 John Wiley & Sons, Ltd.
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Introduction

Sodium hypochlorite (NaOCl) is a substance well
known for over 200 years and commonly used as
a household bleach, in endodontics during root
canal treatments, and for the disinfection of water.
Sodium chlorite (NaClO2), in turn, is used in the
manufacture of paper, for bleaching and strip-
ping of textiles pulp and paper. In combination
with zinc chloride it is found as a component of
mouthwashes, toothpastes, gels and mouth sprays
and also in cleaning solution for contact lenses
under the trade name Purite (Fernandes-Naglik
et al., 2001; Hillerton et al., 2007; Ingram et al.,
2004).

Both hypochlorite and chlorite are oxychloro
compounds that are able to attack by oxida-
tion many biological molecules, including proteins,

fatty acyl chains, carbohydrates and nucleic acids
(Rees et al., 2005; Ingram et al., 2003). They are
both able to induce oxidative stress by the deple-
tion of cellular glutathione and were found to
react very readily with glutathione in vitro (Ingram
et al., 2003, 2004). Hypochlorite, or the non-
ionized form, hypochlorous acid (HOCl), is known
to act as a chlorinating agent as well as an oxi-
dant. It reacts with amino acids residues, espe-
cially lysine, cysteine, methionine and tryptophan
(Robaszkiewicz et al., 2008; Pattison and Davies,
2001), inactivating proteins such as aldolase,
glyceraldehyde-3-phosphate dehydrogenase, H+-
ATPase (King et al., 2004) and acetylcholinesterase
(Robaszkiewicz et al., 2008; den Hartog et al.,
2002). Oxidative deamination of lysine residues
results in the formation of protein carbonyl groups
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(Hazell et al., 1994). HOCl also reacts with tyro-
sine to generate 3-chlorotyrosine, although the rate
of this reaction is slower than with the amino
acid residues mentioned above (Malle et al., 2006).
In reactions with polyunsaturated lipids, hypochlo-
rite can induce lipid peroxidation (Panasenko and
Sergienko, 2001), but alternatively a specific elec-
trophilic reaction with unsaturated fatty acyl chains
results in the formation of chlorohydrins (Jerlich
et al., 2000). Both phospholipid and fatty acid
chlorohydrins cause depletion of cellular ATP lev-
els and loss of viability (Dever et al., 2006). More-
over, HOCl has been demonstrated to oxidize and
fragment polysaccharides (Rees et al., 2004). The
damage to proteins, which includes protein frag-
mentation together with the oxidation of lipids, can
result in alteration of membrane properties and loss
of cell viability. On the other hand, NaOCl is con-
sidered non-classifiable for carcinogenicity by the
IARC (1997) (group 3), although it was shown
to give positive results in some mutagenicity tests
(Wlodkowski and Rozenkranz, 1975; Meier et al.,
1985). Hypochlorite is known to cause polynu-
cleotide bond cleavage and form 5-chlorocytosine
(Suquet et al., 2010), and to induce genotoxicity in
the yeast S. cerevisiae (in stationary phase cells)
and in human leukocytes (Buschini et al., 2004).
In comparison, chlorite has been much less exten-
sively studied at a cellular and molecular level
than hypochlorite, despite its use for many years
as an antimicrobial agent in healthcare products.
Sodium chlorite has been demonstrated to deplete
cellular glutathione (Ingram et al., 2003; Heffer-
nan et al., 1979), oxidize proteins (Modi et al.,
1989) and phospholipids (Ingram et al., 2003;
Alonso-Hernando et al., 2010) in both mammalian
and microbial cells. It can disrupt lipid bilay-
ers and increase membrane permeability and is
able to alter bacterial membrane fluidity (Alonso-
Hernando et al., 2010).

Sodium hypochlorite and sodium chlorite are
both used as antibacterial and antifungal agents
and their activity has been demonstrated against
Staphylococcus aureus, Enterococcus faecallis,
Pseudomonas aeruginosa, Bacillus subtilis, Liste-
ria monocytogenes, Salmonella enterica (Alonso-
Hernando et al., 2010), Candida albicans, Alter-
naria alternata (Ingram et al., 2003, 2004;
Cotter et al., 1985; Estrela et al., 2003) and Sac-
charomyces cerevisiae (Buschini et al., 2004;
Lewinska et al., 2004). While for hypochlorite, the

molecular mechanisms underlying these effects are
quite well understood, the same is not true of chlo-
rite, although it has been suggested that oxidative
stress is involved and that glutathione and other
antioxidants are important in protection and resis-
tance (Ingram et al., 2004; Alonso-Hernando et al.,
2010; Benov et al., 1998). Further work is required
to determine the importance of different antioxi-
dants in the resistance of microorganisms to sodium
chlorite. A convenient approach to this question is
the use of genetically engineered microbial strains
that are deficient in particular antioxidant enzymes.
The yeast S. cerevisiae is an excellent model organ-
ism for this purpose (Foury, 1997) and has been
used to investigate the importance of superoxide
dismutase and glutathione reductase in the resis-
tance to NaOCl. It was found that at two concentra-
tions of NaOCl there was no effect on the wild-type
strains of S. cerevisiae SP4 or W303-1A, whereas
growth of a ∆grx5 strain was inhibited (Lewinska
et al., 2004). The latter authors also found no effect
on a ∆sod1 strain under the conditions tested, but
in view of the limited NaOCl concentrations tested,
further studies are warranted.

The aim of this study was to expand the previous
work on antioxidant-deficient S. cerevisiae strains
by comparing their responses to hypochlorite and
chlorite, in order to ascertain the role of oxidative
stress in the oxychloro compounds’ toxicity to the
yeast. Our hypothesis was that mutants deficient in
catalase and superoxide dismutase would be more
sensitive to the oxychloro compounds and, in addi-
tion to depletion of glutathione the oxychloro com-
pounds would induce production of reactive oxy-
gen species. The effects on cell viability, metabolic
activity and apoptosis were also investigated.

Materials and methods

Chemicals

Sodium hypochlorite (NaOCl) solution, purum
∼10% (RT), was from Sigma-Aldrich (Poznan,
Poland). The hypochlorite concentration was deter-
mined before each experiment spectrophotomet-
rically, assuming an absorption coefficient of
ε292 nm = 350 M−1 cm−1 at pH 10. Sodium chlo-
rite (NaClO2), puriss. p.a., 80% (RT), was from
Sigma-Aldrich. A stock solution of NaClO2 was
freshly prepared in sterile MilliQ water before each
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experiment. Concentrations of NaOCl and NaClO2
were expressed in ppm according to the conversion
described previously (Ingram et al., 2004).

Dihydroethidine and FUN-1 stain were from
Molecular Probes (Eugene, OR, USA). The ter-
minal deoxynucleotidyl transferase dUTP nick-end
labelling (TUNEL) test (In Situ Cell Death Detec-
tion kit, fluorescein) was from Roche (Germany).
All other reagents were purchased from Sigma-
Aldrich. Components of culture media were from
BD Difco (Becton-Dickinson, Spark, USA), except
for glucose (POCh, Gliwice, Poland).

Yeast strains and growth conditions

The following yeast strains were used for the
majority of the work: wild-type SP4 MATα leu1
arg4 (Bilinski et al., 1978); ∆sod1 mutant, iso-
genic to SP4, MATα leu1 arg4 sod1::natMX
(Koziol et al., 2005) and ∆ctt1 ∆cta1 mutant, iso-
genic to SP4, MATa leu1 arg4 ctt1 cta1 (Bilinski
et al., 1978). Additional spot tests for sensitiv-
ity were also carried out with wild-types BY4741
(MATa his3 ∆1 leu2 ∆0 met15 ∆0 ura3 ∆0),
BY4742 (MATα his3 ∆1 leu2 ∆0 lys2 ∆0 ura3
∆0), EG103 (MATα leu2-3 112 his3 ∆1 trp-289a
ura3-52 ) and their respective derivative ∆sod1
mutants.

Yeast was grown in a standard liquid YPD
medium (1% yeast extract, 1% yeast bacto-peptone,
2% glucose) on a rotary shaker at 150 rpm or on
a solid YPD (1% yeast extract, 1% yeast bacto-
peptone, 2% glucose), YPGly (1% yeast extract,
1% yeast bacto-peptone, 2% glycerol) and YPEtOH
(1% yeast extract, 1% yeast bacto-peptone, 2%
ethanol) medium containing 2% agar, at 28 ◦C.

Sodium hypochlorite and sodium chlorite
growth inhibition assays

Liquid yeast cultures (5 × 106 cells/ml in a total
volume of 200 µl of cells) containing various con-
centration of NaOCl (10–3000 ppm) or NaClO2
(50–3000 ppm) were run in a Heidolph incuba-
tor 1000 at 1200 rpm at 28 ◦C. Their growth was
monitored turbidimetrically at 600 nm in an Anthos
2010 type 17 550 microplate reader after 24 h. The
range of oxychloro concentrations and treatment
times used were determined in preliminary kinetic
experiments; conditions that ranged from < 10%
to approximately 90% loss of viability were cho-
sen. For NaOCl2, 60 min incubation was required

to achieve substantial loss of viability, whereas
15 min was sufficient with NaOCl.

For spotting tests, yeast exponential phase cul-
tures were diluted to give 107, 106, 105 or
104 cells/ml. Aliquots (5 µl) of each suspension
were inoculated on solid YPD, YPGly and YPEtOH
medium containing NaOCl or NaClO2. The freshly
prepared stock solutions of sodium hypochlo-
rite and sodium chlorite were added to sterile
media, after cooling to ca. 50 ◦C. Cell growth was
inspected after 48 or 72 h.

In the case of experiments under anaerobic
conditions, the cells were grown on YPD plates
in a desiccator under atmosphere of 100% gaseous
oxygen-free nitrogen. An atmosphere of lowered
oxygen pressure was provided by placing plates in
a desiccator flushed with nitrogen containing 7% or
3% oxygen (Linde Gaz, Cracow, Poland). Colony
growth was inspected after 48 h.

In experiments with addition of MnCl2 or
antioxidants, the cells were grown on solid YPD
medium containing 500 ppm NaOCl or 150 ppm
NaClO2 with 5 mM MnCl2 or with various con-
centrations of natural or synthetic antioxidants,
viz. aminoguanidine, ascorbate, butylated hy-
droxytoluene (BHT), cysteine, dithiothreitol (DTT),
glutathione (GSH), lipoic acid, N -acetylcys-
teine (NAC), 2,2,6,6-tetramethylpiperidine-1-oxyl
(Tempo), 4-hydroxy-2,2,6,6-tetramethylpiperidine-
1-oxyl (Tempol) and Trolox. Colony growth was
inspected after 48 h.

Generation of reactive oxygen species

The yeast was grown in liquid YPD medium to
late logarithmic phase of growth (∼108 cells/ml),
centrifuged, washed and suspended to a den-
sity of 108 cells/ml in 100 mM sodium phosphate
buffer, pH 6.0, with 0, 1, 10 or 25 ppm sodium
hypochlorite or with 0, 500, 1500 or 3000 ppm
sodium chlorite. Then the cells were incubated
with shaking at 28 ◦C for 15 min for NaOCl and
60 min for NaClO2, washed twice with sterile
MilliQ water and suspended to the same density in
100 mM sodium phosphate buffer, pH 7.0, contain-
ing 0.1% glucose and 1 mM ethylenediaminetetra-
acetic acid (EDTA). The careful washing of the
cells was essential to remove the oxychloro com-
pounds, as these can react directly with the flu-
orescent probes. Generation of superoxide was
assessed with 18.9 µM dihydroethidine (HE), using
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a stock solution in dimethyl sulphoxide (DMSO)
(Benov et al., 1998). The kinetics of fluores-
cence increase, due to the oxidation of the flu-
orogenic probe, was measured at 28 ◦C using
a Hitachi F2500 fluorescence spectrophotome-
ter with λex = 518 nm, λem = 605 nm. Generation
of peroxides was estimated with 19.5 µM 2′,7′-
dichlorodihydrofluorescein diacetate (H2DCF-DA)
prepared from a stock solution in ethanol. The
kinetics of fluorescence increase were measured
at 28 ◦C using a TECAN Infinite 200 microplate
reader with λex = 495 nm, λem = 525 nm.

Estimation of GSH and GSSG content

Cells were washed and suspended at 108 cells/ml
in 100 mM sodium phosphate buffer, pH 6.0, with
0, 1, 10 or 25 ppm sodium hypochlorite or with
0, 500, 1500, 3000 ppm sodium chlorite, and incu-
bated with shaking at 28 ◦C for 15 min for NaOCl
and 60 min for NaClO2. Then the cells were
washed twice with sterile MilliQ water and resus-
pended in cooled RQB-TCA buffer (20 mM HCl,
5 mM diethylenetriaminepenta-acetic acid (DTPA),
10 mM ascorbic acid and 5% trichloroacetic acid)
to a density of 1 × 109 cells/ml, then the mix-
ture was vortexed, cooled on ice and centrifuged
at 14 000 × g for 15 min. The supernatant was
taken for GSH and GSSG assay and the pel-
let was used to determine protein content (Brad-
ford, 1976). Thiol content was estimated using
o-phthalaldehyde, as described previously (Senft
et al., 2000; Robaszkiewicz et al., 2008). The flu-
orescence was measured using a TECAN Infi-
nite 200 microplate reader at λex = 355 nm and
λem = 460 nm. The GSH and GSSG content was
presented per mg of protein. Total low molecular
weight thiol concentration was also measured. Fol-
lowing washing with MilliQ water, the cells were
resuspended in the phosphate buffer to a density
of 1 × 109 cells/ml, an equal volume of ice-cold
5% trichloroacetic (TCA) was added, and the mix-
ture was vortexed, cooled on ice and centrifuged.
Thiols were estimated in the supernatants with Ell-
man’s reagent (Ellman, 1959), using a Varian Cary
50 spectrophotometer.

Assessment of the metabolic activity of the cells

Cells were washed and suspended at 108 cells/ml
in 100 mM phosphate buffer, pH 6, with 0, 1,

10 or 25 ppm sodium hypochlorite or with 0,
500, 1500 or 3000 ppm sodium chlorite. Next
the cells were incubated with shaking at 28 ◦C
for 15 min for NaOCl and 60 min for NaClO2,
washed twice with sterile MilliQ water and resus-
pended in 10 mM Na–HEPES, pH 7.2, containing
2% glucose. Metabolic activity of cells was esti-
mated with 1 µM FUN-1 stain added from a stock
solution in DMSO. The FUN-1 stain was con-
verted from a diffusely distributed green fluorescent
intracellular stain to a compact form consisting of
red fluorescent cylindrical intravacuolar structures,
which requires both plasma membrane integrity
and metabolic activity. Only metabolically active
cells contain cylindrical, red fluorescent structures
in their vacuoles, while dead cells or with little
or no metabolic activity exhibit extremely bright,
diffuse, green cytoplasmic fluorescence and lack
fluorescent intravacuolar inclusions (Millard et al.,
1997). Metabolic activity of the cells was expressed
as a change in ratio of red (λ = 585 nm) to green
(λ = 535 nm) fluorescence. The fluorescence of the
cell suspension was measured at 28 ◦C using a
Hitachi F2500 fluorescence spectrophotometer with
λex = 480 nm, λem = 500–650 nm.

Estimation of cell viability and apoptosis

Cells were washed and suspended at a con-
centration of 108 cells/ml in 100 mM phosphate
buffer, pH 6, with 0, 1, 10, 25 or 50 ppm
sodium hypochlorite or with 0, 500, 1500, 3000
or 6000 ppm sodium chlorite. Next the cells were
incubated with shaking at 28 ◦C for 15 and 180 min
for NaOCl and 60 and 180 min for NaClO2. Then
the cells were washed twice with sterile MilliQ
water and resuspended in phosphate-buffered saline
(PBS). For estimation of viability, cells were
stained with both 5 µg/ml propidium iodide (PI;
1 mg/ml stock solution) and 10 µg/ml fluorescein
diacetate (FDA; 1 mg/ml stock solution, dissolved
in acetone) (Zheng et al., 2007). Viable cells were
green fluorescent and dead cells were red flu-
orescent. FDA-PI fluorescence was examined at
480 nm excitation wavelength under an Olympus
BX-51 microscope equipped with a DP-72 digi-
tal camera. To detect an apoptotic phenotype, cells
were analysed by TUNEL test (In Situ Cell Death
Detection kit, fluorescein, Roche) (Ribiero et al.,
2006). Yeast cells were fixed with 3.7% formalde-
hyde for 30 min at room temperature, washed three
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times with PBS, and the cell walls were digested
with Lyticase (25 U/ml) at 37 ◦C for 30 min. 20 µl
of the cell suspension was applied to a microscope
slide and allowed to dry for about 60 min at 37 ◦C.
The slides were rinsed with PBS, incubated in the
permeabilizing solution (0.1% Triton X-100 and
0.1% sodium citrate) for 2 min on ice, and rinsed
twice with PBS. The slides were then incubated
with 10 µl TUNEL reaction mixture containing ter-
minal deoxynucleotidyl transferase and fluorescein
isothiocyanate dUTP for 60 min at 37 ◦C in the
dark, washed three times with PBS, and a cover-
slip was mounted with a drop of mounting medium.
Observations were carried out using an Olympus
BX-51 microscope equipped with a DP-72 digital
camera.

Statistical analysis

The results represent mean ± SD from at least
three independent experiments. Statistical analysis
was performed using SPSS 17.0. The statistical sig-
nificance of differences between means of treated
samples compared to untreated control and the dif-
ferences between WT compared with mutants were
estimated using one-way ANOVA and the Dun-
nett test when equal variances were assumed, or
Dunnett T3 when equal variances were not found
in a post hoc test. Homogeneity of variance was
checked using Levene’s test. Values were consid-
ered significant at p < 0.05.

Results

A mutant defective in Sod1p is hypersensitive
to NaOCl and NaClO2

Addition of sodium hypochlorite and sodium chlo-
rite to yeast liquid and solid medium resulted in
inhibition of the growth of the ∆sod1 mutant in
a concentration-dependent manner (Figure 1A, B,
Table 1). For growth in liquid medium, a growth
reduction of > 50% for the ∆sod1 mutant was
observed at the concentrations 50 ppm NaOCl and
150 ppm NaClO2. Complete inhibition of growth
was observed at concentrations over 100 ppm
of NaOCl and 500 ppm of NaClO2 (as noted
after 24 h of cultivation). In WT and ∆ctt1∆cta1
strains, the growth reduction was apparent at
concentrations of NaOCl > 250 ppm. The growth
inhibition caused by addition NaClO2 was not as

Figure 1. Effect of NaOCl (A) and NaClO2 (B) on the
growth of WT, ∆sod1 and ∆ctt1∆cta1 mutants in the liquid
YPD medium. The cell were grown in liquid YPD medium,
diluted with fresh medium to 5 × 106 cells/ml, treated with
various concentrations of NaOCl and NaClO2 and cultured
at 28 ◦C with shaking. The growth rate was monitored
turbidimetrically at 600 nm after 24 h. Data are presented
as mean ± SD from three independent experiments

dramatic as with NaOCl (Figure 1A, B). Slight
inhibition of the growth of WT and ∆ctt1∆cta1
strains was observed at 150 ppm NaClO2 and com-
plete inhibition at 500 ppm (Figure 1A, B).

On solid medium, the growth inhibition was
apparent at a concentration of 500 ppm NaOCl in
the case of ∆sod1 mutant and of 1500 ppm of
NaOCl for WT and ∆ctt1∆cta1 strain (the con-
centrations were higher than for treatment in liq-
uid medium). In contrast, the effect of NaClO2
on the growth of the tested strains on solid
medium was stronger than in liquid medium.
Inhibition of the growth of the ∆sod1 mutant
on the SP4 genetic background was observed at
150 ppm and at 200 ppm for WT and ∆ctt1∆cta1
strains (Table 1). To check that the sensitivity of
the ∆sod1 mutant to oxychloro compounds was
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Table 1. Sensitivity of the yeast strains to NaOCl and NaClO2 when tested on solid medium

Oxidant and
concentration (ppm)

SP4
(WT)

MS2
(�sod1) �ctt1�cta1

BY4742
(WT) �sod1

EG103
(WT)

EG118
(�sod1)

Control +++ +++ +++ +++ +++ +++ +++
NaOCl 50 +++ +++ +++ +++ +++ +++ +++

100 +++ +++ +++ +++ +++ +++ +++
250 +++ ++ +++ +++ +++ +++ ++
500 +++ + +++ +++ +++ +++ +
750 +++ − +++ +++ ++ ++ −

1500 + − + + − + −
3000 − − − − − − −

NaClO2 50 +++ +++ +++ +++ +++ +++ +++
100 +++ +++ +++ +++ +++ +++ +++
125 +++ ++ +++ +++ +++ +++ ++
150 +++ + +++ ++ + ++ +
175 ++ − ++ + − + −
200 + − + − − − −
500 − − − − − − −

+++, Growth not inhibited (as in control samples, growth of all four spots).
++, Partial inhibition (growth of two or three spots, i.e. spots containing 50 000 cells and 5000 cells, or 50 000, 5000 and 500 cells).
+, Strong inhibition (growth of a spot containing 50 000 cells only).
−, Complete inhibition of growth (no growth at all or weak growth of a spot containing 50 000 cells).
Control, not treated with NaOCl or NaClO2.
The following yeast strains were used in this test: wild-type SP4, MATα leu1 arg4; ∆sod1 mutant, isogenic to SP4 (MS2), MATα leu1 arg4
sod1::natMX; ∆ctt1∆cta1 mutant, isogenic to SP4, MATa leu1 arg4 ctt1 cta1; wild-type BY4742, MATα his3∆ 1 leu2∆ 0 lys2∆ 0 ura3∆ 0;
∆sod1 mutant, isogenic to BY4742, his3∆ 1 leu2∆ 0 lys2∆ 0 ura3∆ 0 sod1::kanMX4; wild-type EG103, MATα leu2-3 112 his3∆ 1 trp-289a
ura3-52; ∆sod1 mutant, isogenic to EG103 (EG118), MATα leu2-3 112 his3∆ 1 trp-289a ura3-52 sod1::URA3.

independent of the background strain, spot tests
with ∆sod1 mutants on other genetic backgrounds
(BY4742 and EG103) were carried out. This con-
firmed that ∆sod1 mutants on all backgrounds
were more sensitive to NaOCl treatment than the
WT strains, and there was also increased sensitiv-
ity to NaClO2 treatment (Table 1). As manganese
is known to rescue the ∆sod1 mutant phenotype
(Sanchez et al., 2005), we also tested the sensi-
tivity to NaOCl in the presence of 5 mM MnCl2.
This clearly prevented inhibition of growth of the
∆sod1 mutant in the presence of 500 ppm NaOCl,
while having no effect on the growth of WT and
∆ctt1∆cta1 strains (data not shown). This sup-
ported the conclusion that the sensitivity to oxy-
chloro compounds observed was due to absence of
the SOD. All further work was carried out using
the SP4 wild-type strain and isogenic mutants.

The toxicity of NaOCl and NaOCl2 was also
tested using solid media containing different
sources of carbon, i.e. glucose, ethanol or glyc-
erol (Figure 2), to investigate the effect of mito-
chondrial vs fermentative energy production. The
growth inhibitory doses were lower in case of

glycerol- and ethanol-containing media than for
glucose medium. The toxic concentrations of
NaOCl were about 500 ppm in glucose medium,
and 250 and 75 ppm in glycerol and ethanol media,
respectively, after 72 h of cultivation. In the case
of NaClO2, the toxic concentrations were about
150 ppm in glucose medium and 125 and 50 ppm
in glycerol and ethanol media.

Hypoxic atmosphere and antioxidants protect
against the toxicity of NaOCl and NaClO2

In order to investigate whether the toxicity was
due to oxidative stress, the effect of oxygen par-
tial pressure and the presence of antioxidants in
solid media was tested. It was found that an atmo-
sphere of lowered oxygen pressure (7% or 3% oxy-
gen) and an atmosphere of 100% gaseous nitrogen
abolished the toxicity of sodium hypochlorite and
sodium chlorite for the ∆sod1 mutant strain. The
growth of ∆sod1 mutant on medium containing
500 ppm NaOCl or 150 ppm NaClO2 was restored
under lowered oxygen (7%) pressure to that in the
absence of hypochlorite and chlorite (Figure 3).
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Figure 2. Comparison of the sensitivity of WT, ∆sod1
and ∆ctt1∆cta1 mutants to NaOCl and NaClO2 on solid
medium containing different carbon sources. Cells were
cultured overnight in the YPD liquid medium, washed twice
with sterile MilliQ water, diluted serially (1 : 10) and cell
suspensions were spotted on plates containing the oxidants.
Spots contained 50 000, 5000, 500 and 50 cells, respectively.
Colony growth was inspected after 72 h

Figure 3. Protection of ∆sod1 mutant against the toxicity
of 500 ppm NaOCl and 150 ppm NaClO2 by hypoxic
and anoxic atmosphere. Cells were cultured overnight
in YPD liquid medium, diluted serially (1 : 10) and cell
suspensions were spotted on plates; the spots contained
50 000, 5000, 500 and 50 cells, respectively. The plates were
put into a desiccator under an atmosphere of air or flushed
with nitrogen containing 7% oxygen. Colony growth was
inspected after 48 h

The results with 3% oxygen and an anoxic atmo-
sphere were virtually identical to those with 7%
oxygen (data not shown).

Additionally, we show that the hydrophilic
antioxidants (ascorbate, cysteine, DTT, GSH and
N -acetylcysteine) protected the ∆sod1 mutant
against sodium hypochlorite and sodium chlo-
rite inhibition of growth on solid YPD medium
(Table 2). Sensitivity to chlorite was abolished
at lower concentration than in the case of the
hypochlorite. Concentrations as low as 5 mM ascor-
bate and 1 mM cysteine, GSH or N -acetylcysteine
restored full growth of ∆sod1 mutant on the

Table 2. Effect of antioxidants on the sensitivity of ∆sod1
mutant to 500 ppm NaOCl and 150 ppm NaClO2

Oxidant

Antioxidant/concentration (mM) NaOCl NaClO2

Aminoguanidine
0.1 0 0
0.5 ! !
1 ! !

Ascorbate
5 ∗ ∗∗∗
25 ∗∗∗ ∗∗∗
50 ∗∗∗ ∗∗∗

BHT
0.005 0 0
0.05 0 0
0.1 0 !

Cysteine
0.1 0 0
1 ∗ ∗∗∗
5 ∗∗∗ ∗∗∗

DTT
0.1 0 0
1 ∗ 0
5 ∗∗∗ ∗∗∗

GSH
0.1 0 0
1 ∗ ∗∗∗
5 ∗∗∗ ∗∗∗

Lipoic acid
0.005 0 0
0.05 0 0
0.1 0 0

N-acetylcysteine
1 ∗ ∗∗∗
5 ∗∗∗ ∗∗∗
20 ∗∗∗ ∗∗∗

Tempo
0.1 0 !
0.5 ! !
1 ! !
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Table 2. Continued

Oxidant

Antioxidant/concentration (mM) NaOCl NaClO2

Tempol
0.05 0 0
0.1 0 0
1 ! !

Trolox
0.1 0 0
0.5 0 !
1 0 !

Yeast cells were spread on YPD solid medium containing NaOCl or
NaClO2 and various concentrations of antioxidants in serially diluted
spots. The plates were incubated at 28 ◦C for 48 h. The restoration
of growth was assessed by comparison with the control plate (no
additives).
∗∗∗ Restoration of growth to the level in the absence of NaOCl or
NaClO2.
∗∗ Medium protective effect (growth of two next spots).
∗ Slight protective effect (growth of one next spot).
0, No effect of the antioxidant.
!, Inhibition of growth by the antioxidant.

medium with 150 ppm NaClO2. The same effect
of complete abolition of the sensitivity of ∆sod1
mutant on NaOCl (500 ppm) was reached at
25 mM ascorbate and 5 mM cysteine, GSH or N -
acetylcysteine (Table 2). No protective effect was
observed in any case for aminoguanidine, BHT,
lipoic acid, Tempo, Tempol or Trolox.

Effect of NaOCl and NaClO2 on the
intracellular superoxide and peroxide
production

The rate of superoxide and peroxide generation
was estimated with dihydroethidine and 2′,7′-
dichlorodihydrofluorescein diacetate (H2DCF-DA),
respectively. Under control conditions in the
absence of oxychloro compounds, both were signif-
icantly higher for ∆sod1 and ∆ctt1∆cta1 mutants
than for the isogenic wild-type (WT) strain
(Figures 4,5), as expected. In view of the hypersen-
sitivity of the ∆sod1 mutant to sodium hypochlo-
rite and sodium chlorite, we checked whether these
treatments caused an increase in the intracellular
superoxide and peroxide production. An increase in
superoxide generation after 15 min incubation with
1, 10 or 25 ppm sodium hypochlorite was observed
in all tested strains (Figure 4A), and in all strains

Figure 4. Effect of NaOCl and NaClO2 on the intracellular
superoxide production. Superoxide content was estimated
by the rate of increase in fluorescence of the oxidation
product of dihydroethidine. Cells were washed and
suspended in 100 mM phosphate buffer, pH 6, with or
without sodium hypochlorite (A) or sodium chlorite (B).
The cells (108 cells/ml) were incubated for 15 min in NaOCl
or 60 min in NaClO2 before washing and resuspending in
phosphate buffer, pH 7, containing 0.1% glucose and 1 mM
EDTA. Bars indicate SD; n = 3; ∗p < 0.05, ∗∗p < 0.01,
∗∗∗p < 0.001 for the comparison of controls vs treated
cells, using ANOVA or the Dunnett test as described
in the experimental section. The letters a, b, c indicate
the differences between WT vs mutants, using one-way
ANOVA and the Dunnett test at p < 0.05, p < 0.01 and
p < 0.001, respectively

the level of superoxide achieved after 1 h incu-
bation with sodium chlorite was much lower than
for hypochlorite after 15 min. No increased gen-
eration of superoxide was found in WT and the
∆ctt1∆cta1 mutant at 500 ppm NaClO2, but the
superoxide content in these strains was slightly ele-
vated at 1500 and 3000 ppm NaClO2 (Figure 4B).
The effects of hypochlorite and chlorite were
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Figure 5. Effect of NaOCl and NaClO2 on intracellular
peroxide production. Peroxide levels were estimated by
the rate of increase in dichlorofluorescein fluorescence.
Cells were treated with hypochlorite (A) or chlorite (B), as
described for Figure 4, before the addition of H2DCF-DA.
Bars indicate SD; n = 3; ∗p < 0.05, ∗∗∗p < 0.001 for
comparison of controls vs treated cells within the same yeast
strain. The letters a, b, c indicate the differences between
WT and mutants at p < 0.05, p < 0.01 and p < 0.001,
respectively

strongest for the ∆sod1 mutant, which did show
a small increase in superoxide content at the low-
est NaClO2 concentration. The level of superox-
ide in the ∆sod1 mutant was five- or three-fold
higher compared to the WT and ∆ctt1∆cta1 strains
after treatment with 10 ppm NaOCl and 1500 ppm
NaClO2, respectively (Figure 4A, B).

The basal levels of peroxides estimated with
H2DCF-DA were higher in ∆sod1 and ∆ctt1∆cta1
mutants than in the WT strain (Figure 5A, B). A
significant increase in peroxide production after
15 min incubation at 10 and 25 ppm sodium

hypochlorite was observed in all tested strains com-
pared to the untreated controls. Compared to the
WT strain, the most significant increase in perox-
ide generation was found in ∆ctt1∆cta1 mutant at
25 ppm NaOCl, and in ∆sod1 mutant at 10 and
25 ppm NaOCl (Figure 5A). The results demon-
strate that 1 h incubation with NaClO2 caused
increased generation of peroxides in all tested
strains and at all the tested concentrations (500,
1500, 3000 ppm), with a maximum peroxide pro-
duction at 1500 ppm NaClO2. Significantly higher
levels of peroxides after incubation with NaClO2
were observed in the ∆sod1 and ∆ctt1∆cta1
mutants compared to WT (Figure 5B).

Effect of NaOCl and NaClO2 on the level GSH
and GSSG

To assess the level of oxidative stress after expo-
sure of the yeast cells to different concentrations
of NaOCl and NaClO2, the intracellular reduced
(GSH) and oxidized (GSSG) glutathione concen-
trations were measured. Interestingly, in untreated
cells the ∆sod1 mutant contained higher levels
of GSH than the WT and ∆ctt1∆cta1 mutants,
presumably reflecting an adaptive response to the
absence of part of the antioxidant system. It
was found that exposure of the yeast cells to
sodium hypochlorite or sodium chlorite caused
dose-dependent depletion of GSH level in all tested
strains (Figure 6A, B). NaOCl at 25 ppm concen-
tration strongly reduced the GSH level in both
∆sod1 and ∆ctt1∆cta1 yeast strains compared
to the WT strain (Figure 6A). However, NaClO2
at a low concentration (500 ppm) resulted in a
decrease in the GSH content only in the ∆sod1
cells, while higher concentrations of 1500 and
3000 ppm caused the same effect in all tested yeast
strains compared to control cells (Figure 6B). Low-
molecular cellular thiols measured with Ellman’s
reagent showed a similar trend (data not shown).
On the other hand, an increase in GSSG content
was observed only with the WT strain and ∆sod1
mutant (Figure 6A, B).

NaOCl and NaClO2 impair the metabolic
activity of the cells

The metabolic activity of the yeast cells was inves-
tigated using the FUN-1 fluorescence stain, and
expressed as the ratio of red : green fluorescence. In
the case of control, when the cells were incubated
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Figure 6. Effect of NaOCl and NaClO2 on changes the
level of GSH and GSSG. The cells were incubated with
sodium hypochlorite (A) or sodium chlorite as described
for Figure 4. The content of GSH and GSSG was determined
fluorimetrically with o-phthalaldehyde in RQB-TCA extracts
and data were presented per mg protein. Bars indicate SD;
n = 3; ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 for comparison
of controls vs treated cells within the same yeast strain.
The letters a, b indicate the differences between WT and
mutants at p < 0.05 and p < 0.01, respectively

in 100 mM phosphate buffer, pH 6, for 15 min,
most of the cells were metabolically active, show-
ing a red : green fluorescence ratio > 1 (Figure 7A).
A 15 min incubation with 1 and 10 ppm NaOCl led
to significant increase in the fraction of metabol-
ically inactive cells in the case of ∆sod1 and
∆ctt1∆cta1 mutants (red : green fluorescence ratio
< 0.4) compared to WT (Figure 7A). Interestingly,
a 1 h incubation in 100 mM phosphate buffer, pH
6, also caused a significant decrease of metabolic
activity in ∆sod1 mutant (red : green fluorescence
ratio ∼0.8) (Figure 7B). A greater sensitivity of the
∆sod1 mutant compared to WT and ∆ctt1∆cta1
mutant, was also observed in the case of incubation
with 500 ppm NaClO2 (Figure 7B).

Figure 7. Effect of NaOCl and NaClO2 on metabolic
activity of yeast cells measured by FUN-1 fluorescence.
Cells were washed and suspended in 100 mM phosphate
buffer, pH 6, with or without sodium hypochlorite (A) or
sodium chlorite (B) at 108 cells/ml and then incubated for 15
or 60 min, respectively, before washing and resuspending in
10 mM Na-HEPES, pH 7.2, containing 2% glucose. Metabolic
activity of cells was estimated with the FUN-1 stain. Dye
conversion dependent on metabolic activity of the cell
was expressed as a change in ratio of red (λ = 585 nm)
to green (λ = 535 nm) fluorescence. Decreasing of the
red/green fluorescence ratio corresponds to impairment
in formation of cylindrical intravacuolar structures relating
to the metabolic activity of the cells. Bars indicate SD;
n = 3; ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 for comparison
of controls vs treated cells within the same yeast strain. The
letters b and c indicate the differences between WT and
mutants at p < 0.01 and p < 0.001, respectively

NaOCl and NaClO2 induce death of yeast cells

As the formation of cylindrical intravacuolar struc-
tures with FUN-1 is known to be affected by
depletion of glutathione (Millard et al., 1997), we
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Figure 8. Viability assays of yeast cells under NaOCl and NaClO2 stress. Cells were washed and suspended in 100 mM
phosphate buffer, pH 6, with or without sodium hypochlorite or sodium chlorite at 108 cells/ml. (A) The cells were
visualized by differential interference contrast (DIC) or by fluorescence microscopy after staining using the TUNEL test
and by FDA–propidium iodide (PI). With FDA–PI, viable cells fluoresced green and PI-positive cells fluoresced red.
(B) Controls for the TUNEL assay showing that PI-positive cells fluoresce green. From the FDA–PI data, the percentage
of PI-positive cells was determined after 15 min incubation with NaOCl (C), and 60 min incubation with NaClO2 (D). Bars
indicate SD; n = 500 cells (for each sample); ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 for comparison of controls vs treated
cells within the same yeast strain. The letters a and c indicate the differences between WT and mutants at p < 0.05 and
p < 0.001, respectively

also tested cell viability by co-staining using flu-
orescein diacetate (FDA) and propidium iodide
(PI) (Figure 8). A 15 min incubation with 25 ppm
NaOCl and 1 h incubation with 6000 ppm NaClO2
caused a significant increase in PI-positive cells,
while 15 min incubation with 50 ppm NaOCl led
to an almost complete loss of cell viability in all
tested strains (>80% PI-positive cells; Figure 8A,
C, D). PI staining indicates loss of cell mem-
brane integrity, therefore suggesting a necrotic

mechanism of cell death. To test for apoptosis,
we simultaneously examined NaOCl and NaClO2-
induced DNA fragmentation in yeast cells by
the TUNEL test. There was no evidence of an
increase in TUNEL-positive cells in any treatment
(Figure 8A), even after prolonged incubation time
with oxidants (180 min), although the positive con-
trol induced staining (Figure 8B). It was observed
that cell viability by PI-staining correlated nega-
tively with NaOCl and NaClO2 concentrations, and
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that the ∆sod1 and ∆ctt1∆cta1 strains were more
sensitive to hypochlorite at 25 ppm. The results
demonstrate that yeast cell death induced by both
NaOCl and NaClO2 may be dependent more on a
necrotic than an apoptotic pathway.

Discussion

The yeast Saccharomyces cerevisiae is a simple
unicellular eukaryote, widely accepted as a model
organism for studies of metabolism or cellular
responses to various environmental stresses (Foury,
1997). Previous studies have shown that yeast defi-
cient in Cu–Zn superoxide dismutase (Sod1p), the
enzyme that catalyses the removal of superoxide
anions, is hypersensitive to many oxidants, such
as t-butyl hydroperoxide, cumene hydroperox-
ide, 2,2′-azobis-(2-amidinopropane) (AAPH), chlo-
ramines, menadione, juglone, oxytetracycline
(Lewinska et al., 2004), hypertonic stress (Koziol
et al., 2005), paraquat, diquat, plumbagin, benzo-
quinone, H2O2 (Wallace et al., 2005), acrolein and
nonenal (Bilinski et al., 2005). peroxynitrite and
nitric oxide (Jakubowski et al., 1999). The aim
of this study was to investigate the mechanisms
of toxicity of the oxidants sodium hypochlorite
and sodium chlorite, which are commonly used as
antimicrobial and preservative agents, and to deter-
mine whether the antioxidant enzymes Sod1p and
catalase contribute to protection against them.

Oxychloro compounds caused oxidative stress
in yeast

Our results show that NaOCl and NaClO2 caused
inhibition of growth, loss of viability and metabolic
activity in wild-type yeast (SP4) and antioxidant-
deficient mutants. In terms of effects on growth,
the oxidants were effective at lower concentrations
in liquid medium compared to solid medium, espe-
cially for NaOCl; this probably reflects the reaction
of NaOCl with components of the solid medium,
such as the agar, and consequent partial deple-
tion from the medium, as this oxidant reacts read-
ily with a wide variety of biomolecules. NaClO2
caused greater inhibition of growth than NaOCl in
solid medium for all the strains, although the same
was not apparent in liquid medium, as reported
previously by Ingram et al. (2003). Concomitant
with these effects, following incubation with the

oxychloro compounds, an induction of oxidative
stress was observed. The depletion of the cellular
low molecular weight thiol glutathione was great-
est with NaOCl, although the wild-type yeast was
quite resistant to the compounds and high concen-
trations of NaClO2 were required, as reported pre-
viously (Ingram et al., 2003, 2004). The oxychloro
compounds also cause impaired conversion of the
FUN-1 stain to the red fluorescent form that occurs
on formation of cylindrical intravacuolar structures
(CIVS). Although this is normally interpreted to
correspond to impaired metabolic activity as CIVS
formation is ATP dependent, it could alternatively
be related to the depletion of GSH following treat-
ment with oxychloro compounds, as GSH is also
known to be required for CIVS formation (Mil-
lard et al., 1997). As it has been found previously
that oxychloro compounds cause depletion of ATP
(Ingram et al., 2004), it is likely that decreased
metabolic and redox activity both contribute to the
observed effect.

The presence of antioxidants during growth was
able to reverse the inhibitory effects of the oxy-
chloro compounds, although it was interesting that
only hydrophilic thiol-containing antioxidants (cys-
teine, DTT, GSH and N -acetylcysteine) and ascor-
bate were effective; several synthetic and non-polar
antioxidants either had no effects or even resulted
in further growth inhibition. This would be con-
sistent with the high rates of reaction of both
NaOCl and NaClO2 with thiol-containing com-
pounds (Ingram et al., 2003; Malle et al., 2006).
Effective protection of yeast by ascorbate under
various conditions of oxidative stress has been
reported previously (Amari et al., 2008). Treatment
with NaOCl and NaClO2 caused increased genera-
tion of superoxide and, to a lesser extent, peroxide
in the cells; this occurred at lower concentrations
of NaOCl compared to NaClO2.

The adverse effects were also exacerbated during
growth on the respiratory carbon sources glycerol
and ethanol, in comparison to growth on glucose
as a carbon source. This supports the concept
that the increased mitochondrial activity required
for growth on these substrates enhances oxidative
stress via electron leakage, ROS formation and
inhibition of growth. This finding conflicts with
a previous report on the toxicity of HOCl to
yeast, in which loss of survival occurred at similar
HOCl concentrations for both glucose- and ethanol-
grown cells (King et al., 2004). However, the latter
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authors treated the cells in suspension, in contrast
to our study, where cells were grown on solid
medium containing oxychloro-compounds, which
may explain the different results. Interestingly,
the adenylate energy charge was found to be
conserved better in ethanol-grown cells, suggesting
that mitochondrial respiration was not significantly
inhibited at lethal doses of HOCl (King et al.,
2004), and could therefore contribute to ROS
formation.

Increased sensitivity of the ∆sod1 mutant

The role of oxidative stress in toxicity of the oxy-
chloro compounds was further supported by the
demonstration that several ∆sod1 mutants on dif-
ferent genetic backgrounds were hypersensitive to
the oxidants sodium hypochlorite and sodium chlo-
rite under all the conditions tested. Growth of
the SP4 ∆sod1 mutant was significantly impaired
compared to WT SP4 yeast with both oxidants,
regardless of the carbon source: the concentrations
of NaOCl and NaClO2 that induced 50% inhibi-
tion of growth were seven- and two-fold lower,
respectively, compared to the WT and ∆ctt1∆cta1
strains. Although a previous study (Lewinska et al.,
2004) reported no increased sensitivity of this strain
to hypochlorite, only two lower oxidant concen-
trations were tested and therefore an effect may
have been missed. Interestingly, the hypersensi-
tivity of the ∆sod1 mutant to the oxidants was
eliminated under hypoxic (7% or 3% oxygen) and
anoxic conditions, indicating a role for atmospheric
oxygen, and perhaps mitochondrial respiration, in
the induction of cellular damage. The growth of
the ∆sod1 mutant in the presence of oxychloro
compounds could also be rescued by the presence
of the thiol-containing antioxidants, and this is in
agreement with the results of previous studies test-
ing the effects of susceptibility of this mutant to
alternative oxidants (Lewinska et al., 2004; Koziol
et al., 2005; Kwolek-Mirek et al., 2009). Over-
all, the ∆sod1 mutant showed enhanced oxidative
stress in response to the oxychloro compounds in
all measured parameters, compared to the wild-
type strain. In contrast, the ∆ctt1∆cta1 mutant
had more similar responses to the WT yeast strain,
and showed little increased sensitivity to the oxi-
dants. In liquid medium containing chlorite, a slight
decrease in growth compared to the WT strain
was observed, and there was greater depletion of

cellular glutathione by the mid-range of HOCl in
particular, with a corresponding increase in perox-
ide levels.

Taken together, the results demonstrate that
the antimicrobial oxidants hypochlorite and chlo-
rite result in increased levels of superoxide and
peroxide in yeast, and that superoxide dismutase
contributes significantly to protection against the
deleterious effects of the oxidants, whereas cata-
lase is of relatively little importance. This may be
due to more redundancy in the defence mechanisms
against peroxides, as glutathione is also capable of
detoxifying them. Interestingly, the ∆sod1 mutant
demonstrated increased basal levels of GSH. It
has been noted by other researchers that muta-
tions in catalase and SOD in yeast yield com-
plex cross-protection in terms of acquisition of
tolerance, relating to complementary protection by
glutathione and the role GSH redox status in induc-
tion of tolerance (Fernandes et al., 2007). The fact
that peroxide production was also increased in the
∆sod1 mutant, rather than decreased, suggests that
there is non-enzymatic conversion of the superox-
ide to peroxide, in agreement with previous find-
ings (Fernandes et al., 2007). As the ∆sod1 mutant
has an increased stationary level of superoxide,
further production of ROS is likely to have espe-
cially deleterious effects in this strain. In fact,
it is known that yeast strains lacking SOD1 or
SOD2 have higher intracellular levels of free iron
(Fe3+), which is thought to result from the reac-
tion of superoxide with exposed (4Fe/4S) clus-
ters, which causes inactivation of the enzyme and
release of the iron. The iron can then participate
in Haber–Weiss and Fenton reactions to generate
hydroxyl radicals, which are highly damaging to
biological macromolecules (Srinivasan et al., 2000;
De Freitas et al., 2000).

The findings in our study lead to an improved
understanding of the mechanisms of the oxychloro
compounds hypochlorite and chlorite in yeast tox-
icity. It is known that hypochlorite and chlorite
react directly with GSH, resulting in decreased
intracellular glutathione levels, which upsets the
redox regulation of protein thiols, although these
can also be oxidized directly by oxychloro com-
pounds (Ingram et al., 2003, 2004; Pullar et al.,
2000). The increased levels of superoxide and per-
oxides formed, together with the enhanced effect
of aerobic carbon sources on the growth inhibition
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and rescue of the ∆sod1 mutant by hypoxia, sug-
gest that the oxychloro compounds interfere with
mitochondrial respiratory chains, causing increased
electron leakage from respiratory complexes to
form superoxide. This leads to inactivation of
(4Fe/4S) cluster-containing proteins, which releases
iron, allowing hydroxyl radical formation and
effectively promotes a cascade of further damage
to biological macromolecules, resulting in growth
arrest, lack of metabolic competence and, at higher
oxychloro levels, necrosis. The formation of super-
oxide, most probably at respiratory complexes,
must be a key component in this process, in
view of the hypersensitivity of the ∆sod1 mutant
to oxychloro compounds and the ability of man-
ganese (Mn2+) to rescue it; manganese has been
reported previously to protect ∆sod1 yeasts from
a variety of growth-related phenotypes, although
the molecular mechanisms are not well understood
(Sanchez et al., 2005). As ∆sod1 mutants are more
dependent on low molecular weight antioxidants
for protection, it is logical that they are espe-
cially susceptible to compounds that cause exten-
sive depletion of glutathione. However, another
explanation for the increased sensitivity of this
mutant to reactive chlorine species may relate to the
synergistic fragmentation of macromolecules by
superoxide and hypochlorite, due to the reduction
of chloramides, reported previously (Rees et al.,
2004).

In summary, our study demonstrates the impor-
tance of superoxide in the mechanism of toxi-
city of the reactive chlorine compounds sodium
chlorite and sodium hypochlorite in yeast, and
a role for SOD1 in particular, and to a lesser
extent catalase, in protection against these oxi-
dants. This is most probably due to indirect effects
involving mitochondrial damage, electron leak-
age and inactivation of F–S clusters by super-
oxide. However, it is interesting to note that, at
least in some microoganisms, catalase has a very
broad specificity and can also detoxify peroxyni-
trite (McLean et al., 2010). It was also surprising
that hypochlorite and chlorite resulted in gener-
ally similar responses, although at different con-
centrations; hypochlorite but not chlorite is able to
chlorinate as well as oxidize biomolecules (Ingram
et al., 2003), and therefore some different mecha-
nisms of toxicity and cellular responses might have
been expected.
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