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ABSTRACT Acidithiobacillus ferrooxidans is a well-studied iron- and sulfur-oxidizing
acidophilic chemolithoautotroph that is exploited for its ability to participate in the
bioleaching of metal sulfides. Here, we overexpressed the endogenous glutamate-
cysteine ligase and glutathione synthetase genes in separate strains and found that
glutathione synthetase overexpression increased intracellular glutathione levels. We
explored the impact of pH on the halotolerance of iron oxidation in wild-type and
engineered cultures. The increase in glutathione allowed the modified cells to grow
under salt concentrations and pH conditions that are fully inhibitory to wild-type
cells. Furthermore, we found that improved iron oxidation ability in the presence of
chloride also resulted in higher levels of intracellular reactive oxygen species (ROS)
in the strain. These results indicate that glutathione overexpression can be used to
increase halotolerance in A. ferrooxidans and would likely be a useful strategy on
other acidophilic bacteria.

IMPORTANCE The use of acidophilic bacteria in the hydrometallurgical processing of
sulfide ores can enable many benefits, including the potential reduction of environ-
mental impacts. The cells involved in bioleaching tend to have limited halotolerance,
and increased halotolerance could enable several benefits, including a reduction in
the need for the use of freshwater resources. We show that the genetic modification
of A. ferrooxidans for the overproduction of glutathione is a promising strategy to
enable cells to resist the oxidative stress that can occur during growth in the pres-
ence of salt.
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Acidophilic chemolithotrophic bacteria are critical catalysts in the bioleaching
industry as these microorganisms facilitate the solubilization of metals from ores

in a less environmentally damaging and energy-intensive manner than traditional
pyrometallurgical methods (1). In particular, the production of ferric iron plays a signifi-
cant role in accelerating the dissolution of metal sulfides as it is a strong oxidant (2, 3).
Bioleaching technologies have been successfully applied in copper and gold mining;
however, many existing mines operate in arid regions, such as Australia or Chile, where
water resources are becoming a greater concern (4).

As freshwater becomes more limited for mines, adapting processes can lead to the
accumulation of anions in the leach liquor resulting from the intrusion of chloride ions
into the water supply from brackish water, dissolution of silicate minerals, and addi-
tional recycling of process water (5, 6). The presence of these anions can have a mixed
effect on leaching. Small amounts of chloride can have a positive effect on the extrac-
tion of copper from the refractory copper sulfide chalcopyrite (7, 8). The enhancement
of copper recovery upon chloride addition is attributed to the reduction of surface pas-
sivation of the mineral (9). Furthermore, there are potential new bioleaching applica-
tions such as waste metal recycling and corrosion that could benefit from the inclusion
of chloride species, permitting unique reaction chemistries (10). However, due to the
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large transmembrane pH gradient and the positive membrane potential in acidophiles,
many anions, other than sulfate, can easily permeate the cell. The influx of anions
causes the cytoplasm to acidify, ultimately causing cell death if the cell is unable to
respond to the stress (11). In most species of acidophiles, the toxicity of chloride is exa-
cerbated at increasingly lower pHs (12).

Since chloride is known to have a deleterious effect on the better-studied acidophiles,
some recent efforts have focused on prospecting for new species of acidophilic halophiles
that can promote bioleaching under chloride concentrations approaching that of seawater
(13–15). The discovery of these new Acidihalobacter spp. has spurred the investigation of
the genetic mechanisms responsible for their halotolerance (16, 17). It has been shown
that these bacterial species have adopted a biphasic salting-out approach to increase their
internal osmolarity by transporting potassium into the cytoplasm and synthesizing com-
patible solutes such as proline, ectoine, and periplasmic glucans (18). While the use of
these halotolerant species could be promising in future bioleaching processes, their char-
acterization is in the early stages, and more studies are needed to better understand their
suitability for bioleaching. On the other hand, the Acidithiobacillus and Leptospirillum spp.
are widely known, well-characterized acidophiles due to their important role in industrial
bioleaching operations (19). These species are represented in mines around the world, but
they are limited in their salt tolerance (14). Overall, iron oxidation systems appear to be
more sensitive to anions than sulfur oxidation systems, making it difficult to achieve effi-
cient generation of ferric iron when anions are found in leaching liquor (20).

Acidithiobacillus ferrooxidans is a key iron- and sulfur-oxidizing bacterium that has
well-studied characteristics, available genomic information, and genetic tools and mi-
crobiology techniques that have been developed for genetic modifications (21–25).
The interplay between pH and chloride stress makes it difficult to indicate a single in-
hibitory concentration of chloride; however, at around pH 1.8 (around the optimal
growth pH of A. ferrooxidans), this concentration is reported to be on the order of
100 mM (14, 16). Compared to other acidophilic halotolerant species, A. ferrooxidans
has limited mechanisms for adapting to high salt concentrations. While the abundan-
ces of protein folding chaperones, stress proteins, and periplasmic solute binding pro-
teins increase in response to salt stress, A. ferrooxidans does not produce significant
osmoprotectants for prolonged stress conditions (16, 17, 26). Despite its low endoge-
nous resistance to chloride, it is becoming an excellent chassis to apply synthetic biol-
ogy approaches to overcome challenging conditions in novel bioleaching applications
(27). As the mechanisms of halotolerance in acidophilic halotolerant species have been
uncovered, this offers new opportunities to develop genetically engineered strains of
A. ferrooxidans that would thrive under even harsher conditions (17). Furthermore, pre-
vious studies have reported that genes associated with glutathione in A. ferrooxidans
respond to various forms of oxidative stress, suggesting that this pathway could be a
good candidate for genetic engineering (28–31), and it has been shown that exoge-
nously provided glutathione was effective in reducing the intracellular reactive oxygen
species (ROS) content in an acidophilic microbial consortium containing A. ferrooxi-
dans, which suggests that glutathione was an effective ROS scavenger in this system.

Here, we report the investigation of the effects of the overexpression of the two
genes that form the glutathione biosynthesis pathway in A. ferrooxidans in an attempt to
improve the halotolerance of the bacterium by improving its ability to better cope with
oxidative stress induced by chloride entry. By increasing the production of glutathione
within the cells, we find that the iron oxidation activity is more resistant to chloride stress
at a lower medium pH or higher chloride concentration that is inhibitory to wild-type
(WT) A. ferrooxidans. The formation of intracellular ROS was also measured to better
understand how glutathione enables enhanced iron oxidation in these bacteria.

RESULTS
Construction of plasmids and strains overexpressing glutathione biosynthesis

genes. The two genes for synthesizing glutathione had been previously identified in
the sequenced genome of Acidithiobacillus ferrooxidans (21). The glutamate-cysteine
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ligase (gshA [AFE_3064]) and glutathione synthetase (gshB [AFE_3063]) sequences
were placed behind the tac promoter on a pJRD215-based plasmid to generate
plasmids pYI43 and pYI46, respectively. These two plasmids were conjugated into
A. ferrooxidans to successfully generate the AF43 strain expressing gshA and the AF46
strain expressing gshB.

Effect of glutathione biosynthesis genes on intracellular glutathione levels.
The overexpression of the glutathione biosynthesis genes was expected to increase
the production of glutathione in A. ferrooxidans. After measuring the extracted concen-
tration of glutathione in the strains, analysis of variance (ANOVA) showed that AF46
had a significantly higher concentration of glutathione than AF43 or the WT (Fig. 1). As
AF46 produced more glutathione, we predicted that this strain would be able to better
respond to the oxidative stress caused by chloride than the wild-type strain.

Preliminary screening of halotolerance. To initially test the effect of the overex-
pression of increased intracellular glutathione levels in A. ferrooxidans, the engineered
strains and the WT were grown under various NaCl concentrations and pHs in a 96-well
format to determine if enhanced iron oxidation was observed. The qualitative endpoint
assay demonstrated that the halotolerance of A. ferrooxidans was sharply impacted
within a narrow pH range where iron oxidation could occur as was detected at up to
320 mM NaCl at an initial pH of 2.1 and up to 180 mM NaCl at an initial pH of 1.9.
However, iron oxidation was not detected beyond 40 mM NaCl at an initial pH of 1.7
(see Table S1 in the supplemental material). Furthermore, while AF46 appeared to have
improved tolerance to chloride over the WT, AF43 seemed to have no increase in chlo-
ride tolerance under all pH conditions. These results suggest that the higher glutathione
concentration in the cells resulted in improved salt tolerance.

Effect of NaCl concentration and pH on iron oxidation of engineered strains.
Since increasing the NaCl concentration or lowering the pH of the medium has adverse
effects on ferrous iron oxidation by A. ferrooxidans, we further investigated each of
these effects on WT, AF43, and AF46 cultures. While keeping the NaCl concentration at
50 mM, the effects of the starting pHs were compared. As shown in Fig. 2, when the
initial pH was lowered incrementally, the strains took longer to complete the conver-
sion of ferrous iron, indicating that there was an increasing inhibitory effect of chloride
under more acidic conditions. AF46 seemed to oxidize ferrous iron slightly more
quickly than the WT and AF43 when the starting pH was 2.04, 1.93, or 1.79. However,
when the starting pH was lowered to 1.60, ferrous iron oxidation was seen with AF46
only after a prolonged lag. No oxidation by the WT or AF43 was observed even after
further incubation, demonstrating that the expression of gshB in AF46 extended the
pH minimum where iron could be oxidized under chloride stress.

We determined that AF46 had higher chloride tolerance at a fixed pH than the WT
as detected in the preliminary assays. A starting pH of 1.9 was used, which resulted in
salt tolerance for iron oxidation in a range comparable to those previously reported in

FIG 1 Overexpression of the glutathione synthetase gene gshB in AF46 increases the glutathione
concentration compared to the WT and AF43. The glutathione (GSH) concentration from the cell
lysates was obtained in triplicate, and error bars indicate standard deviations. Statistical significance
was calculated using ANOVA and post hoc tests (*, P , 0.05).
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the literature for A. ferrooxidans (16, 32). At 150 mM NaCl, AF46 completed iron oxida-
tion by 144 h, but only a small amount of iron oxidation was detected with the WT,
which stagnated at 120 h. This suggests that this salt concentration was near the MIC
for this initial pH (Fig. 3). As all of the ferrous iron was fully oxidized by AF46 under
these conditions, a higher NaCl concentration of 200 mM NaCl was also tested.
Surprisingly, we found that while AF46 could begin to oxidize iron at this salt level,
about 50% of the ferrous iron was oxidized before iron oxidation activity halted
(Fig. 3). The WT was completely inhibited by 200 mM NaCl. Combined, these results
demonstrated that the engineered AF46 strain was capable of iron oxidation under a
higher level of chloride stress than the WT.

Impact of glutathione on respiration-induced ROS formation. As increased respi-
ratory activity has been shown to be a response to cytoplasmic acidification in acidophiles,
we evaluated whether the differences in iron oxidation halotolerance corresponded to
ROS production in the three strains (33). The ROS content in AF46 was significantly higher
than those in the WT and AF43 initially (Fig. 4). We found that upon exposure to 100 mM
NaCl, the ROS contents of all three strains decreased over the first hour of incubation to
similar levels. While this salt concentration at the initial pH of 1.9 should be subinhibitory
for iron oxidation, these results indicate that the initial salt shock induced similar
responses. Interestingly, during the entire period of incubation, the ROS content for the
WT and AF43 remained near this lowered ROS level. While AF46 had a decrease in ROS to
a level similar to those of the two other strains after 1 h of incubation, the ROS content
increased at 25 h and approached the ROS levels found in the strain at the start of incuba-
tion by 72 h. The ROS levels in AF46 were significantly higher than those in the WT and
AF43 at 25, 45, and 72 h. These results indicate that the overexpression of gshB allows a
higher respiration rate and, thus, iron oxidation under conditions of oxidative stress
induced by chloride in A. ferrooxidans after the osmotic shock observed upon the initial
salt introduction.

FIG 2 Iron oxidation at a constant salt concentration is strongly inhibited when increasingly acidified over a
narrow pH range. The iron oxidation activity of the WT, AF43, and AF46 strains was measured in AFM1
medium with 50 mM NaCl at different initial pHs. Strains were inoculated into cultures in triplicate, and error
bars indicate standard deviations.
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Sensitivity to exogenous H2O2 exposure. Since the glutathione biosynthesis
enzymes are localized in the cytoplasm, we evaluated whether AF46 would have an
increased tolerance to exogenous sources of oxidative stress where cellular damage
would occur starting from the periplasm. High levels of ROS could be generated in
acid mine drainage environments, so we treated the WT and AF46 with 1 mM H2O2 for
3 h, where iron oxidation activity had been previously shown to be inhibited with an
extended lag phase (30). There was no growth advantage displayed by AF46 compared
to the WT, and both strains displayed iron oxidation after 48 h (Fig. S1). As such, gluta-
thione overexpression does not seem to be effective for all forms of oxidative stress
that A. ferrooxidans could be exposed to in the environment. This surprising result sug-
gests that A. ferrooxidans may utilize different mechanisms of dealing with oxidative
stress in the cytoplasm and periplasm.

DISCUSSION

The iron oxidation activity of Acidithiobacillus ferrooxidans has been reported to
have low but varied tolerances to NaCl, which has resulted from the different pH values
of the media that have been applied for its growth (5, 14). Microorganisms with iron-
oxidizing ability tolerant of saline conditions have been noted as a desirable trait for
future bioleaching applications due to the importance of ferric iron as an oxidant to
solubilize other metals (34). However, many acidophiles have been shown to tolerate
lower concentrations of chloride as the medium pH is decreased (12). In this work, we
demonstrate the strong impact of medium acidity on the halotolerance of iron oxida-
tion in A. ferrooxidans at the low pH values optimal for growth and commonly used to

FIG 3 AF46 has increased maximum halotolerance to NaCl compared to the WT. The iron oxidation activity of
the WT and AF46 strains was measured in AFM1 medium with 150 mM (left) and 200 mM (right) NaCl at an
initial pH of 1.9. Strains were inoculated into cultures in triplicate, and error bars indicate standard deviations.

FIG 4 Intracellular ROS levels in the WT, AF43, and AF46 strains exposed to NaCl. Cells were
inoculated into AFM1 medium with 100 mM NaCl at an initial pH of 1.9, and the ROS content was
quantified by measuring the fluorescence of the ROS indicator at various lengths of incubation.
Strains were inoculated into cultures in triplicate, and error bars indicate standard deviations.
Statistical significance was calculated using ANOVA and post hoc tests (*, P , 0.05). RFU, relative
fluorescence units.
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limit ferric iron precipitation. We show that concentrations of chloride that have been
indicated previously to be below the MIC for A. ferrooxidans can become inhibitory
over a narrow pH range, indicating that it may be important to report the halotoler-
ance of acidophiles as a function of pH (16). Further work is needed to better under-
stand if the sharp dependence of halotolerance on pH affects other acidophilic species
in a similar fashion.

To address this observation, we have also engineered A. ferrooxidans to overexpress
glutathione biosynthesis genes, with the goal of augmenting the native response to
oxidative stress elicited by NaCl in this species. The response to anionic stress in acido-
philes involves a cascade of steps where the initial chloride entry into the cell causes
cytoplasmic acidification through disruption of the positive membrane potential (33).
Increased respiration rates are required to maintain pH homeostasis by pumping out
excess protons and reducing oxygen. This likely results in more oxidative conditions, as
increased intracellular ROS were found to be generated in Leptospirillum ferriphilum
(33). While acidophilic bacterial species have been reported to have different mecha-
nisms to respond to oxidative stress, Acidithiobacillus spp. have a number of unique
genes related to glutathione biosynthesis and glutaredoxins (28). These genes involved
with glutathione have been reported to be expressed during the early biofilm forma-
tion process on pyrite and also protect the cell from oxidative stress induced by cati-
onic heavy metals (31, 35, 36). Although the gshA gene has been revealed to be feed-
back inhibited by glutathione in Escherichia coli, we have demonstrated that the
expression of glutathione synthetase increased intracellular glutathione levels over
glutamate-cysteine ligase (37). This suggests that the regulation of these glutathione
biosynthesis genes may be different from that of other studied species as the gshA
gene from A. ferrooxidans was able to sufficiently complement an E. coli strain lacking
its native gene (38, 39). Although the overexpression of only single genes was tested,
the simultaneous overexpression of both genes as a single operon may further
increase the glutathione concentrations within the cell.

The inhibitory effects of anions were previously demonstrated to be more pro-
nounced on iron oxidation than on sulfur oxidation in A. ferrooxidans (20). A. ferrooxi-
dans is not known to have genes related to the production of hydroxyectoine and
ectoine, which are utilized as osmoprotectants in Acidihalobacter and Leptospirillum
spp., and produces limited amounts of trehalose when exposed to osmotic stress (26).
It is possible that producing these osmoprotectants in A. ferrooxidans could be an alter-
native strategy to improve halotolerance that does not focus on the damage caused
by anions. Because of the limited role of compatible solutes in A. ferrooxidans, we had
hypothesized that glutathione would be a key compound that would enable engi-
neered strains to better respond to the oxidative damage and ROS induced under
high-salt conditions. As predicted, the increased production of glutathione in AF46
allowed iron oxidation under conditions of lower pH or added chloride concentrations
compared to the WT (40). The role of additional glutathione levels was observed as
AF43 did not display any advantages in iron oxidation. We verified that the acid con-
centration and salt tolerance are inversely related, as higher acid concentrations low-
ered the chloride resistance of all strains tested. Surprisingly, we found that ROS levels
were decreased when all strains were exposed to NaCl, implying that A. ferrooxidans is
normally unable to increase respiration rates when faced with chloride stress. These
results support a previous proteomics report that a reduction in rusticyanin abundance
is observed in A. ferrooxidans when grown under high-salt conditions and suggest that
the additional glutathione content may limit the reduction in the expression of rusti-
cyanin (16). In AF46, we found significantly increased ROS levels after 25 h, suggesting
that instead of working to directly lower the concentration of ROS, glutathione may
limit macromolecular damage within the cell, even under elevated-ROS conditions.
The delay in this response seems to indicate that additional glutathione has no role in
enabling the cell to minimize chloride entry and the resulting cytoplasmic acidification.

While increasing glutathione production was effective in enhancing the response of
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A. ferrooxidans to chloride-induced oxidative stress, we showed that this did not
improve the tolerance of the cells to exogenous hydrogen peroxide, which can be gen-
erated from surface reactions on metal sulfides (30). Based on our results, overexpress-
ing genes responsible for other molecular mechanisms that have been identified in
biofilm cells, such as globin, peroxiredoxin, or alkyl-hydroperoxidase, may allow A. fer-
rooxidans to have increased resistance to bioleaching environments that operate under
high pulp densities. The continued investigation of these endogenous proteins and
systems under physiologically relevant conditions will be useful in generating other ro-
bust strains of A. ferrooxidans for use in novel bioleaching operations.

MATERIALS ANDMETHODS
Chemicals and reagents. All chemicals were sourced from Sigma-Aldrich, and enzymes and

reagents for DNA manipulation were purchased from New England BioLabs (NEB) unless otherwise
noted. A type of dispersed sulfur (catalog number S789400; Toronto Research Chemicals) was used in
SM4 medium for the sulfur source, as mentioned below (41). All primers used in this study were
obtained from Integrated DNA Technologies. Western blot supplies were sourced from Thermo Fisher
Scientific.

Bacterial strains and culturing. Acidithiobacillus ferrooxidans ATCC 23270 and Escherichia coli S17-1
were obtained from the ATCC. All A. ferrooxidans cultures were initiated with a starting OD600 (optical
density measured at 600 nm) of 0.001, corresponding to a cell density of 8.3 � 106 cells/ml. All 100-ml
cultures were incubated at 30°C and shaken at 140 rpm. A. ferrooxidans was maintained for use in experi-
ments by weekly subculture into 100 ml of AFM1 medium [0.8 g/liter (NH4)2SO4, 0.1 g/liter HK2PO4, 2.0
g/liter MgSO4�7H2O, 5 ml/liter trace mineral solution (MD-TMS), and 20.0 g/liter FeSO4�7H2O] at pH 1.8.
Cells were harvested by centrifugation at 5,000 � g for 7 min at room temperature. Harvested cells were
washed at least three times with AFM1 basal salts [0.8 g/liter (NH4)2SO4, 0.1 g/liter HK2PO4, 2.0 g/liter
MgSO4�7H2O, and 5 ml/liter MD-TMS] at pH 1.8 to remove any iron and precipitates. Harvested cells
were kept in 10 ml of AFM1 medium and maintained viability for 1 to 2 weeks stored at 4°C.

Genetic manipulations and confirmation of transformed strains. The pYI11 plasmid was modified
to have an in-frame His tag using Q5 site-directed mutagenesis with primer pair pYIHis-F/pYIHis-R, as pre-
viously described (10), to generate pYI39. This plasmid was then digested with BamHI and KpnI. The gshA
and gshB genes from A. ferrooxidans were amplified from genomic DNA prepared using the NucleoSpin
tissue kit (TaKaRa Bio) with primer pairs pYI43-F/pYI43-R and pYI46-F/pYI46-R, respectively, and purified.
The PCR fragments were combined with the digested pYI39 plasmid using NEBuilder HiFi DNA assembly
according to the recommended protocol to generate pYI43 and pYI46. All constructs were transformed
into E. coli DH5a and verified by DNA sequencing. DNA sequencing was performed by Genewiz. The pri-
mers used for plasmid construction are listed in Table S2 in the supplemental material.

Plasmids pYI43 and pYI46 were conjugated into A. ferrooxidans by the previously described filter-
mating and conjugation protocols using the donor strain E. coli S17-1, with some modifications (10).
After the mating step, possible transconjugant colonies on S204 solid medium plates were grown in
AFM1 medium. The A. ferrooxidans transconjugants that oxidized iron were then screened in SM4 liquid
selection medium to isolate strains overexpressing gshA or gshB. After verifying that the mutants had
persistent kanamycin resistance in SM4 medium, the presence of the overexpressed proteins in the
mutants was determined by Western blotting. Cell lysates of each strain were produced by sonicating
the suspension of cells resuspended in phosphate-buffered saline at pH 7.4 in ice water for 6 min using
a 3-s repeating pulse at a power of 4.5 W in a Misonix 3000 sonicator. The cell lysates of the A. ferrooxi-
dans strains were separated by SDS-PAGE in a Novex NuPAGE 4 to 12% Bis-Tris gel. The separated pro-
teins were transferred onto a Novex 0.45-mm nitrocellulose membrane with a semidry blotting unit
using the method recommended by the manufacturer. The blotted membrane was blocked using
Blocker Fl fluorescent blocking buffer and treated with mouse 6�His tag monoclonal antibody (His.H8)
at a 1:1,000 dilution. The primary-antibody-treated membrane was then treated with a goat anti-mouse
IgG(H1L) cross-adsorbed secondary antibody, Alexa Fluor 488, at a 1:1,000 dilution. The fluorescently la-
beled proteins were detected using a Gel Doc XR1 imager (Bio-Rad) and are shown in Fig. S2, where the
expected molecular weights of the His-tagged gshA and gshB proteins are 50.3 and 35.3 kDa, respec-
tively. The clone overexpressing gshA is referred to as AF43, and the clone overexpressing gshB is
referred to as AF46. The bacterial strains and plasmids used in this study are listed in Table 1.

Preliminary iron oxidation halotolerance assays. Iron oxidation in the presence of chloride was
conducted in AFM1 medium with the addition of the indicated concentrations of NaCl. The media were
acidified with concentrated sulfuric acid to the desired initial pH. Mixtures for iron oxidation assays
investigating the effect of the NaCl concentration and initial pH using 96-well plates were incubated at
30°C without agitation. Iron oxidation by the cells in the wells was noted by the color change of the clear
medium to orange-brown, indicating that the ferrous iron had been oxidized to ferric iron.

Cultures evaluating the impacts of chloride stress and hydrogen peroxide stress on iron
oxidation. For investigating the impact of chloride stress on the strains in culture, cells were inoculated
into 100 ml of AFM1 medium at the indicated NaCl concentrations and initial pHs. For investigating the
impact of hydrogen peroxide stress, 1 ml of cells at an OD600 of 0.1 was washed with AFM1 basal salts at
pH 1.8. After washing several times, hydrogen peroxide was added to the cells at a concentration of
1 mM, and the mixture was incubated for 3 h at 30°C without agitation. The incubated cells with
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hydrogen peroxide were directly inoculated into a 100-ml culture of AFM1 medium at pH 1.8. The fer-
rous iron concentration of the cultures was measured by titrating 1 ml of the sampled medium mixed
with 10 ml of a ferroin indicator using a 0.1 M cerium sulfate solution and noting the color change of the
solution, indicating that the reduced iron species had been oxidized.

Measurement of intracellular glutathione and intracellular ROS. To measure intracellular glutathi-
one, WT, AF43, and AF46 cells were grown, and harvested cells were washed in AFM1 basal and then in
phosphate-buffered saline at pH 7.4 and resuspended into a 5% (wt/vol) solution of 5-sulfosalicylic acid
dehydrate. The suspended cells were sonicated to disrupt the cells, and the cell lysate supernatant samples
were prepared and assayed as recommended by the manufacturer for use with the glutathione colorimet-
ric detection kit (Invitrogen). A linear standard for total glutathione concentrations from 0 to 6.25 mM was
used to obtain glutathione concentrations in the cell lysates from the measured absorbance.

To measure intracellular ROS levels, all strains initially grown, harvested, and washed were placed
into AFM1 medium with 100 mM NaCl at an initial pH of 1.9. Sampled cells were washed in phosphate-
buffered saline at pH 7.4, and a 29,79-dichlorodihydrofluorescein diacetate (H2DCFDA) indicator dissolved
in dimethyl sulfoxide was then added at a final concentration of 10 mM. Samples were incubated in the
dark at room temperature for 30 min, and the samples were then washed with phosphate-buffered sa-
line to remove the excess indicator. The fluorescence was measured at an excitation wavelength of
495 nm and an emission wavelength of 522 nm and normalized by the cell density.

Statistics. All error bars represent 1 standard deviation from the mean. Statistical analyses using
ANOVA and post hoc tests were conducted using Excel. P values of ,0.05 were considered to be statisti-
cally significant.

Data availability. The nucleotide sequences of pYI39, pYI43, and pYI46 have been deposited in
GenBank under the accession numbers MZ420731, MZ420732, and MZ420733, respectively.
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