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Here we describe an alternative approach to currently used cytotoxicity analyses through applying eukaryotic
microbial biosensors. The yeast Saccharomyces cerevisiae was genetically modified to express firefly luciferase,
generating a bioluminescent yeast strain. The presence of any toxic chemical that interfered with the cells’
metabolism resulted in a quantitative decrease in bioluminescence. In this study, it was demonstrated that the
luminescent yeast strain senses chemicals known to be toxic to eukaryotes in samples assessed as nontoxic by
prokaryotic biosensors. As the cell wall and adaptive mechanisms of S. cerevisiae cells enhance stability and
protect from extremes of pH, solvent exposure, and osmotic shock, these inherent properties were exploited to
generate a biosensor that should detect a wide range of both organic and inorganic toxins under extreme

conditions.

Many luminescent bacterial biosensors have been produced
which detect a wide range of pollutants while simultaneously
assessing bioavailability in environmental samples. Saccharo-
myces cerevisiae has been used previously to assess toxicity
through the use of an amperometric gas diffusion (oxygen)
electrode, which quantifies changes in culture respiration (1, 7,
8, 9, 17). Alternatively, the effect of a compound on S. cerevi-
siae cultures was measured directly through inhibition of max-
imum growth rates (2, 10). However, such toxicity assays are
time-consuming and expensive in comparison to luminometry
analysis. Walmsley et al. (18) created an S. cerevisiae biosensor
that induces green fluorescent protein expression on exposure
to genotoxic agents. The luminescent biosensor designed in the
present study works on a different principal (reduction in re-
porter gene product activity) and complements the biosensor
designed by Walmsley et al. (18) by detecting a wide range of
toxins, not just genotoxic agents.

For the novel S. cerevisiae biosensor described here, a lumi-
nescence detection system was constructed using firefly lucif-
erase (luc) from Photinus pyralis. The firefly luciferase light
reaction relies on ATP being supplied by actively metabolizing
cells. This dependence on endogenous energy supplies enables
a luciferase assay system to report directly on cell health upon
exposure to toxins. The luciferin substrate for P. pyralis lucif-
erase is an amphipathic molecule with a charged carboxyl
group at physiological pH. This prevents easy passage of lu-
ciferin across cell membranes, leading to problems during the
exogenous addition for in vivo assays. This was overcome
through the development of a novel assay system where the
biosensor preparation was acidified after exposure to the tox-
icant and before luminescence quantification.

MATERIALS AND METHODS

Strains, media, and chemicals. S. cerevisiae strain W303-1B (MATo leu2-3,112
his3-11,15 trpl-1 canl-100 ade2-1 ura3-1) (16) was the host for the chromosomal
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luciferase-expressing construct. Chromosomal insertion was carried out using a
published method (5). S. cerevisiae was grown in synthetic complete medium (15)
in a shaking incubator at 200 rpm and 30°C. Diuron [3-(3,4-dichlorophenyl)-1,1-
dimethylurea] and mecoprop [(+/—)-2-(4-chloro-o-tolyloxy)propionic acid] were
obtained from Greyhound Chemicals. p-Luciferin (potassium salt) was obtained
from Molecular Probes.

Construction of the chromosomal luciferase expression system. The pBlue-
script-based yeast centromeric plasmid pRS316 (14), was modified to create
pPLUCAP. A PGK terminator was amplified by PCR from YCpPLP (4). Primer
SSR (5'-GTGTTGCTTTCTTATCCGCGGAGAAATAAATTGAAT-3') intro-
duced a Sacll site at the 5’ end of the terminator region, and a Sacl site was
inserted by the S3R (5'-TTTTTCGAAACGCAGAGCTCTCGAGTTATTAAA
CTT-3") oligonucleotide at the 3" end. The PCR to amplify /uc used the forward
primer SLEADL (5'-ACAGATCACCGGATCCATCAAGACACCAATCAAA
ACAAATAAAACATCATCACAATGGAAGACGCCAAAAACATAAAGA
AAGGCCCG-3') and reverse primer N3RA (5'-TCTAGAGCGGCCGCTGAA
TACAGTTACATTTTACTTTCCGCCCTTCTTGGCCTTT-3") for the inclu-
sion of a NotI site 3’ to the luciferase gene. The template for this PCR was the
pGL2 vector from Promega. The lucA and URA3 genes from the pPLUCAP
plasmid vector were amplified separately using PCR. Primers rLUC (5'-AGCC
TCATAAATAAAGGTAGATAGTAAAGTATACAAGAGAAGAATCCCA
AGATGGAAGACGCCAAAAACATAAAGAAAGGCCCG-3') and S3R am-
plify a promoterless version of the lucA gene (includes the PGK terminator).
Primers rURA (5'-ATCAAACATCATTCTGCAGAACTGAAAACATACTT
GAACACTTGGGACAGCTGACCTGATGCGGTATTTTCTCCTTACGCA
TCT-3') and ST1K1 (5'-GAGCTCTGCGTTTCGAAAAACCGGAGACGGTC
ACAGCTT-3") amplify the URA3 gene, including control regions. Homologous
sequence for directing genomic integration at rps16a were included in the fLUC
and rURA primers. Homology to the luciferase amplification product (present in
ST1K1) allowed the luciferase and URA3 genes to fuse and amplify though this
homologous region, resulting in a 3.5-kb product.

Bioassay procedure. Stock concentrations of toxicants were prepared in deion-
ized water, and the pH was adjusted to 5.5 using HCI or NaOH. S. cerevisiae
biosensor cells were harvested at peak luminescence (optical density at 600 nm
of around 3.7), centrifuged at 700 X g, and washed twice in 0.1 M KClI (twice the
original volume). A potential toxicant (450 pl) was added to each 1-ml cuvette
(Clinicon, catalog no. 2174 701), and the final volume was made up to 500 pul by
adding 50 ! of diluted S. cerevisiae cells (approximately 2 X 107 cells per assay).
Following a 10-min exposure to the sample, 500 wl of pH 2.5 citrate phosphate
buffer (containing luciferin to make the final concentration 0.1 mM per cuvette)
was added. Bioluminescence was then monitored in a BioOrbit 1251 luminom-
eter using a Multiuse software package (version 1.01, April 1991, JN). The units
of luminescence were expressed as relative light units, which equated to 10 mV
s~ ! ml™%. For comparative bacterial assays, lyophilized Escherichia coli HB101
cultures containing the plasmid pUCD607 were prepared as described by Weitz
(19). These lyophilized cells were resuscitated for 1 h in 10 ml of 0.1 M KCI at
25°C and 200 rpm. For the assay, 100 pl of resuscitated cells was added to 900 .l
of toxicant standard in each cuvette. In order to interpret the bioassay data, the
relative light units were translated into a percentage of maximum luminescence
(the 100% value was determined by the blank cuvette). For toxicity detection in
solvents, the standards were prepared using 10% solvent as a diluent. The
maximum luminescence for these assays was determined using the relevant
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FIG. 1. Differential response of E. coli HB101(pUCDG607) and S. cerevisiae LucA to diuron. S. cerevisiae and E. coli cells were exposed to identical concentrations
of diuron. S. cerevisiae (@) exhibits a toxic response at levels of toxin where the E. coli (O) cells do not sense any toxicity. The experiment was carried out in triplicate
at 25°C, and the error bars represent standard errors of the mean triplicate values. For comparative assays the same biosensor sample was used; however, for the assays
presented here, they were repeated on at least three occasions and the trends were found to be identical.

solvent diluent. Samples were run alongside standards prepared in H,O for
comparative analysis. To determine the effects of external pH on light output, a
pH range of 1 to 12 was prepared using HCl and NaOH to adjust the pH of H,O.
To assay toxicity at pH extremes, the standards were prepared in the normal
fashion except that the H,O for dilution had its pH adjusted accordingly.

RESULTS

The herbicide diuron, a known eukaryotic toxin, was toxic to
S. cerevisiae but not to a lux-marked luminescent bacterial
strain (Fig. 1). Investigations performed to examine the effects
of external pH on S. cerevisiae demonstrated that external pH
had minimal effects on the metabolism of the cells if the cells
were acidified prior to luminescence quantification (data not
shown). To discover if altering the pH affected toxicity detec-
tion, two test compound solutions (copper and the organic
toxin mecoprop) were pH adjusted. Copper was no longer
found to be bioavailable at extremes of pH, presumably due to
speciation effects (data not shown). However, the sensitivity of
the S. cerevisiae biosensor to mecoprop was greatest at pH 1
and was reduced at pH 12 (Fig. 2), with a similar dose response
over a pH range of pH 3 to 10. S. cerevisiae was found, in acute
exposure, to be relatively tolerant to fairly high concentrations
of solvents, with a reduction in light output of between 10 to
40% in the presence of 9% solvent. Two compounds were
assayed to determine how the presence of solvent affected
toxicity, and results were obtained for the heavy metal copper
and the organic toxin diuron (data for copper are shown in Fig.
3). The presence of methanol severely reduced the biosensor
response to both organic and inorganic toxins. Conversely, the
presence of ethanol considerably enhanced the biosensor sen-
sitivity to both toxins.

DISCUSSION

During screening of known toxic herbicides, the S. cerevisiae
biosensor sensed toxicity in samples that were not toxic to
existing lux-based bacterial biosensors (Fig. 1). However, the
bacterial biosensors did not utilize a luc-based luminescence
system; therefore, the results demonstrated in Fig. 1 are not
directly comparable. The effects of external pH on mecoprop
toxicity, as detected by the luminescent S. cerevisiae biosensor,
are shown in Fig. 2. The most dramatic increases in toxicity
sensing were seen in toxic responses at pH 1 and 2. A possible
explanation for this is that weak acids have been demonstrated
to dissipate the proton motive force across plasma membranes
in S. cerevisiae (6). To counteract this effect, the plasma mem-
brane pumps out protons using the membrane ATPase at the
expense of ATP production (12). Many organic toxins disrupt
cell plasma membranes (13) which are required for defense
against extreme pH, and therefore, the increase in toxicity at
low pH may be caused by mecoprop disrupting the cell mem-
brane, which in turn disrupts S. cerevisiae pH defense mecha-
nisms, resulting in an amplified toxic effect.

S. cerevisiae has been applied in xenobiotic testing in other
studies where its solvent tolerance was advantageous (2). How-
ever, possible synergistic effects of these solvents and xenobi-
otics were never discussed. The differences in toxicity detection
in ethanol and methanol are quite distinct. Methanol did not
act synergistically with either the organic or inorganic toxins
(results for copper are shown in Fig. 3). This is unlikely to be
explained by slightly reduced membrane disruption, as S. cer-
evisiae has many mechanisms that will readily import ethanol
into the cell (3). Therefore, during ethanol transport into cells,
it is possible that toxins simultaneously enter through similar
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FIG. 2. Effects of pH on mecoprop toxicity in S. cerevisiae LucA. The external pH was found to have minimal effects on dose-response curves for pH 3 (A), pH 5.5
(O, solid lines), and pH 10 (m, solid lines). External pHs of 11 (@) and pH 12 (O) resulted in a loss of toxin sensitivity. When the external pH was lowered (dashed
lines) to pH 1 (O) and pH 2 (m), there were dramatic increases in sensitivity to the toxin. The experiment was carried out in triplicate at 25°C, and the error bars
represent standard errors of the mean triplicate values. For comparative assays the same biosensor sample was used; however, the assays were repeated on at least three
separate occasions and the trends were found to be identical.

100
90
80
70
60
50
40
30
20
10

0 1 | ; 1 —t |
0 2 4 6 8 10
copper mg/l

FIG. 3. Effects of solvents on copper toxicity sensing in S. cerevisiae LucA. The presence of 9% ethanol () resulted in an increase in the toxic response, and a loss
in sensitivity was observed for 9% methanol (OJ), compared to the dose-response curve for double-distilled H,O (A). The presence of 9% acetone (@) resulted in a
dose-response curve similar to that for double-distilled H,O. These experiments were carried out in triplicate at 25°C, and the error bars represent standard errors of
the mean triplicate value. For comparative assays the same biosensor sample was used; however, the assays were repeated on at least three separate occasions and the
trends were found to be identical.
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uptake mechanisms. Comparable findings have been observed
for higher eukaryotes; for example, the presence of ethanol
increases the toxicity of paraquat in rabbits (11).

Toxic responses from these cytotoxicity analyses are indica-
tive rather than definitive. This is because S. cerevisiae re-
sponds to some toxic compounds which are not deleterious to
higher eukaryotes, for example, cyclohexane (17) and antifun-
gal agents. However, luc-marked S. cerevisiae may be a very
useful reporter of toxicity to other fungi, such as mycorrhizal
fungi, which have major ecological importance.
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