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Zearalenone (ZON) is a nonsteroidal estrogenic mycotoxin produced by plant-pathogenic species of Fusar-
ium. As a consequence of infection with Fusarium culmorum and Fusarium graminearum, ZON can be found in
cereals and derived food products. Since ZON is suspected to be a cause of human disease, including
premature puberty syndrome, as well as hyperestrogenism in farm animals, several countries have established
monitoring programs and guidelines for ZON levels in grain intended for human consumption and animal
feed. We developed a low-cost method for monitoring ZON contamination in grain based on a sensitive yeast
bioassay. The indicator Saccharomyces cerevisiae strain YZRM?7 is unable to grow unless an engineered
pyrimidine biosynthetic gene is activated by the expressed human estrogen receptor in the presence of
exogenous estrogenic substances. Deletion of the genes encoding ATP-binding cassette (ABC) transporters
Pdr5p and Snq2p increases net ZON uptake synergistically. Less than 1 pg of ZON per liter of medium is
sufficient to allow growth of the indicator strain. To prevent interference with pyrimidines potentially present
in biological samples, we also disrupted the genes FURI and URKI, blocking the pyrimidine salvage pathway.
The bioassay strain YZRM?7 allows qualitative detection and quantification of total estrogenic activity in cereal
extracts without requiring further cleanup steps. Its high sensitivity makes this assay suitable for low-cost

monitoring of contamination of maize and small grain cereals with estrogenic Fusarium mycotxins.

Zearalenone (ZON) (Fig. 1) is a resorcylic acid lactone
(nonsteroidal) fungal metabolite with very high estrogenic ac-
tivity. The mycotoxin ZON and derivatives of this compound
are produced predominantly by Fusarium graminearum and
Fusarium culmorum and also by several other species (7, 32).
Under environmental conditions favorable for the fungus, high
levels of ZON can be found in harvested maize and small grain
cereals (for a review see reference 32).

ZON has a very high relative binding affinity for both estro-
gen receptor ER-a and estrogen receptor ER-B and high
transactivation activity (31, 37). Studies with various animal
species showed that ZON and its metabolites have potent
estrogenic and anabolic activities (32). ZON has been impli-
cated in numerous mycotoxicoses in farm animals, and swine
are the most sensitive and most frequently affected species (13,
14, 18). Typical complications associated with high-level ZON
ingestion are severe morphological and functional disorders of
reproductive organs (39). Mild forms of hyperestrogenism
have been observed in pigs exposed to ZON levels as low as
250 pg/kg in their diet (5). The ZON levels in feed implicated
in poisoning can be as high as 56 mg/kg (50). Certain Fusarium
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strains can produce ZON in vitro in liquid cultures that yield
up to 34 g/liter of medium (20).

ZON doses that are much greater than concentrations which
have hormonal effects may have genotoxic and carcinogenic
effects. A National Toxicology Program study found evidence
of carcinogenicity in mice but not in rats (43). Likewise, spe-
cies-specific formation of DNA adducts has been reported (46).

While ZON toxicoses in farm animals are widely recognized,
the impact of this mycotoxin on humans is controversial (e.g.,
there have been proposed cases of precocious sexual develop-
ment in Puerto Rico [17, 51, 53, 54]). However, high levels of
ZON (up to 100 pg/liter) were reported in the sera of Hun-
garian children exhibiting early puberty symptoms (60, 61).
Whether ZON promotes breast cancer (2, 54, 62) rather than
reducing mammary tumorigenesis (21) is also controversial.

In a recent toxicological evaluation, the Scientific Commit-
tee on Food of the European Commission on Health & Con-
sumer Protection arrived at a temporary tolerable daily intake
for ZON of 0.2 pg/kg of body weight (15), while the Joint
FAO/WHO Expert Committee on Food Additives recom-
mended a provisional maximum tolerable daily intake of 0.5
pg/kg (23). No international harmonized maximum limits for
ZON in grain exist yet, but several countries already have
regulations, whose legal status differs (16). Austria, for in-
stance, has had a guideline level for wheat, durum wheat, and
rye intended for human consumption of 60 pg of ZON/kg (9)
since 1993. A concentration of 200 pg/kg has been set as a
guideline level for commodities in Brazil (maize), Uruguay
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FIG. 1. Structure of ZON [6-(10-hydroxy-6-oxo-trans-1-undence-
nyl)-beta-resorcylic acid lactone] and some important derivatives.
Zearalanol (zeranol), which is used as an anabolic growth promoter,
lacks a double bond (arrow a). In addition, the keto group (arrow b) is
reduced in zeranol, as it is in a-zearalenol (see text for details).

(maize and barley), and France (cereals and vegetable oil)
(16). Several countries have also proposed guideline levels for
animal feed; the suggested guideline level for breeding pigs in
Austria (33) and Germany (8) is 50 pg of ZON/kg of total feed.

In North America, contamination of grain with the Fusarium
mycotoxin deoxynivalenol appears to be far more important
than contamination with ZON (45, 56). In parts of Europe,
delayed harvesting due to wet weather can lead to the occur-
rence of high ZON levels in wheat. Monitoring of data from
southern Germany (42) indicated that in normal years the
frequency of ZON-positive samples is less than 20%, and the
observed ZON levels in most of the positive samples are well
below 50 pg/kg. However, in a year in which the weather
conditions favored growth of the fungus 80% of the samples
were positive, and the average level of ZON detected in wheat
was 178 £ 994 ng/kg; the highest levels were more than 8
mg/kg (42). Likewise, in 1998 in northern Germany 65% of the
wheat samples were ZON positive (12), and the average level
was 516 pg/kg (maximum level, 2.2 mg/kg).

In industrialized countries most of the Fusarium-damaged
grain is likely to be consumed by farm animals rather than by
humans. However, the situation may be very different in other
parts in the world. In Iran, for instance, the domestic wheat
consumption is now about 16 million metric tons, but only
about 10 million tons is produced. The main wheat production
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areas are the hot and humid provinces of northern Iran (Cas-
pian Sea littoral), where Fusarium head blight dramatically
decreases yield (3). Furthermore, high levels of Fusarium tox-
ins have been reported in Iranian wheat (63), with the ZON
levels ranging from 1,266 to 5,487 pg/kg (average, 3,464 g/
kg). Notably, the provinces of northern Iran are hotspots for
esophageal cancer (52), and consumption of wheat flour is
among the reported risk factors for this disease (22). Regular
mycotoxin monitoring thus seems to be warranted, but the high
cost of monitoring grain samples is prohibitive.

Usually, ZON levels in grains are determined by using te-
dious (liquid-liquid extraction) or very expensive (immunoaf-
finity column) cleanup procedures and subsequent separation
and detection by high-performance liquid chromatography
(HPLC), followed by fluorescence or UV detection (29). Our
goal was to develop a sensitive and inexpensive bioassay for
ZON in grain. We describe here construction of a yeast indi-
cator strain and the first results of tests performed with this
strain in a bioassay, which could become an attractive low-cost
tool for monitoring ZON levels in agricultural commodities
and for basic research applications.

MATERIALS AND METHODS

Plasmid construction. Genomic DNA of S. cerevisiae strain AB1380 (10) was
employed as a template for all plasmid construction steps in which PCR was
used. Construction of the Aurkl::TRPI plasmid pRM753 has been described
previously (41). For construction of the Afurl::LEU2 deletion plasmid, oligonu-
cleotides FUR-UP (5'-AATAACAATACCTCATTCTAC-3') and FUR-DW
(5'-TACTCAAGATTTAATCTCGAC-3") were used to amplify a 1,695-bp frag-
ment containing the complete FURI gene. This fragment was digested with
HindIIl plus EcoRV, and the resulting 1,529-bp fragment was inserted into
pUCI18 digested with HindIII plus Smal. The resulting plasmid was digested with
Accl and Xbal to delete a 559-bp fragment located within the FURI coding
region and was religated after treatment with the Klenow enzyme (fill in) in
order to reconstitute the unique Xbal site. A 1,990-bp blunt-end LEU2 fragment
(derived from pJJ252 [24] by Sall digestion and filling in with the Klenow
enzyme) was ligated into the filled-in Xbal site to create pRM765 (Afurl::LEU2).

Vector pCGS966 is a centromeric plasmid containing the URA3 and HIS3
genes (59).

Yeast strains. The Saccharomyces cerevisiae strains used in this study and their
relevant genotypes are shown in Table 1. The strains were derived from the
pyrimidine auxotrophic strain PL3 (ura3-Al), in which transcription of an addi-
tional URA3 gene can be induced by substances with estrogenic activity via three

TABLE 1. Genotypes of S. cerevisiae strains used in this study

Strain Parental strain (rele\ll);?linclilc;nge) Genotype and relevant alterations (episomal plasmids)®
PL3 MATa ura3-A1 his3-A200 leu2-A1 trpl::P; pp-URA3®
YYM6 PL3 PL3 Asng2::hisG¢
YYM7 PL3 PL3 Apdr5::hisG¢
YYMS YYM6 PL3 Asng2::hisG Apdr5::hisG¢
YZGA304 PL3 YEp90 PL3 (2um, HIS3)
YZGA305 PL3 YEp90-HEGO PL3 (2pm, HIS3-Ppix;-hER)
YZGA307 YYM6 YEp90-HEGO PL3 Asng2::hisG (2pm, HIS3-Ppi;-hER)
YZGA309 YYM7 YEp90-HEGO PL3 Apdr5::hisG (2pm, HIS3-Ppex,-hER)
YZGA310 YYMS YEp90 PL3 Asng2::hisG Apdr5::hisG (2pm, HIS3)
YZGA311 YYMS YEp90-HEGO PL3 Asng2::hisG Apdr5:hisG (2um, HIS3-Ppgi;-hER)
YZGA439 YZGA311 pRM753/Clal+Notl PL3 Aurkl::TRPI Asnq2::hisG Apdr5::hisG (2um, HIS3-Ppex;-hER)
YZRM7 YZGA439 pRM765/HindIII+Sphl PL3 Afurl::LEU2 Aurkl::TRPI Asng2::hisG Apdr5:hisG (2um, HIS3-Ppgi;-hER)
YZGA376 YYMS pCGS966 PL3 Asng2::hisG Apdr5:hisG (CEN4 HIS3 TRPI URA3)

“ For the strains derived from PL3 only the additional genetic markers present in the chromosome or on plasmids (in parentheses) are shown. ERE, estrogen
responsive element; hER, human estrogen receptor cDNA; Ppgx;, promoter of PGKI (phosphoglycerate kinase).

" See reference 48.
¢ See reference 35.
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estrogen-responsive elements in the promoter (trpl::3xERE-URA3) (48). Deriv-
atives of PL3 containing the vector YEp90-HEGO (expressing the human es-
trogen receptor cDNA under control of the constitutive PGKI promoter) or the
empty vector YEp90 (2 wm-HIS3-Ppgx;) have been described previously (35),
and particular transformants were renamed for reasons of clarity (Table 1).
Strains harboring Aurk1::TRPI and Afurl::LEU2 deletions were constructed by
transforming the corresponding parental strains with the Clal-Notl fragment of
pRM753 and the HindIII-Sphl fragment of pRM765, respectively. Transforma-
tions of S. cerevisiae were performed by the LiAc method (19). Correct integra-
tion of the deletion constructs was confirmed by PCR.

Yeast media. Yeast strains were grown in rich medium (YPD medium) or in
synthetic medium (SD medium) supplemented with auxotrophic components
(57) but simplified by omitting methionine, tyrosine, phenylalanine, glutamic
acid, aspartic acid, valine, and serine. Uracil (catalog no. 94220; Fluka), uridine
(catalog no. U-6381; Sigma), cytosine (catalog no. C-3506; Sigma), and cytidine
(catalog no. C-9505; Sigma) were added as 100X aqueous stock solutions (2,000
mg/liter). Diethylstilbestrol (DES) and ZON were purchased from Sigma (cat-
alog no. D-4628 and Z-2125).

YZRM7 (Aurkl::TRPI Afurl::LEU2), which is unable to utilize exogenous
pyrimidines and strictly requires estrogenic compounds in the medium, was
propagated on SC-HIS medium plates supplemented with DES (1 wg/liter) or
ZON (10 pg/liter). For spot tests YZRM7 was pregrown in liquid ZON-con-
taining SC-HIS medium, harvested by centrifugation, and transferred to medium
without an estrogenic supplement for 6 h.

Extraction of naturally contaminated wheat and maize samples. The ZON
extraction procedure used was a down-scaled version of the previously described
protocol (55). Briefly, 6 g of milled wheat kernels was homogenized and ex-
tracted in 24 ml of a mixture containing 75% (vol/vol) acetonitrile and 25% water
by using an Ultra Turrax T25 mixer for 3 min at 24,500 rpm in a 50-ml Greiner
disposable tube. After centrifugation (5,000 X g for 5 min), the supernatant was
filtered through a Whatman GF/A filter. The acetonitrile extract (200 pl) and
appropriate dilutions of this extract were mixed with two 900-ul portions of
SC-URA-HIS medium (in which agar was replaced by 1% agarose) in 2.2-ml
Eppendorf tubes and then poured into 35-mm-diameter petri dishes. After
solidification of the medium, 6-l portions of diluted suspensions (4o, = 0.03)
of the indicator yeast strain and control strains were spotted on the plates and
incubated at 30°C for 4 days. The yeast growth observed on control plates
containing dilutions of a ZON calibrating solution was used as a reference to
estimate the ZON contents of the extracts. Initially, a ZON calibrating solution
was prepared by dissolving ZON (1 mg/ml; Sigma) in ethanol, but for further
analysis a certified ZON calibrating solution, prepared at the IFA Tulln Center
for Analytical Chemistry, was used. The standard and the reference maize flour
samples were prepared as part of a project to obtain certified reference materials
for determination of the mycotoxin ZON in maize. Immunoaffinity cleanup and
HPLC with fluorescence detection were used for ZON determination as de-
scribed previously (55).

RESULTS

Inactivation of the genes encoding the ABC transporters
Pdr5p and Snq2p improves net uptake of ZON. It was shown
previously that two plasma membrane-localized ATP-binding
cassette (ABC) transporter proteins encoded by the PDRS and
SNQ?2 genes mediate efflux of estradiol in yeast (35), raising
the question of whether deletion of these two genes affects
uptake of the structurally unrelated, estrogenic mycotoxin
ZON. The test system which we used is based on the estrogen-
dependent growth of strains derived from PL3 on media with-
out a pyrimidine supplement (48). These yeast strains express
the human estrogen receptor cDNA under control of the yeast
PGKI promoter (plasmid YEp90-HEGO). Binding of estro-
genic substances to the receptor leads to activation of an en-
gineered copy of the URA3 gene having three estrogen-respon-
sive elements in the promoter (trpl::3ERE-URA3), which
allows de novo pyrimidine synthesis and growth of the other-
wise pyrimidine auxotrophic (ura3) strain.

ABC transporter knockout strains derived from PL3 (Table
1), which had either a single mutation or the double mutation
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FIG. 2. Yeast strains were spotted on SC-HIS-URA medium plates
containing different amounts of ZON. All of the PL3 derivatives con-
tain the estrogen-dependent URA3 gene integrated into the genome
and the human estrogen receptor on the HIS3 expression plasmid, but
they differ with respect to the ABC transporter genes SNQ2 and PDR5,

as follows: YZGA305, wild type; YZGA307, Asng2; YZGA309, Apdrs;
and YZGA311, Asng2 ApdrS.

35 26 15 8 4

(Asng2 Apdr5), were spotted onto plates containing different
amounts of ZON. As shown in Fig. 2, the PDR5 SNQ2 wild-
type strain YZGA305 required about 70 pg of ZON per liter
for growth. Single disruptions of SNQ2 or PDRS5 decreased the
amount required about two- to threefold, whereas less than
2 pg of ZON per liter was sufficient for growth of the PL3-
derived strain lacking both ABC transporter Pdr5p and ABC
transporter Snq2p (YZGA311).

Construction of a mutant unable to utilize exogenous pyri-
midines. Although the Asng2 Apdr5 double mutant PL3 strain
allowed detection of ZON at practically relevant concentra-
tions, the presence of pyrimidines in complex natural extracts
should also allow growth of this strain. To avoid false-positive
results, we inactivated the URKI (27) and FURI (28) genes,
which encode pyrimidine salvage pathway enzymes (Fig. 3).
First, the URKI gene was deleted by using the Aurkl::TRPI
plasmid pRM?753, resulting in strain YZGA439. In the second
step, the FURI gene was also destroyed, which yielded the final
bioassay indicator strain, YZRM?7. The different mutants were
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FIG. 3. Metabolism of external pyrimidines in S. cerevisiae. The
genes encoding the proteins involved in the steps are indicated. Ex-
ternal cytosine, uracil, and uridine are taken up by purine-cytosine
permease (FCY2), uracil permease (FUR4), and uridine permease
(FUI), respectively. Cytosine can be converted into uracil by cytosine
deaminase (FCYT), and uridine can be converted into uracil by uri-
dine-cytidine N-ribohydrolase (URHI). Uridine 5-phosphate, the en-
zymatic product of the URA3 step in pyrimidine de novo synthesis, can
be formed either from uracil by uracil phosphoribosyltransferase
(FURI) or from uridine by uridine kinase (URKI). Blocking the latter
two steps should therefore lead to an inability to utilize external pyri-
midines. PM, plasma membrane.
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FIG. 4. Logarithmically growing cultures of strains (relevant geno-
types are indicated in parentheses) were spotted onto SC-HIS-URA
medium plates supplemented with (final concentrations) 20 mg of
uracil (URA) per liter, 20 mg of uridine (URI) per liter, 20 mg of
cytosine (CTS) per liter, 20 mg of cytidine (CTD) per liter, or 10 pg of
ZON per liter. Strain YZRM?7 is unable to utilize external pyrimidines.

tested for the ability to grow on synthetic media with various
pyrimidine supplements (Fig. 4). Only YZGA376 containing a
URA3 gene on plasmid pCGS966 could grow without supple-
ments. The Asng2 Apdr5 double mutants, but not the single
mutants, were rescued by 10 wg of ZON per liter, a process
dependent on the cDNA of the expressed human estrogen
receptor (hER, present on plasmid YEp90-HEGO). In accor-
dance with the pyrimidine pathway shown in Fig. 3, the con-
structed strain YZRM?7 (Aurkl::TRPI Afurl::LEU2) was un-
able to utilize exogenous pyrimidines but was rescued by ZON
(and other estrogenic substances).

Characterization of indicator strain YZRM7 and tests with
maize and wheat. To test whether ZON-dependent growth of
bioassay strain YZRM?7 can be monitored by simple turbidi-
metric measurement, this organism was grown in SC-HIS-
URA liquid medium containing 0 to 10 wg of ZON per liter.
Growth curves were determined by measuring A, as shown
in Fig. 5. The growth of the indicator strain was fairly slow, but
it was strictly ZON dependent. The minimum amount of ZON
sufficient to give detectable growth after 48 h was less than 1
pg/liter, and it was more than 0.5 pg/liter in liquid culture.
Similarly, growth was observed on SC-HIS medium plates con-
taining ZON concentrations higher than 0.8 wg/liter (Fig. 5).
The change from growth to no growth within a narrow con-
centration range thus allowed determination of ZON concen-
trations by simple titration and comparison with a ZON cali-
brating solution.

Since ZON is usually extracted from grain samples by using
acetonitrile as the main solvent component, we determined the
acetonitrile concentration necessary to inhibit growth of strain
YZRM?7. On solid media, growth was completely unaffected by
final acetonitrile concentrations as high as 15%. In contrast,
acetonitrile severely inhibited growth in liquid cultures, and
the 50% inhibitory concentration was about 2.5% (data not
shown). Therefore, we focused on development of the bioassay
in which the agar plate format was used.

The bioassay was first tested with a reference maize flour
(30) with a ZON concentration of 60 wg/kg. Assuming that the
ZON present in the maize flour was diluted fourfold during the
extraction procedure and that the extract was diluted 10-fold in
the yeast growth medium, the final ZON concentration should

APPL. ENVIRON. MICROBIOL.

A
3,0 —a—ZON, 10 pg/l
2,5 | YZRM7 —o—ZON, 5 pg/l
2,0 —e—ZON, 3 pgfl
g 15 —o—ZON, 2 pg/l
g1 —a—2ZON, 1 pg/l
1,0 —a—ZON, 0.5 pg/l
0,5 —e—ZON, 0.25 pgl
0,0 —o—ZON, 0 ug/l
0 10 20 30 40 50 60 timeinhrs
B
YZRM?7 (indicator)
YZGA376 (control)
12 10 08 06 0  uglZON

FIG. 5. ZON-dependent growth of strain YZRM7 at 30°C.
(A) Turbidimetric measurement of growth in liquid SC-HIS-URA
medium containing different amounts of ZON. OD600, optical density
at 600 nm. (B) Growth observed on SC-HIS-URA medium plates after
4 days of incubation. The positive control strain YZGA376 contains a
URA3 gene (plasmid pCGS966).

have been 1.5 pg/liter, which is about twice the concentration
required to induce YZRM growth. We added 300, 200, 100,
and 50 pl of unpurified extract to 2 ml of agar and spotted
indicator strain YZRM7 and several controls on the resulting
plates. Growth of YZRM7 was clearly observed on the plates
containing 200 and 300 pl of maize flour extract, there was very
slight growth on the plate containing 100 pl, and there was no
growth on the plate containing 50 wl or the solvent controls
(data not shown). We concluded that our indicator strain can
detect the presence of ZON in crude extracts of maize without
a loss of sensitivity due to matrix effects.

To test whether the bioassay can also detect ZON in wheat
flour, we analyzed six grain samples derived from different
wheat cultivars that were artificially inoculated at anthesis with
the same F. graminearum strain. Extracts were prepared from
the ground grains, and a series of twofold dilutions of the
extracts was initially tested to determine the ZON concentra-
tion range. The highest dilution which still clearly gave a pos-
itive result in this test was defined as 100%, and further dilu-
tions in 10% steps were then analyzed with the bioassay. For
comparison, the extracts were also analyzed by conventional
reversed-phase HPLC with fluorescence detection, as shown in
Fig. 6. The calculated correlation coefficient for this experi-
ment was 0.988, and the constant error as estimated by using
the y intercept was —9.7 ug/kg. We subsequently analyzed
more wheat and maize samples and confirmed that the bioas-
say is a very useful tool for detecting maize and wheat that is
naturally contaminated with ZON and for evaluating the con-
tents of grain samples. For instance, we analyzed kernels from
wheat field trials performed in Iran, in which the concentration
in only one of seven samples fell below the detection limit of 30
g of ZON equivalents per kg, as shown in Table 2.
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FIG. 6. Comparison of the ZON contents of wheat samples deter-
mined by the bioassay and by the HPLC method with fluorescence
detection (HPLC-FD). The proportional error, determined by the
slope, is about 11% and was primarily caused by overestimating the
ZON concentration in the sample with the lowest content.

DISCUSSION

We developed a sensitive and low-cost yeast bioassay for
ZON and other estrogenic compounds, which is based on the
estrogen receptor-dependent growth of an engineered yeast
strain described previously (35, 48). The yeast growth response
in this bioassay is very robust and reproducible, and the bio-
assay does not require preparation of cell extracts, chromo-
genic substrates, or expensive instrumentation, in contrast to
conventional yeast two-plasmid systems, which rely on mea-
surement of the expression of a reporter gene (for a review see
reference 11), and especially in contrast to assays based on
mammalian cells (36). Two findings were important for the
development of the bioassay. The first was the observation that
disruption of the PDR5 and SNQ2 genes, encoding two highly
expressed ABC transporter proteins, improves intracellular re-
tention of ZON. The second important observation was that
inactivation of the yeast pyrimidine salvage pathway genes
URKI and FURI successfully prevents false-positive growth on
pyrimidine substrates present in biological samples.

Disruption of PDR5 and SNQ?2 leads to greatly improved
uptake not only of 17-B estradiol (35) and ZON but also of the
ZON derivatives a-zearalenol, B-zearalenol, a-zearalanol, and
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B-zearalanol and several other estrogenic compounds (data
not shown). By inactivating the two ABC transporters, the limit
of detection could be lowered to the concentration range that
is relevant with respect to existing or proposed national health
and safety regulations.

A potential problem with Asng2 Apdr5 mutants is that they
are more sensitive to (accompanying) toxic substances that are
also substrates of the broad-specificity transporters. We have
previously shown that PDRS5 is responsible for the high tricho-
thecene resistance of yeast (1), and more than 120 mg of the
main Fusarium mycotoxin deoxynivalenol per liter (120 ppm) is
tolerated by Apdr5 mutants. In view of the dilution steps in-
volved in the assay procedure (40-fold), unrealistic amounts of
deoxynivalenol would have to be present in a grain sample to
produce an extract that inhibits the growth of the indicator
strain. False-negative results are easily detected, since growth
of the control strain YZGA376 is also inhibited.

As shown in Fig. 4, false-positive growth of the indicator
strain is prevented by inactivating genes of the pyrimidine
salvage pathway (URKI and FURI). Since cytidine, which can
be converted to uridine by cytidine deaminase (CDDI), does
not support growth of the original PL3 strain (41), this pathway
is not shown in Fig. 3. The inability of the Aurkl Afurl double
mutant to grow on uracil, uridine, and cytosine shows that no
other yeast gene products (e.g., YNL129w protein) have over-
lapping activity in the pyrimidine pathway.

The indicator strain YZRM?7 can be propagated only on
media containing estrogenic substances. However, if this strain
is pregrown in the presence of high levels of potent estrogenic
compounds (e.g., 1 pg of DES per liter), several cell divisions
can occur before growth arrest occurs. To avoid a high back-
ground level on the bioassay plates, it is advisable to inoculate
the plates with highly diluted indicator yeast suspensions and
to pregrow the strain for some time on a medium lacking an
estrogenic supplement. Mutants of the indicator yeast strain
able to grow without any estrogenic substance in the medium
are observed after extended incubation periods. This pheno-
type could arise from mutations leading to expression of con-
stitutively activating, truncated forms of the estrogen receptor
(47).

The bioassay allows detection of estrogenic activity but not
determination of the identity or concentration of a particular
compound. Fusarium isolates produce not only ZON but also

TABLE 2. ZON contents of Iranian wheat samples

a
Growth responses' ZON content

Location Wheat cultivar - \p
Undiluted 1/2 Dilution 1/4 Dilution 1/8 Dilution (ng/kg of grain)
Karaj Falat I - _ 7 - o
Karaj Falat II ++++ ++++ ++++ - 197
Parsabad Moghan Sisonz ++++ ++++ ++++ (+) 219
Parsabad Moghan Bacanoura ++++ ++++ +++ +++ 347
Parsabad Moghan Kaspard ++++ ++++ +++ - 190
Parsabad Moghan Siren 1 ++++ ++++ ++ - 136
Parsabad Moghan Siren 11 +++ ++ (=) - 95

“ Qualitative growth responses of the indicator strain were determined on plates containing 200-pl portions of undiluted acetonitrile extract (undiluted) or twofold
dilutions of the extract. (+), Slight growth above the titration point; (—), slight growth below the titration point. A positive result for the 1/4 dilution indicates the

possible presence of estrogenic activity equivalent to twice the Austrian ZON guideline level (60 pg/kg).

®ZON content as determined by HPLC with fluorescence detection.

¢ Most wheat samples were obtained in 2001; the only exception is the Falat I sample, which was obtained in 2000.
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other derivatives (49). For instance, a-zearalenol, which has
36-fold-higher estrogenic activity than ZON in mammalian
cells (58), was found in wheat grain together with ZON (42),
albeit at much lower concentrations. Our bioassay allows de-
termination of only the total estrogenic activity in a sample,
and the method is also limited to matrices without other in-
terfering phytoestrogens. Soy flour samples, for instance, gave
positive results. We also found that a honey-frosted corn flake
sample was positive in the bioassay, but no ZON was detected
in this sample by HPLC (40). One could speculate that the
estrogenic activity originated from phytoestrogens present in
clover honey. The presence of phytoestrogens in hops (38) also
prevents use of the bioassay for beer.

Conventional ZON analysis procedures require sample
cleanup before detection and quantification of ZON are pos-
sible (29). In our bioassay, the acetonitrile extracts can be used
directly without further purification. If the ZON present in the
sample is diluted 40-fold, the limit of detection for ZON in
grain is about 30 pg/kg, which is well below the Austrian
guideline level approved for wheat and rye for human con-
sumption (60 pg/kg). With wheat it is possible to increase the
volume of acetonitrile extract added to the plates, and the
detection limit can be lowered accordingly. The high fat con-
tent of maize extracts limits this approach.

The limit of detection of the bioassay compares favorably
with the limits of detection of previously described antibody-
based detection systems and commercially available kits (4, 6,
29, 34). A major disadvantage is the long time required for
growth of the yeast indicator strain. In Austria, the bioassay
would be a useful screening tool for identifying rare samples in
which the concentration may exceed the ZON guideline level
for grain intended for human consumption, which can then be
confirmed by conventional analytical procedures. The few Ira-
nian grain samples that we have analyzed so far confirm the
presence of ZON, although the levels observed (Table 2) are
much lower than the levels reported for the 1996 samples (63).
The bioassay should be useful for obtaining a clearer picture of
the situation in Iran.

The assay is very cost-effective, making it attractive for
screening cheap grain commodities intended for feed use. In
Europe, at least in theory, resorcylic acid lactones are illegal
feed ingredients according to EC directive 96/22, appendix 1
(44). The import of meat from animals treated with zearalanol
(zeranol) is banned, while feeding farm animals with naturally
Fusarium-infected grain can also lead to the presence of zear-
alanol residues in pigs and cattle (26, 64). In view of increased
public awareness of the problem of xenohormones or endo-
crine disrupters (25) and the need to monitor agricultural
products for estrogenic Fusarium mycotoxins, we think that the
bioassay which we developed may provide a valuable and eco-
nomic screening tool. It is difficult to understand why the
presence of estrogenic Fusarium mycotoxins in staple food
should receive less attention than the presence of zeranol res-
idues in hormone-treated beef or other environmental contam-
inants, which are orders of magnitude less potent than ZON.

In addition to grain testing, the bioassay is a valuable re-
search tool, and we have used it to screen for ZON-degrading
microorganisms and insertion mutants of F. graminearum
which have lost the ability to produce ZON.
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