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Abstract An enzyme-linked immunosorbent assay (ELISA)
for the Alternaria mycotoxin tenuazonic acid (TeA) was
evaluated by comparative analysis of naturally contaminated
sorghum grains and sorghum-based infant food, using a sta-
ble isotope dilution LC-MS assay (SIDA; limit of detection
(LOD) 1.0 μg/kg) as the reference method. LODs of the
ELISA were 30 μg/kg in sorghum grains and 220 μg/kg in
sorghum-based infant cereals. With SIDA, 100% of the sam-
ples (n = 28) had been positive for TeA in a concentration
range of 6–584 μg/kg (mean 113 μg/kg). The ELISA con-
sistently detected TeA in all naturally contaminated samples
at cut-off levels of 30–60 μg/kg (sorghum) and 200–300 μg/
kg (infant cereals), as based on corresponding to SIDA
values. Although the ELISA was much less sensitive than
the SIDA method, it may be useful as a screening method
for sorghum and sorghum-based infant foods and can be
employed to identify samples containing elevated concentra-
tions of TeA in food, well below the proposed level of con-
cern (500 μg/kg).
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Introduction

L-tenuazonic acid ((5S)-3-acetyl-1, 5-dihydro-4-hydroxy-
5-[(1S)-1-methylpropyl]-2H–pyrrol-2-one) is one of the major
mycotoxins produced by fungi of the genus Alternaria. A
primary mode of action of TeA is the inhibition of protein
synthesis (Shigeura and Gordon 1963). TeA and other
Alternaria toxins have attracted increasing attention during
the last years.

Recently, a survey for Alternaria toxins reported
tenuazonic acid (TeA) levels for several types of foods from
the German market, including tomato products, bakery prod-
ucts, juices, vegetable oils, and sunflower seeds; concentra-
tions were between 11 ± 0.4 μg/kg in vegetable oils and
490 ± 24 μg/kg in sunflower seeds (Hickert et al. 2016). A
provisional mean daily intake of TeA and its isomer allo-TeA
by the German population of 0.2 μg kg body weight has been
reported recently (Hoevelmann et al. 2016). The European
Food Safety Authority (EFSA) evaluated the toxicological
potential of TeA by following the threshold of toxicological
concern (TTC) approach, yielding a TTC value of 1.5μg TeA/
kg body weight per day (EFSA 2011). Recently, high levels of
TeA were found in sorghum grains and in sorghum-based
infant food containing either millet or sorghum (Asam and
Rychlik 2013). In order to protect infants from the risk of
consuming highly contaminated infant food, a first action lim-
it for TeA of 500μg/kg has been deduced (Rychlik et al. 2016)
and installed by the Bavarian Health Protection Authority.

This indicates a need to intensely control such cereals for
the presence of TeA. Several liquid chromatographic methods
with mass spectrometric detection have been developed, some
using either precolumn derivatization (Siegel et al. 2009) or
stable isotope dilution assay (Asam et al. 2011), to overcome
the difficulties in TeA chromatography arising from its strong
acidic and metal complexing properties (Lebrun et al. 1985).
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The development of antibodies against TeA has been de-
scribed previously (Gross et al. 2011) and the developed
enzyme-linked immunosorbent assay (ELISA) was suggested
as a complementary analytical technique for rapid screening
purposes of food (Gross et al. 2011). Here, we report the
evaluation of the TeA-ELISA for the analysis of sorghum
grains and sorghum-based infant food. The ELISAwas eval-
uated by comparison of the results with those obtained by
SIDA-LC-MS/MS as the reference method, using a range of
naturally contaminated food products.

Materials and methods

Chemicals

TeA (copper (II) salt, purity ≥98%), 2,4 dinitrophenylhydrazine,
and undecyclic acid were obtained from Sigma-Aldrich
(Steinheim and Deisenhofen, Germany). The UV absorbance
maxima for TeA copper salt were determined in acetonitrile
and found at 291, 225, 240, and 194 nm which is in agreement
with published UV spectra of TeA (Scott and Kanhere 1980;
Combina et al. 1998). All other solvents were obtained from
Merck (Darmstadt, Germany) or Sigma-Aldrich and were at
least of reagent grade. Water for HPLC was purified by a
Milli-Q-system (Millipore, Schwalbach, Germany). The inter-
nal standard [13C6,

15N]-TeA has been described previously
(Asam et al. 2011). For ELISA analysis, an acetyl-TeA stock
solution was prepared using a protocol described earlier
for deoxynivalenol (Usleber and Märtlbauer 1998; Gross et al.
2011).

Naturally contaminated sample materials

The sorghum grains of different origin were used as obtained
previously (Asam and Rychlik 2013). All samples of infant
food had been purchased from retail stores in Germany (Asam
and Rychlik 2013). A total of 28 selected sorghum-based food
samples (sorghum grains, n = 12; infant cereals, n = 16) were
analyzed in this study. All samples had been first analyzed by
stable isotope dilution LC-MS assay (SIDA) (Asam and
Rychlik 2013) using [13C6,

15N]-TeA as internal standard as
described earlier (Asam et al. 2011; Asam and Rychlik 2013).
The SIDA method for TeA, which has been extensively eval-
uated (Asam et al. 2011; Asam et al. 2012; Asam and Rychlik
2013) yielded a limit of detection (LOD) of 1 μg/kg and a
limit of quantification (LOQ) of 3 μg/kg. Subsequently, sam-
ples covering a wide concentration range were subjected to
ELISA analysis. With this method, TeA had been detected in a
range of 2–896 μg/kg (sorghum) and 6–584 μg/kg (infant
cereals), respectively. All ELISA analyses were performed
without prior knowledge about the SIDA results.

ELISA analysis

Samples were analyzed by a competitive direct ELISA meth-
od as described previously (Gross et al. 2011). The sample
preparation procedure includes acetylation of TeA, because
the ELISA is most specific for acetyl-TeA. In brief, sample
material (5 g) was mixed with 15 mL (for sorghum grains) or
70 mL (for sorghum-based infant food) sodium acetate buffer
(0.1 mol/L, pH 4.5); then, the pHwas adjusted to 2.5 with HCl
(2 mol/L). Extraction was achieved by magnetic stirring for
30 min, followed by centrifugation (1500×g). The supernatant
was filtered through a paper filter; subsequently, 5 mL of the
filtrate was extracted three times by liquid-liquid partitioning
with ethyl acetate (8 mL). The combined organic phase was
transferred to an evaporation flask, and the solvent was evap-
orated in a rotary evaporator at 40 °C under reduced pressure.
The residue was redissolved with 1 mL of acetylation reagent
consisting of 20 μL of acetic anhydride and 4 mg of 4-
methylaminopyridine per milliliter of acetonitrile. After 1 h
of incubation, the acetylation reactionwas stopped by addition
of 19 mL phosphate-buffered saline (PBS; 0.01 mol/L phos-
phate buffer, pH 7.3, containing 0.1 mol/L NaCl). This solu-
tion was directly used for ELISA analysis; further dilutions
(1:2, 1:4) were prepared in 5% acetonitrile/PBS. At least three
dilutions per sample extract and four replicate wells for each
dilution were analyzed by ELISA.

ELISA absorbance values were measured at 450 nm with a
model Sunrise plate reader (Tecan, Crailsheim, Germany) and
evaluated byMagellan ELISA calculation software (Tecan) as
described earlier (Gross et al. 2011; Bauer et al. 2016).

Recovery of the ELISA sample preparation procedure was
checked by addition of toxin standard solution to sorghum and
infant cereals before extraction. For each sample matrix, three
to four samples were spiked with toxin concentration levels of
200–600 μg/kg (sorghum) and 400–600 μg/kg (infant ce-
reals). Repeatability was determined by analyzing one natu-
rally contaminated sample for each matrix on at least three
different days.

Results and discussion

ELISA test performance

For spiked sorghum grains, recovery of TeA in the ELISAwas
between 51.5 and 37.9% in a concentration range of 200–
600 μg/kg, with relative standard deviations of 32–34%
(Table 1). Similar low recoveries of this ELISA procedure
had been reported for tomato products (Gross et al. 2011).
So far, no clear cause for these low recoveries could be iden-
tified. Losses of the toxin could have occurred during primary
extraction, liquid-liquid partitioning, or at the acetylation step.
However, losses during extraction of sorghum grains seem to
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be more likely, because the recovery results obtained for
sorghum-based infant cereal were much better, with the
liquid-liquid partitioning and acetylation steps being the same
for bothmatrices. Recoveries for TeA in sorghum-based infant
cereals were between 90.7 and 103% in a concentration range
of 400–600 μg/kg, which was regarded as well sufficient for a
semi-quantitative method (Table 1). The calculated LOD of
the ELISA method, estimated from the standard curve LOD
multiplied with the minimum sample dilution factor, was
30 μg/kg for sorghum grains and 220 μg/kg for infant cereals.
Considering the low recoveries for sorghum grains, and the
relative standard deviations in a range of 20–30%, a cut-off
level of the ELISA for positive samples in a range of 30–
60 μg/kg for sorghum grains and 200–300 μg/kg for infant
cereals seems to be realistic. The relatively high LOD of the
ELISA for infant cereals can be attributed to the strong water-
soaking properties of these materials, which required a high
solvent-sample ratio (5 g sample plus 70 mL extraction sol-
vent). For repeated independent analyses of two naturally con-
taminated materials for both types of sample matrix, relative
standard deviations of 22% (170 ± 37 μg/kg; n = 4) for sor-
ghum grain (sample 20) and 27% (523 ± 139 μg/kg; n = 3) for
sorghum-based infant food (sample 13) were obtained.

Comparison of ELISA and SIDA results for naturally
contaminated samples

Within the method parameters determined for spiked samples,
the TeA concentrations measured by ELISA principally agreed
with those obtained by SIDA. All samples that after SIDA
analyses contained TeA at levels below the ELISA cut-off level
were consistently negative in the TeA-ELISA. Vice versa, all
samples with SIDA results for TeA higher than about 1.5 times
of the LOD of the ELISAwere positive in the screening meth-
od (Tables 2 and 3). After SIDA analysis, one sample of sor-
ghum (sample 22) and four samples of infant food (samples 5–
8) revealed TeA levels which were close to the calculated LOD
of the ELISA. Two of these samples yielded positive results,
(samples 5 and 6) three samples were negative (samples 7, 8,
22) in the ELISA. However, at the LOD of a method, such
discrepancies have to be expected. The total number of avail-
able TeA-positive samples was not sufficient to allow for a
robust quantitative comparison of the results obtained by both

Table 1 Recovery of TeA from
artificially contaminated sorghum
grains and infant cereals

Sample matrix TeA added

(μg/kg)

TeA found

Mean ± SD (μg/kg) RSD (%) Recovery (%) n

Sorghum grains 200 86.3 ± 27.5 33.9 51.5 3

400 168 ± 53 31.6 41.8 3

600 227 ± 77 34.0 37.9 3

Infant cereals 400 363 ± 68.3 18.8 90.7 4

600 619 ± 180 29.0 103 4

Table 2 Comparison of SIDA and ELISA results for sorghum grains
(not corrected for recovery)

Sample no. SIDA (μg/kg) ELISA (μg/kg) Δa (%)

17 6 ± 0.4 <30 –

18 7 ± 0.8 <30 –

19 9 ± 1.2 <30 –

20 10 ± 1.4 <30 –

21 21 ± 3.1 <30 –

22 39 ± 3.4 <30 –

23 57 ± 5.7 59 4

24 60 ± 8.8 31.9 −47
25 86 ± 3.1 57 −34
26 118 ± 8 61.6 −48
27 359 ± 16 170 −53
28 584 ± 29 328 −44

aDeviation of ELISA result from SIDA

Table 3 Comparison of SIDA and ELISA results for infant cereals (not
corrected for recovery)

Sample no. SIDA (μg/kg) ELISA (μg/kg) Δa (%)

1 2 ± 0.1 <220 –

2 8 ± 0.4 <220 −
3 24 ± 1 <220 −
4 27 ± 2 <220 −
5 129 ± 5 302 134

6 197 ± 9 332 69

7 230 ± 3 <220 −
8 274 ± 2.3 <220 −
9 371 ± 21 523 41

10 384 ± 27 366 −5
11 420 ± 4 306 −27
12 469 ± 17 556 19

13 532 ± 33 352 −34
14 588 ± 31 286 −51
15 774 ± 15 321 −59
16 896 ± 44 644 −28

aDeviation of ELISA result from SIDA results
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methods. Considering the results for samples which were pos-
itive by both methods, a correlation coefficient of r2 = 0.9774
was obtained for sorghum grains, while r2 = 0.1692 was ob-
tained for infant cereals. In most cases, the ELISA
underestimated the TeA content determined by SIDA; there-
fore, sample heterogeneity as a reason for these discrepancies
seems to be unlikely. Thus, the ELISA is best suited for testing
raw material before processing or preparation.

Overall, taking the concentration range tested in this
study into account, the TeA-ELISA has to be regarded
as a semi-quantitative test, having cut-off values of 30–
60 μg/kg in sorghum grains and 200–300 μg/kg in infant
foods. Considering that TeA is still a relatively difficult
analyte for all mycotoxin methods because of its highly
polar, chelate-forming properties, a relatively easy and
cost-efficient method such as the TeA-ELISA may be use-
ful in routine analysis, but certainly can improve food
safety by rapid testing of incoming sorghum grains before
further processing by the food manufacturer. Frequent
contaminations of sorghum and grain with high levels of
TeA surely are a food safety concern. According to the
results obtained by SIDA and ELISA, a daily sorghum
intake of 30 g per infant food, which may be consumed
at an age of around 1 year (∼10 kg body weight), would
in case of the most highly contaminated samples result in
an excess of the TTC (1.5 μg/kg body weight). In agree-
ment with the aforementioned Bavarian regulations
(Rychlik et al. 2016), sorghum grains used as raw mate-
rials should not contain more than 500 μg/kg of TeA. The
ELISA described here seems to be a suitable method to
control TeA at such levels. However, further work will
aim on improving the recovery of TeA in the ELISA
method.
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