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analytical methods of thin layer chromatography (TLC), 
gas chromatography (GC), gas chromatography-mass spec-
trometry (GC-MS), liquid chromatography (LC), liquid 
chromatography-mass spectrometry (LC-MS), enzyme-
linked immunosorbent assay (ELISA) and so on. Finally, 
the problems of these analytical methods and  future devel-
opment trends are discussed.
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Introduction

Alternaria toxins belong to mycotoxins produced by fungi 
of the genus Alternaria (about 300 species), which can 
infect various crops and foodstuffs, such as wheat, sorghum, 
barley, tomato, citrus fruits, apple, olive and so on [1–3]. 
It is noteworthy that Alternaria species can grow at low 
temperature, so they are the main fungi responsible for the 
spoilage of these fruits, vegetables, grains and their products 
during long-distance transport and refrigerated storage [4]. 
Alternariol (AOH), altenariol monomethyl ether (AME), 
altenuene (ALT), tenuazonic acid (TeA), altertoxins I, II and 
III (ATX-I, ATX-II, ATX-III) and tentoxin (TEN) are con-
sidered to be some of the important Alternaria mycotoxins 
[5]. These mycotoxins are mutagenic, teratogenic, carcino-
genic and so on, which could cause a threat to the health of 
humans and animals. So far, there are still no statutory or 
guideline limits set for Alternaria mycotoxins in food and 
feed by regulatory authorities worldwide. However, fortu-
nately the scientific opinion about the health risk of Alter-
naria mycotoxins in food and feed for humans and animals 
has been published by the European Food Safety Authority 
(EFSA); moreover, the European Standing Committee has 
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recommended that EU member states should collect data 
about the occurrence of Alternaria mycotoxins in food com-
modities [6]. Currently, scientists are surveying the occur-
rence of Alternaria mycotoxins in various crops and food-
stuffs. For example, AOH, AME and TeA were verified to 
be the most common Alternaria mycotoxins in Argentinean 
wheat [5]. Moreover, the occurrence of Alternaria myco-
toxins (AOH, AME, TeA, TEN and ALT) in foodstuffs in 
the Netherlands was also surveyed [4, 7], and the results 
showed that AOH, AME, TeA and TEN existed in one or 
more food commodities, TeA was found in 27% of samples, 
and relatively high concentrations (up to 2345  μg  kg−1) 
could be found in sunflower seeds, tomato sauces and dried 
figs. ALT was not found in any of the samples, but appeared 
frequently in cereals, tomato sauces, figs, wine and sun-
flower seeds. Additionally, the origin, occurrence and risks 
and the ecophysiology, mycotoxin production and toxicol-
ogy of Alternaria mycotoxins were also reviewed by Log-
rieco et al. [8] and Lee et al. [9].

At present, a variety of analytical methods mainly 
focused on thin layer chromatography (TLC), gas chro-
matography (GC), gas chromatography-mass spectrometry 
(GC-MS), liquid chromatography (LC), liquid chromatog-
raphy-mass spectrometry (LC-MS) and especially LC tan-
dem mass spectrometry (LC-MS/MS) or LC multi-stage 
mass spectrometry (LC-MSn) are being developed for the 
detection and quantitation of Alternaria mycotoxins. In 
this article, the analytical methods and their application 
for Alternaria mycotoxins are mainly discussed and sum-
marized. Besides, the chemical structures and toxicity of 
Alternaria toxins are also introduced. Finally, the problems 
of these analytical methods and future development trends 
are discussed.

Chemical Structures and Toxicity of Alternaria 
Toxins

Alternaria mycotoxins can be divided into five different 
classes according to their chemical structures (see Fig. 1): 
(1) dibenzopyrone derivatives, which include AOH, AME 
and ALT; (2) tetramic acid derivatives, TeA and iso-tenua-
zonic acid (iso-TeA); (3) perylene derivatives, altertoxins 
I, II and III (ATX-I, ATX-II and ATX-III); (4) Alternaria 
alternate f. sp. Lycopersici TA1, TA2, TB1 and TB2 toxin 
(AAL TA1, TA2, TB1 and TB2); (5) miscellaneous struc-
tures, such as tentoxin (TEN), iso-tentoxin (iso-TEN) and 
dihydrotentoxin (DHT), which are a cyclic tetrapeptide [6, 
10].

AOH and AME are widely distributed worldwide and 
show no acute toxic effects to  human and animal health. 
However, they possess the property of carcinogenicity 
and exhibit a high incidence of esophageal cancer [11]. 

AOH also shows mutagenicity and genotoxicity. It could 
induce hypoxanthine–guanine phosphoribosyltransferase 
and thymidine kinase mutations in Chinese hamster V79 
and mouse lymphoma L5178Y tk+/− (MLC) cells, respec-
tively [12], and induce single-stranded DNA (ssDNA) and 
double-stranded DNA (dsDNA) breaks [13–15]. Moreover, 
AOH also could inhibit DNA relaxation and stimulate DNA 
cleavage activity of topoisomerase in cell-free assays, so it 
was characterized as a powerful inhibitor of topoisomerase 
activity, contributing to its genotoxicity [9, 16, 17]. In addi-
tion, AOH has been reported to possess cytotoxicity in vitro 
[18]. ALT is the most toxic dibenzopyrone derivative when 
given in a single dose to mice, and the LD50 value is lower 
with 1/3 mice dying at 50,000 μg kg−1 b.w. [6].

TeA as the only Alternaria mycotoxin was listed in the 
Food and Drug Administration (FAD) toxic chemical regis-
ter [10]. It has acute toxicity effects on  human and animal 
health [19], and the mechanism is that TeA can inhibit the 
release of the proteins generated in the cell from the intra-
cellular area to the cytoplasm. TeA is also a strong chelat-
ing agent. It can chelate with calcium, magnesium, copper 
and other metals, and then the chelation combines with the 
active center of transpeptidase, so the peptide bond forma-
tion of protein synthesis is inhibited [20]. In addition, TeA 
demonstrates cytotoxicity [18, 21], carcinogenicity and a 
synergistic effect [22].

ATXs have mutagenic activity [23, 24], and the muta-
genicity is higher than for AOH and AME in the Salmo-
nella Ames test [25]. ATX-I is acutely toxic in mice and 
mutagenic in the mammalian cell line. Besides, ATX-I and 
ATX-III play a potential role in cell transformation [26]. 
AAL toxins mainly show phytotoxic effects [27] and have 
been confirmed to affect the viability of mammalian cells, 
especially in the dog kidney, rat liver hepatoma and mouse 
fibroblast cell lines according to Abbas et  al. [28]. TEN 
was produced by Alternaria fungi along with DHT and iso-
TEN [29]; they were all considered  phytotoxins inhibiting 
photophosphorylation and inducing chlorosis [30].

Analytical Methods for Alternaria Mycotoxins

TLC

TLC as a simple and rapid qualitative analysis method 
has been used in various analysis fields. It also has been 
applied for the determination of Alternaria mycotoxins. For 

Fig. 1   The chemical structure of Alternaria mycotoxins. AOH  
alternariol, AME altenariol monomethyl ether, ALT altenuene, 
TeA tenuazonic acid, iso-TeA iso-tenuazonic acid, ATX-I, ATX-II,  
ATX-III altertoxins I, II and III, AAL TA1, TA2, TB1 and TB2 toxin  
alternaria alternate f. sp. Lycopersici TA1, TA2, TB1 and TB2 toxin, TEN  
tentoxin, iso-TEN iso-tentoxin, DHT dihydrotentoxin

▸
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example, Hasan et al. [31] used chloroform/acetone (97:3, 
v:v) as a solvent system for detecting Alternaria mycotox-
ins (AOH, AME, TeA, ATX-I and ATX-II) from tomato by 
TLC-UV. From the results, we can see that the main myco-
toxins in rotted tomato were AOH, AME and TeA. The lim-
its of detection (LODs) of AOH, AME and TeA were 100, 
100 and 700 μg kg−1, respectively. Fàbrega et al. [32] also 
detected AOH, AME, ALT, ATX-I and TEN in the cultures 
of Alternaria alternata IMI 354942 by means of TLC-UV. 
The LODs of AOH, AME, ALT, ATX-I and TEN were 250, 
125, 250, 250 and 5000 μg L−1, respectively.

Compared with TLC, high-performance thin-layer chro-
matography (HPTLC) has higher separation efficiency 

and detection sensitivity. Matysik and Giryn [33] com-
bined gradient HPTLC with densitometry for the detection 
of AOH and AME from raspberry, tomato, wheat and oat 
samples; the LOD was about 60 μg kg−1. Moreover, AOH, 
AME, ALT and TeA in fresh grape juice, must and wine 
were also quantified by HPTLC; the limits of quantitation 
(LOQs) were 1.5 μg L−1 of AOH and AME and 7.5 μg L−1 
of TeA [34].

The analytical methods of TLC and HPTLC used for the 
detection and quantification of Alternaria mycotoxins are 
listed in Table  1. Although the separation efficiency and 
detection sensitivity of TLC are lower than those of HPLC 
and GC, TLC is still an indispensable analytical tool for 

Table 1   TLC for Alternaria mycotoxin detection

AOH alternariol, AME altenariol monomethyl ether, ALT altenuene, TeA tenuazonic acid, ATX-I altertoxins I, TEN tentoxin, TLC thin-layer chro-
matography, HPTLC high-performance thin-layer chromatography

Targets Sample Analytical methods LODs QODs References

AOH Tomatoes TLC-UV 100 μg kg−1 – [31]

AME 100 μg kg−1 –

TeA 700 μg kg−1 –

AOH Cultures of Alternaria alternata IMI 354942 TLC-UV 250 μg L−1 – [32]

AME 125 μg L−1 –

ALT 250 μg L−1 –

ATX-I 250 μg L−1 –

TEN 500 μg L−1 –

TeA Sunflower seeds TLC 200 μg kg−1 – [37]

AOH Cultures of the fungus Alternaria tenuis TLC – – [38]

AME

ALT

AOH Fruit and vegetable products TLC-UV 3 μg kg−1 – [39]

AME

AOH Raspberries, tomatoes, wheat and oats HPTLC-densitometry 60 μg kg−1 – [33]

AME

AOH Grape juice, must and wine HPTLC – 1.5 μg L−1 [34]

AME

ALT –

TeA 7.5 μg L−1

AOH Lentils HPTLC – – [40]

AME 15 μg kg−1 –

ALT 15 μg kg−1 –

TeA 75 μg kg−1 –

AOH Wheat grain, rape seed HPTLC 2 μg kg−1 5 μg kg−1 [41]

AME 2 μg kg−1 5 μg kg−1

ALT 2 μg kg−1 5 μg kg−1

TeA 10 μg kg−1 25 μg kg−1

AOH Olives, olive husks, olive oil HPTLC 50 μg kg−1 – [42]

AME 30 μg kg−1 –

ALT 100 μg kg−1 –

ATX-I 200 μg kg−1 –

TeA 100 μg kg−1 –
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the detection of mycotoxins in various matrices because 
of its advantages, such as simplicity of operation and sam-
ple pretreatment, rapidity, cost effectiveness,  not having 
any memory effects and consuming smaller amounts of 
solvents than LC. Therefore, TLC is more environment-
friendly and so on [35, 36]. Moreover, HPTLC with a den-
sitometric detector has  higher detection sensitivity, compa-
rable to GC and HPLC.

GC

GC coupled to different detection techniques has also been 
applied for the detection of Alternaria mycotoxins. GC, 
especially  GC-MS, not only has high sensitivity and selec-
tivity, but also can detect certain substances in the mix-
ture. It is suitable for the detection of non- and semi-polar, 
volatile and semi-volatile compounds, but most Alternaria 
mycotoxins are small, non-volatile and polar molecules 
[43], so the Alternaria mycotoxins usually need to be deri-
vatized prior to GC/GC-MS analysis. Harvan et  al. [44] 
derivatized TeA using a mixture of acetyltrimethylsilane, 
trimethylsilane and pyridine (6:2:9, v:v:v) and detected the 
TeA using GC with a flame ionization detector (FID); the 
LOD of TeA was 100 μg kg−1. In addition, Scott et al. [45] 
first derivatized Alternaria mycotoxins using heptafluor-
obutyrate (HFB) and trimethylsilyl (TMS), respectively, 
and followed this using GC-MS for the detection of AOH, 
AME, ALT, ALTX-I and TeA in apple juice. The results 
showed that both HFB and TMS derivatives are appropriate 
for the separation of Alternaria mycotoxins by GC prior to 
MS detection, and LODs of AOH and AME of 1 μg kg−1 
were reported in apple juice.

Although the above GC/GC-MS methods demonstrated 
excellent sensitivity, these methods have not been widely 
used for the detection of Alternaria mycotoxins. The 
main reason is that the sample preparation of Alternaria 
mycotoxins mostly requires derivatization. The derivatiza-
tion causes the disadvantages of matrix interference, poor 
repeatability, being time-consuming, using expensive deri-
vatization reagents and complex operation in the GC-MS 
detection process. In addition, GC-MS also has memory 
effects from the injection of the previous sample. There-
fore, applications of GC for the determination of Alternaria 
mycotoxins are limited because of the laborious derivatiza-
tion reactions needed.

LC Coupled with Classical Detectors

LC, commonly reversed-phase LC coupled with classical 
detectors, such as an ultraviolet detector (UVD), diode-
array detector (DAD), fluorescence detector (FLD), elec-
trochemical detector (ECD), evaporative light-scattering 
detector (ELSD) and mass spectrum (MS), has largely 

superseded GC and TLC for the detection of Alternaria 
mycotoxins in recent years (see Tables 2, 3).

LC Coupled with a UV/DAD/FLD/ECD Detector

LC-UV LC coupled with a UV detector (LC-UV) has been 
widely used for the detection of Alternaria mycotoxins 
because most organic molecules and some inorganic mol-
ecules have the properties of ultraviolet absorption. The 
contents of TeA and AME in tomatoes and tomato products 
were determined by reverse phase LC-UV, and the LODs 
of TeA and AME were 25 and 3  μg  kg−1, respectively 
[46]. Solfrizzo et  al. [47] used reversed-phase LC with a 
UV diode array detector (LC-UV/DAD) for the detec-
tion of ATX-I, AOH, AME and TeA in carrots, and solid 
phase extraction (SPE) was used as the pretreatment. The 
results showed that the LODs of TeA, ATX-I, AME and 
AOH were 20, 20, 10 and 5 μg kg−1, respectively. Moreo-
ver, 64 wheat samples harvested in Argentina in 2004 and 
2005 were detected by HPLC-UV [5]. The results showed 
that 23% of wheat samples contain AME, 6% contain AOH 
and 19% contain TeA. The mean concentrations of AME, 
AOH and TeA in the positive sample were 2118, 1054 and 
2313 μg kg−1, respectively.

LC-DAD AOH in Estonian grain [48] and TeA in Cana-
dian ice wines [49] were quantified by LC-DAD; the 
LODs were 100 μg kg−1 and 70 μg L−1, respectively. In 
addition, TeA is a strong chelating agent. As mentioned 
earlier, it could form complexes with metal ions, so when 
detecting TeA, a metal ion chelating agent, such as zinc 
sulfate (ZnSO4), was usually added to the mobile phase. 
For example, TeA in tomato products was detected by the 
HPLC-DAD method using the methanol–water (90:10, 
v:v) mixture as the mobile phase containing 300  mg 
ZnSO4·H2O. The LOQ of TeA was 11 μg kg−1, and the 
average recovery was 78% [50]. Compared with the 
UV detector, LC-DAD is rarely used for the detection 
of Alternaria mycotoxins because of the poor sensitiv-
ity. However, the sensitivity of diode array UV detection 
(LC-UV/DAD) is high. Aresta et  al. [51] purified TeA 
by solid-phase microextraction (SPME) and detected it 
using the LC-UV/DAD method. The LOD of TeA was 
25 ± 6 μg kg−1.

In addition to the above SPE and SPME techniques, a 
quick, simple and effective sampling preparation technique, 
called QuEChERS for short, which stands for quick, easy, 
cheap, effective, rugged and safe, has recently been devel-
oped for pesticide detection in fruits and vegetables [52, 
53]. The QuEChERS extraction technique was also cou-
pled with HPLC-DAD for the simultaneous determination 
of AOH, AME and TEN in pomegranate fruit and juice; the 
LODs were from 15 to 20 μg kg−1, while the LOQs were 
between 50 and 66 μg kg−1 [54].
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Table 2   LC-UV/DAD/FLD/ECD/ELSD for Alternaria mycotoxin detection

AOH alternariol, AME altenariol monomethyl ether, ALT altenuene, TeA tenuazonic acid, iso-TeA iso-tenuazonic acid, ATX-I, ATX-II Altertoxins 
I, II, AAL toxin Alternaria alternate f. sp. Lycopersici toxin, TEN tentoxin, LC liquid chromatography, HPLC high-performance liquid chroma-
tography, UV/DAD UV diode array detector, SPE solid phase extraction, SPME solid-phase microextraction, FLD fluorescence detector, ECD 
electrochemical detector, ELSD evaporative light-scattering detector

Toxins Sample Analytical methods Extraction/clean-up LOD References

AOH Wheat grain HPLC-UV – 50 μg kg−1 [5]

AME 50 μg kg−1

TeA 80 μg kg−1

AME Tomatoes and tomato products LC-UV SPE 3 μg kg−1 [46]

TeA 25 μg kg−1

AOH Tomatoes and tomato products LC-UV SPE 5 μg kg−1 [47]

AME 10 μg kg−1

TeA 20 μg kg−1

ATX-I 20 μg kg−1

AOH Oats grain, wheat grain, barley grain HPLC-DAD Acetonitrile/4% KCl (9:1, v:v) 100 μg kg−1 [48]

TeA Ice wine LC-DAD SPME 70 μg L−1 [49]

TeA Tomato products HPLC-DAD – – [50]

TeA Cornflakes HPLC–UV/DAD SPME 25 ± 6 μg kg−1 [51]

AOH Pomegranate fruit and juice HPLC-DAD QuEChERS 15–20 μg kg−1 [54]

AME

TeA

AOH Tomato paste HPLC-FLD SPE 1.93 μg L−1 [55]

AOH Fiber flax seeds, linseed seeds, pea 
seeds

HPLC-FLD Methanol 3 μg kg−1 [56]

AME 2 μg kg−1

ALT 1 μg kg−1

AOH Wheat grain HPLC-FLD Acetonitrile/4% KCl (9:1, v:v) 50 μg kg−1 [57]

AME 50 μg kg−1

ALT 100 μg kg−1

ATX-I Wheat grain HPLC-UV 200 μg kg−1

TeA 100 μg kg−1

AOH Fungal cultures, maize and rice LC-ECD Methanol and aqueous ammonium 
sulfate

Sub-nanogram [58]

AME

ATX-I

ATX-II

ATX-I Maize, rice and tomatoes HPLC-ECD Methanol and aqueous ammonium 
sulfate

Sub-parts per million [59]

ATX-II

AAL Fungal culture HPLC-ELSD Syringe-filter 6000 μg L−1 [60]

TEN Fermentation of Alternaria porri 
(Ellis) Ciferri

LC-UV n-Hexane 100 μg L−1 [61]

AOH Tomato pulp HPLC–DAD Methanol 5.0 μg kg−1 [62]

AME 2.0 μg kg−1

TeA 8.0 μg kg−1

AME Sorghum-based mixed feed (swine) HPLC-FLD Chloroform/water 10 μg kg−1 [63]

AOH Oilseed rape meal HPLC-FLD/UV Acetonitrile/4% aqueous potassium 
chloride solution (9:1)

50 μg kg−1 [64]

AME 40 μg kg−1

ALT 40 μg kg−1

ATX-I 200 μg kg−1

TeA 350 μg kg−1
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Table 3   LC–MS for Alternaria mycotoxin detection

Toxins Sample Analytical methods Extraction/clean-up LODs (μg kg−1) QODs (μg kg−1) References

AOH Wines, grape juices and 
cranberry juices

LC-ESI-MS/MS SPE 0.01–0.8 – [3]

AME 0.01–0.5 –

AOH Wine, apple, apple juices, 
tomato, tomato sauces

LC-ES-MS/MS Acetonitrile/water/formic 
acid (84/16/1, v/v/v)

– 1.5–5.0 [4]

AME

ALT

TeA

TEN

AOH Flavedo HPLC–MS/MS ESI SPE <0.13 <0.50 [65]

AME

AOH Soy, St John’s wort, garlic, 
Ginkgo biloba, black 
radish

HPLC-ESI-MS/MS SPE 8 – [66]

AME 30 –

ALT 2 –

AOH Sweet pepper HPLC-ESI-MS/MS SPE 3.3 – [67]

AME 12 –

ALT 0.6 –

AOH Maize silage LC-ESI-MS/MS QuEChERS 10 – [68]

AME 6 –

AOH
AME
ALT
TEN
ATX-I

Tomato products UPLC–MS/MS QuEChERS 3.0–18.3 9.8–61.5 [69]

Fruit and vegetable juices – 1.1–5.7

AOH Barley HPLC-Orbitrap® MS QuEChERS – – [70]

ALT

AOH Feed matrices U-HPLC–MS/MS QuEChERS – 1250 [71]

AME

ALT

TEN

TeA Cereals HPLC-ESI-IT-MS2 – 10 – [75]

TeA Bottled Beers LC-ESI-IT MS2 – 2 – [76]

AAL-TA Maize silage HPLC-ESI-MS Methanol/water (3:1, v/v) 20 – [77]

AAL-TB 20 –

TEN Culture liquid of A. porri. LC/APCI-MS Acetonitrile/water (3:7, v/v) – – [78]

isoTEN

DHT

AOH Tomato, bakery products, 
sunflower seeds, fruit 
juices, vegetable oils

HPLC-ESI-MS/MS Methanol/water/formic acid 
(49:50:1, v/v/v)

0.2–2.8 0.6–9.3 [79]

AME 0.04–0.4 0.1–1.2

ALT 0.8–24 2.5–81

isoALT 1.3–19 4.4–62

TeA 3.6–34 12–110

ATX-I 2.1–14 6.9–48

TEN 0.1–2.0 0.5–6.6

TA1 2.8–5.4 9.3–18

TA2 1.2–17 3.8–55

AOH Apple juices, beers, tomato 
products, olives and dried 
basil

LC-APCI-MS/MS SPE 0.16–12.31 0.54–41.04 [80]

AME

ALT

TeA

TEN



16 Y. Man et al.

1 3

LC-FLD FLD is commonly used in HPLC. Its selectivity 
and sensitivity are higher than those of UV and DAD detec-
tors; the LOD could reach to μg L−1. AOH in tomato paste 
was determined by HPLC-FLD. The sample was extracted 
via SPE cartridges. The LOD of AOH was 1.93 μg  L−1, 
and the range of linearity was 5.2–196  μg  L−1 [55]. 
AOH, AME and ALT in fiber flax, linseed and peas were 

detected by HPLC-FLD, and the LODs of AOH, AME and 
ALT were 3, 2 and 1 μg  kg−1, respectively [56]. Moreo-
ver, these mycotoxins were also detected in wheat grain by 
HPLC-FLD; the LODs of AOH, AME and ALT were 50, 
50 and 100 μg kg−1, respectively [57]. Although the FLD 
detector has high detection sensitivity, it has some limita-
tions because only few mycotoxins have the fluorescence 

AOH alternariol, AME altenariol monomethyl ether, ALT altenuene, TeA tenuazonic acid, iso-TeA iso-tenuazonic acid, ATX-I altertoxins I, AAL 
toxin TA and TB Alternaria alternate f. sp. Lycopersici toxin TA1, TA2, TB1 and TB2 toxin, TEN tentoxin, iso-TEN iso-tentoxin, DHT dihy-
drotentoxin, LC liquid chromatography, HPLC high-performance liquid chromatography, SPE solid phase extraction, ESI electrospray ioniza-
tion, APCI atmospheric pressure chemical ionization, UPLC ultra-performance liquid chromatography, UHPLC ultra-high-performance liquid 
chromatography or ultra-high-pressure liquid chromatography

Table 3   continued

Toxins Sample Analytical methods Extraction/clean-up LODs (μg kg−1) QODs (μg kg−1) References

AOH Beer UHPLC-orbitrap MS Acetonitrile – – [85]

AME

ALT

AOH
AME
ALT
ATX-I
TEN

Tomato products UPLC–MS/MS QuEChERS 3.0–18.3 9.8–61.5 [69]

Fruit and vegetable juices – 1.1–5.7

AOH Apple, orange, sweet cherry 
and tomato fruits

UPLC–MS/MS SPE – 1–2 [86]

AME

ALT

TeA

TEN

AOH Tomato products UPLC-ESI-MS/MS SPE 4 – [81]

AME 1 –

ALT 2 –

TeA 2 –

ATX-I 2 –

TEN 2 –

AOH Maize, groundnuts, sor-
ghum, millet, rice, wheat, 
soy, dried fruits

LC–MS/MS ESI Acetonitrile/water/acetic 
acid, 79:20:1, v/v/v

5 – [82]

AME 8 –

ATX-I 3 –

TEN 0.4 –

AOH Almonds, hazelnuts, peanuts 
and pistachios

UHPLC-MS/MS ESI Acetonitrile/water/acetic 
acid, 79:20:1, v/v/v

3.0 – [83]

AME 0.8 –

ATX-I 13 –

TEN 1.2 –

AOH Bread, fruits, vegetables, 
jam, cheese, chestnuts and 
red wine

UPLC/ESI-MS/MS Acetonitrile/water/acetic 
acid 79:20:1, v/v/v

2 – [84]

AME 0.1 –

ALT 6 –

TEN 0.5 –

AOH Microbial metabolites in 
indoor matrices

HPLC-ESI-MS/MS SPE 3 – [87]

AME 1 –

ALT 390 –

ATX-I 44 –

AAL 440 –

TEN 3 –
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property. Take TeA, for example: it could not be detected 
by the FLD detector because it has no fluorescent func-
tional groups. Therefore, LC-UV and LC-DAD are much 
more widespread than LC-FLD for detecting Alternaria 
mycotoxins.

LC-ECD ECD has been widely used in the analysis of 
trace samples. It has extreme detection sensitivity, and the 
LOD can reach 10−6 μg L−1, but this ECD is only used to 
detect electroactive molecules that can be easily oxidized 
or reduced. Among Alternaria mycotoxins, AOH, AME, 
ATX-I and ATX-II are all  electroactive molecules. They 
have been detected by dual-electrode coulometric and sin-
gle-electrode amperometric detection techniques, respec-
tively, and the mycotoxins could be detected at sub-nano-
gram levels [58]. Moreover, an HPLC method coupled with 
dual in-series electrodes in the “redox” mode  improves 
the detection sensitivity of ATX [59]. Samples containing 
ATX-I and ATX-II were extracted from artificially infected 
maize, rice and tomatoes, and the LOD reached  sub-ppm 
levels.

LC-ELSD The detection of AAL toxins mainly relied on 
tedious derivatization or immunoassay procedures because 
of the lack of a UV chromophore. Here, Xu and Du [60] 
developed a direct, fast and sensitive analytical method 
by coupling a C18 reverse phase HPLC to an ELSD for 
the quantitative detection of AAL toxins in the fungal cul-
ture, and the LOD was about 6000 μg L−1. The analytical 
method of ELSD provides a mean for the study of host-
specific mycotoxins, but it needs a signal transducer when 
coupled with LC and needs to configure the high-pressure 
nitrogen or air. Moreover, it produces a harmful exhaust 
gas in the detection process.

LC‑MS

The MS detection techniques have  higher sensitivity com-
pared with UV, DAD, FLD and ECD detectors. LC-MS, 
especially LC-MS/MS or LC-MSn based on electrospray 
ionization (ESI) or atmospheric pressure chemical ioniza-
tion (APCI) interfaces, have played an important role in 
the simultaneous detection and quantitation of Alternaria 
mycotoxins in various samples without derivatization over 
the last years. An ESI source was the most widely used 
for the detection of Alternaria mycotoxins because it has 
higher sensitivity than APCI. The analytical methods of 
LC-MS used for the detection and quantification of Alter-
naria mycotoxins are listed in Table 3.

Dibenzopyrone derivative detection For the detec-
tion of AOH, AME and ALT toxins, Magnani et  al. [65] 
employed SPE as the pretreatment and used HPLC-MS/MS 
for the detection of AOH and AME on flavedo. The results 
were that the linearity range was 0.50–20.0 μg  kg−1; the 
LOD and LOQ were less than 0.13 and 0.50  μg  kg−1, 

respectively, with the relative standard deviations (RSD) 
≤14.4%. Then, a multi-mycotoxin HPLC-MS/MS method 
was developed for the detection of 23 mycotoxins in 6 dif-
ferent food supplements [66]. The analysis sample was first 
extracted using ethyl acetate/formic acid (95:5, v/v), fol-
lowed by using an OASIS HLB™ SPE column for purifica-
tion. Among the 23 mycotoxins, the LODs of ALT, AOH 
and AME were 2, 8 and 30 μg kg−1, respectively, whereas 
the LOQs were about three times higher. Moreover, 23 
mycotoxins in sweet pepper were also detected by HPLC-
MS/MS, but the sample preparation was different [67]. This 
developed multi-mycotoxin LC-MS/MS method fulfilled 
the method performance criteria required by Commission 
Regulation (EC) no. 401/2006.

The QuEChERS extraction technique could not only 
be coupled with LC-DAD, as mentioned above, but could 
also couple with LC-MS for the simultaneous determina-
tion of Alternaria mycotoxins. The extraction of multi-
mycotoxin containing AOH and AME from silage samples 
was performed by QuEChERS, and LC-ESI-MS/MS was 
applied for the detection. The LODs of AOH and AME 
were 10 and 6 μg  kg−1, respectively [68]. In addition to 
the above-described LC or HPLC, ultra-performance liquid 
chromatography (UPLC), which is also termed ultra-high-
performance liquid chromatography or ultra-high-pressure 
liquid chromatography (UHPLC), has also been widely 
applied for the analysis of these mycotoxins. For example, 
the AOH, AME, TEN, ALT and ATX-I in tomato products, 
fruit and vegetable juices were extracted by the QuECh-
ERS method and detected by UPLC-MS/MS; the results 
showed that the LOD of these toxins in tomato products 
was 3.0–8.3 μg kg−1, the LOQ was 9.8–61.5 μg kg−1, and 
the LOQ of these toxins in fruit and vegetable juices was 
1.1–5.7 μg  kg−1 [69]. In addition, the ALT, AOH in bar-
ley [70] and AOH, AME, TEN and ALT in feed matrices 
[71] were also extracted by the QuEChERS-based method 
and analyzed by ultra-high-resolution mass spectrometry 
(HPLC-Orbitrap® MS) and ultra-high-performance liquid 
chromatography coupled with sensitive tandem mass spec-
trometry (UHPLC–MS/MS), respectively.

Tetramic acid derivative detection The derivatization in 
the column [72] or ion-pairing techniques have to be used 
when detecting TeA due to the fact that TeA can cause 
a poor peak shape in HPLC because of the properties of 
high acidity and metal chelating. In ion-pairing techniques, 
ZnSO4 is widely used in the HPLC elution buffer [73, 74], 
but it is not compatible with MS ion sources. To solve the 
above-mentioned problems, Siegel et al. [75, 76] modified 
the TeA by  derivatization with 2,4-dinitrophenylhydrazine 
(DNPH) and quantified TeA in cereals and beer by HPLC-
IT–MS2. The results showed that the DNPH-TeA derivative 
can give a high response in (+) ESI-IT–MS2. The LODs 
of TeA in cereals and beer were 10 and 2 μg kg−1 without 
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sample preconcentration, respectively, and the ranges of 
linearity were 50–5000 and 8–500 μg  kg−1, respectively. 
TeA was detected in 13 and quantified in 3 out of 27 cereal 
samples; the concentration was up to 851 μg kg−1.

Detection of other toxins For the detection of AAL tox-
ins, TA1 and TB1 were detected in maize silage by HPLC-
ESI-MS with a LOD of 20 μg  kg−1 [77]. Besides, TEN, 
isotentoxin (iso-TEN) and dihydrotentoxin (DHT) tox-
ins from Alternaria porri were determined simultane-
ously by LC-MS based on APCI, ESI and FAB (fast atom 
bombardment), respectively [78]. The results showed that 
LC-APCI-MS was the most sensitive and selective method 
for the detection of TENs (TEN, iso-TEN, DHT), and a lin-
earity range of TENs from 100 ng/injection to 10 μg/injec-
tion was received within 15 min. This method can be used 
for the quantification of TENs in different samples.

For the simultaneous detection Alternaria mycotoxins 
of different chemical structures, Hickert et al. [79] used the 
HPLC-ESI-MS/MS approach for the quantification of nine 
Alternaria toxins (AOH, AME, TeA, ALT, isoALT, TEN, 
ATX-I and TA1 and TA2) in food from a German market. 
The LODs and LOQs were 2.8–5.4 and 9.3–8  μg  kg−1 
for TA1, respectively, and were 1.2–7 and 3.8–55 μg kg−1 
for TA2, respectively. Moreover, five Alternaria mycotox-
ins of AOH, AME, TeA, ALT and TEN in apple juices, 
beers, tomato products, olives and dried basil were 
detected by LC-APCI-MS/MS. The results showed that 
the LOD and LOQ were in the range of 0.16–12.31 and 
0.54–41.04 μg  kg−1, respectively, and the most common 
Alternaria mycotoxin was AOH, followed by ALT [80]. 
Recently, the levels of the above five Alternaria mycotox-
ins from food products in the Netherlands were also quanti-
fied by LC-ESI-MS/MS [4]. Six Alternaria mycotoxins of 
TeA, AOH, AME, TEN, ATX-I and ALT in tomato products 
were studied by UPLC-ESI-MS/MS. The results showed 
that TeA was found most frequently (81 out of 85 samples), 
with its highest concentration up to 790 μg kg−1; AOH and 
AME were found in lower concentrations, ranging from 
<1 to 33 μg kg−1 for AOH and <5 to 9 μg kg−1 for AME. 
Moreover, ALT and TEN were only found in a few sam-
ples, and ATX-I was never detected in any samples [81]. 
In addition, AOH, AME, ATX-I and TEN mixed with the 
other mycotoxins in different samples were also detected 
by LC-ESI-MS/MS, respectively [82–84].

LC‑MS with Stable Isotope Dilution Assays (SIDA)

LC-MS suffers significantly from ion suppression; thus, the 
quantitative results have to be corrected by special tech-
niques of suitable internal standards that compensate for 
this effect [88]. In addition, Alternaria infests a variety of 
analytical samples requiring different sample preparation 
and separation methods. Here, SIDA as a perfect tool can 

not only significantly decrease the ion suppression in the 
ESI interface, but  also compensate for analyte losses dur-
ing sample preparation [89]. Moreover, SIDA is also a use-
ful tool in analytical applications; for instance, it can offer 
significant benefits for trace analysis, render the quantita-
tive results more accurate and enhance the specificity of 
the determination [90]. So far, the principle applications of 
SIDA for mycotoxin analysis have been critically reviewed 
by Rychlik [90] and Asam [91], respectively. The methods 
of LC-MS with SIDA used for the detection of Alternaria 
toxins are listed in Table 4.

AOH, AME and ATX analysis  [2H4]-AOH and [2H4]-
AME as the internal standards. [2H4]-AOH and [2H4]-AME 
as the internal standards were synthesized by palladium-
catalyzed protium–deuterium exchange. They were applied 
for the determination of AOH and AME in fruit juices by 
HPLC-MS/MS. The method has a high sensitivity; the 
LODs of AOH and AME were 0.03 and 0.01  μg  kg−1, 
respectively, and the LOQs were 0.09 and 0.03 μg  kg−1, 
respectively; the reproducibility from spiked apple juice 
was 100.5  ±  3.4 and 107.3  ±  1.6%, respectively [89]. 
After 2 years, the same research group precisely quanti-
fied AOH and AME in cereal, fruit and vegetable prod-
ucts using SIDA; an AOH of 13–250 μg  kg−1 and AME 
of 3–100 μg kg−1 were found in cereals, and an AOH of 
2.6–25 μg kg−1 and AME of 0.1–5 μg kg−1 were found in 
vegetable products [92].

[13C20]-ATXs, [13C14]-AOH and [13C15]-AME as internal 
standards. Alternative labelings of [13C20]-ATXs, [13C14]-
AOH and [13C15]-AME were applied as internal standards 
in a stable isotope dilution LC-MS/MS method [93]. The 
LODs of AOH, AME, ATX-I and ATX-II were 0.36, 0.09, 
0.36 and 0.53 μg  kg−1, respectively, and the LOQs were 
1.1, 0.27, 1.1 and 1.6  μg  kg−1, respectively. The inter-/
intra-day relative standard deviations (RSDs) were below 
13%, and the recoveries ranged from 96 to 109%. Moreo-
ver, they found that if the samples were contaminated by 
ATX, they may also be contaminated by the other Alter-
naria toxins, such as AOH, AME and TEN, but not neces-
sarily vice versa.

TeA analysis Two different internal standards of [13C6, 
15N]-TeA and [13C2]-TeA were applied in the previous 
paper.

[13C6, 
15N]-TeA as internal standard. Asam et  al. [94] 

first synthesized the stable-isotope-labeled [13C6, 
15N]-TeA 

by Dieckmann intramolecular cyclization after acetoacety-
lation with diketene and applied [13C6, 

15N]-TeA as the 
internal standard for the quantification of TeA in tomato 
by LC-MS/MS. The LOD was 0.1 μg kg−1, and the LOQ 
was 0.3 μg  kg−1. Then, the same research group quanti-
fied the TeA content by SIDA with  LODs of 0.15 μg kg−1 
in fruit juices, 1.0 μg  kg−1 in cereals and 17 μg  kg−1 in 
spices [95]. Moreover, they also analyzed the content of 
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TeA in infant foods and beverages [96]. The study indi-
cated that the median content of TeA in infant tea infusions 
was 2 μg L−1, and the values of TeA in fennel tea infusions 
reached 20 μg L−1. The median content of TeA in pureed 
baby food in jars was 7 μg kg−1. Higher values were found 
in tomato (25 μg kg−1), banana and cherry (80 μg kg−1), 
and sorghum (20 μg kg−1). Additionally, the TeA content 
in human urine was also analyzed using SIDA for further 
study [97]. TeA was detected in the urine of six volunteers 
in this study, and the results showed that TeA can be rapidly 
absorbed from  food and nearly completely excreted via the 
urine. The linearity of the response curve was 0.02–100 
(n/n =  labeled standard/analyte); the LOD and LOQ were 
0.2 and 0.6 μg L−1, respectively. Moreover, the content of 
TeA in pig and broiler chicken plasma was also quantified 
using LC-ESI-MS/MS using [13C6, 

15N]-TeA as internal 
standard, and its comparative toxicokinetics were surveyed 
by Fraeyman et al. [98]. The LOD and LOQ of TeA were 
0.01 and 5.0 μg L−1 for pig plasma, respectively, and 0.22 
and 5.0 μg L−1 for broiler chicken plasma, respectively. 

After oral administration, the TeA in pigs and broiler 
chickens remained completely bioavailable; however, the 
toxicokinetics showed significant differences. The absorp-
tion and elimination of TeA in broiler chickens are slower 
than in pigs. Additionally, Walravens et al. [99] developed 
an UPLC-ES+/−-MS/MS method and applied isotopically 
labeled internal standards [2H4]-AME and [13C6, 

15N]-TeA 
for simultaneous detection of free (AOH, AME, ALT, TeA, 
TEN, ATX-I) and conjugated (sulfates and glucosides of 
AOH and AME) Alternaria toxins in rice, oat flakes and 
barley products. The values of recovery (>95%) and preci-
sion (<10%) were obtained.

[13C2]-TeA as internal standard. Lohrey [100] synthe-
sized isotopically labeled [13C2]-TeA by a new efficient and 
economical three-step procedure starting from unlabeled 
tert-butyloxycarbonyl-protected isoleucine and followed 
by condensation with Meldrum’s acid, thermal cyclization 
and decarboxylation, and finally labeled carbons via 3-C 
acetylation with [13C2] acetyl chloride. The [13C2]-TeA was 
used as internal standard for the detection of TeA in tomato 

Table 4   LC–MS with SIDA for Alternaria mycotoxin detection

AOH alternariol, AME altenariol monomethyl ether, TeA tenuazonic acid, ATX-I, ATX-II altertoxins I and II, TEN tentoxin; iso-TEN iso-tentoxin, 
DHT dihydrotentoxin, SIDA stable isotope dilution assays, SPE solid phase extraction, LC liquid chromatography, HPLC high-performance liq-
uid chromatography, SPE solid-phase extraction, ESI electrospray ionization, LC-MS liquid chromatography-mass spectrometry, LC-MS/MS LC 
tandem mass spectrometry

Toxins Sample Analytical methods Extraction/clean-up LODs QODs References

AOH Wine, vegetable juices SIDA, HPLC-MS/MS RP-18 SPE 0.03 μg kg−1 0.09 μg kg−1 [89]

AME 0.01 μg kg−1 0.03 μg kg−1

AOH Cereal SIDA, HPLC-MS/MS 13–250 μg kg−1 – [92]

Fruit, vegetable products 2.6–25 μg kg−1 –

AME Cereal 3–100 μg kg−1 –

Fruit, vegetable products 0.1–5 μg kg−1 –

AOH Commercial food, such as 
potatoes, cereals, bread, 
sorghum feed

SIDA, LC-MS-MS – 0.36 μg kg−1 1.1 μg kg−1 [93]

AME 0.09 μg kg−1 0.27 μg kg−1

ATX-I 0.36 μg kg−1 1.1 μg kg−1

ATX-II 0.53 μg kg−1 1.6 μg kg−1

TeA Tomato SIDA, LC-MS/MS – 0.1 μg kg−1 0.3 μg kg−1 [94]

TeA Fruit juices SIDA, LC-MS/MS C18-SPE 0.15 μg kg−1 0.5 μg kg−1 [95]

Cereals 1.0 μg kg−1 3 μg kg−1

Spices 17 μg kg−1 50 μg kg−1

TeA Infant foods and beverages SIDA, LC-MS/MS C18-SPE – – [96]

TeA Human urine C18-SPE 0.2 μg L−1 0.6 μg L−1 [97]

TeA Pig plasma SIDA, LC-ESI- 
MS/MS

Water/MeOH (80:20 and 
95:5, v/v);

0.01 μg L−1 5.0 μg L−1 [98]

Broiler chicken plasma 0.22 μg L−1 5.0 μg L−1

TeA Rice, oat flakes and barley SIDA, LC–MS/MS – 0.93 μg kg−1 1.86 μg kg−1 [99]

AME 0.77 μg kg−1 1.53 μg kg−1

TeA Tomato, pepper SIDA, HPLC-MS/MS RP18-SPE 0.86 μg kg−1 2.89 μg kg−1 [100]

TEN Bread, cereals, chips, juice, 
nuts, oil, sauce, seeds, and 
spices

SIDA, LC-MS/MS C18-phenyl SPE 0.10–0.99 μg kg−1 – [101]

DHT

isoTEN
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and pepper by HPLC-MS/MS. The LOD of TeA was 
0.86 μg kg−1, and the LOQ was 2.89 μg kg−1. The recov-
ery was 91.0 ±  1.2% for pepper paste and 102 ±  4.4% 
for tomato products. The concentration of TeA from 3 to 
2330 μg kg−1 was detected in different samples from the 
German market.

TEN, DHT and isoTEN analysis TEN, DHT and isoTEN 
in 103 food samples were also quantified by stable isotope 
dilution LC-MS/MS, which developed by Liu and Rychlik 
[101]. The results showed that the samples contaminated 
by TEN and DHT were 55 and 85%, respectively, and the 
highest concentrations of TEN and DHT found in paprika 
were 52.4 and 36.3 μg kg−1, respectively. The LODs of the 
three toxins ranged from 0.1 to 0.99 μg  kg−1; the inter-/
intraday RSDs were below 8.8%.

ELISA

Instrumental analytical methods of GC-MS and LC-MS 
require expensive equipment and highly qualified techni-
cians. Nevertheless, enzyme-linked immunosorbent assay 
(ELISA) is characterized by simplicity of operation, min-
iaturization, rapidity and portability, which could offset 
the weaknesses of above instrumental analytical methods. 
It has become a research focus for both quantitative and 
semi-quantitative detection of mycotoxin, of course includ-
ing Alternaria toxin. Until now, the ELISA method has 
been used for detecting  AAL, AOH and TeA, and it can 
be helpful for assessment of the occurrence of Alternaria 
mycotoxin in foods and animal feeds.

AAL toxin TA was the first Alternaria mycotoxin 
detected by ELISA with high sensitivity and selectivity 
[102, 103]. TA toxin was derivatized with protein bovine 
serum albumin (BSA) and keyhole limpet hemocyanin 
(KLH), respectively, and the LOD of AAL toxin TA was 
in the low parts per billion range, with no significant cross-
reactivity with some structurally similar compounds, such 
as fumonisin B1 and sphinganine. Additionally, Yu et  al. 
[104] used direct competitive ELISA for the analysis of 
AAL toxin TA and the other five mycotoxins in hay, silage 
and mixed feed with an LOD of 50 μg kg−1.

In 2011, Ackermann et al. [105] not only screened and 
obtained the polyclonal antibody of AOH, but also obtained 
the monoclonal antibody for the first time. Monoclonal and 
polyclonal antibodies were applied in ELISA for detect-
ing AOH in the food, respectively, and the LODs of AOH 
were 35 ± 6.9 and 59 ± 16 ng L−1, respectively. Then, the 
two methods based on monoclonal antibody and polyclonal 
antibodies, respectively, were also used for detecting AOH 
in a variety foods in the German market, and the detection 
results were compared with those of HPLC. Additionally, 
Burkin and Kononenko [106] also obtained the polyclonal 
antibody of AOH and applied it in an indirect competitive 

ELISA for detecting the content of AOH in corn, animal 
feed and natural ingredients, and the LOD of AOH was 
0.4 μg  L−1. So far, ELISA has not been used for AME 
detection.

For the detection of TeA, Gross et al. [107] derivatized 
TeA using succinic anhydride and coupled it with KLH. 
The KLH conjugate was used for polyclonal antibody 
screening, and then the obtained polyclonal antibody was 
used for the development of competitive ELISA. The sensi-
tivity of ELISA for TeA acetate was better than that of TeA. 
The average standard curve detection limit of TeA acetate 
was 5.4 ± 2.0 μg L−1, and the LOD of TeA in apple and 
tomato was 25–50 μg kg−1.

Electrochemical Method

So far, the electrochemical method used for the detection 
of Alternaria mycotoxin has been reported only once. The 
authors used a carbon paste electrode modified with mush-
room tyrosinase for the quantitative detection of AOH and 
AME by the electrochemical method [108]. The results 
showed that both AME and AOH are the substrates of 
mushroom tyrosinase; moreover, the LODs of AOH and 
AME were 2.4 ×  10−5 and 1.9 ×  10−5  M, respectively, 
and the linear range up to 1.8 × 10−4 and 2.0 × 10−4 M, 
respectively. In addition, the method has low noise and a 
small background current, and it has easy and rapid elec-
trode surface renewal.

Conclusions and Discussion

Alternaria species could produce more than 70 phytotox-
ins, but the toxicity and chemical structure of only a few 
of them have been characterized and reported to act as 
Alternaria mycotoxins to humans and animals. Currently, 
the EFSA has published their scientific opinion on the risks 
for animal and public health related to Alternaria toxins in 
feed and food, but there are still no statutory or guideline 
limits set by regulatory authorities for Alternaria myco-
toxins. The detection methods of Alternaria mycotoxins, 
such as TLC, GC and GC-MS, LC and LC-MS, ELISA and 
electrochemical methods, have been reviewed in the text. 
Among them, TLC has the lowest detection sensitivity; 
GC/GC-MS has the high sensitivity, but Alternaria toxins 
generally need laborious derivatization, which will lead to 
poor repeatability of the detection results. Therefore, TLC 
and GC/GC-MS have been replaced by LC and LC-MS. 
LC, LC-MS, and especially LC-MS/MS or LC-MSn have 
been the mainstay for Alternaria mycotoxin detection. 
Nevertheless, LC and LC-MS require large-scale equip-
ment and highly qualified technicians, so they cannot meet 
the food safety field’s requirement of real-time, rapid or 
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portable detection. The ELISA method could compensate 
for the disadvantages of large-scale equipment because of 
its characteristic of simplicity of operation, miniaturization 
and portability, and it has been used for the detection of 
AOH, TeA and AAL toxin TA. With further developments, 
the ELISA method and other varieties of rapid detection 
techniques will be established for the detection of Alter-
naria mycotoxins.
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