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A B S T R A C T   

Alternaria mycotoxins are food-related compounds that are mainly produced by Alternaria fungi species. 
However, it’s difficult for Alternaria mycotoxins analysis, especially for conjugated metabolites in food safety 
surveillance. In this work, a novel data-dependent acquisition (DDA) full mass scan and products scan protocol 
was proposed for qualitative and quantitative analysis of five target mycotoxins in tomato samples using ultra- 
high-performance liquid chromatography coupled with quadrupole Orbitrap high-resolution mass spectrometry 
(UHPLC-Q-Orbitrap). In total, 24 sulfated metabolites were detected with post-data analysis techniques, and two 
sulfated metabolites (AME-sulfated and AOH-sulfated) were identified in Alternaria fungi -inoculated tomatoes. 
In addition, a custom database was established, and it was successfully applied for Alternaria mycotoxins and 
sulfated metabolites screening in tomatoes. With the improvement in high-resolution mass spectrometry (HRMS) 
as well as post-data analysis techniques, DDA based HRMS method could be widely applied for compound 
analysis, identification, and screening in quantitative field.   

1. Introduction 

Alternaria spp. fungi species are widely distributed in soil, wallpa-
pers, textiles, and air (Thomma, 2003). These fungi can survive at even 
low temperatures, which makes these fungi become an important 
pathogen and hazard factor to food during storage and transport (Bat-
tilani et al., 2009). Alternaria was described as responsible to induce 
diseases in various important host plants, including wheat, sunflower 
seeds, tomatoes, apples, and olives (Patriarca, Azcarate, Terminiello, & 
Pinto, 2007; Woudenberg et al., 2015; Meena et al., 2016). These fungi 
were also reported to produce more than 70 toxic secondary metabo-
lites. Some of these productions were chemically characterized as 
Alternaria mycotoxins and reported to exhibit severe toxic effects on 
animals and human beings (Barkai-Golan, 2008; Jiang et al., 2021). 

These mycotoxins were typically divided into five classes based on 
diverse structural groups: 1 - perylene derivative altertoxinsI, II, and III 
(ATX-I, ATX-II, and ATX-III); 2 - dibenzo-α-pyrones, including alternaiol 
(AOH), alternariol monomethyl ether (AME), and altenuene (ALT); 3 - 
tetramic acid derivative, tenuazonic acid (TeA) and isoTeA; 4 - AAL- 
toxins, including AAL-TA and AAL-TB; 5 - miscellaneous structures, 
such as a cyclic tetrapeptide, tentoxin (TEN) (Escrivá, Oueslati, Font, & 
Manyes, 2017; Pinto & Patriarca, 2017; Solfrizzo, 2017). 

Alternaria mycotoxins are usually contaminants of several cereals 
(Xu, Han, Li, & Zhang, 2016; Oliveira et al., 2017), fruits (Noser, 
Schneider, Rother, & Schmutz, 2011; Walravens et al., 2016), and 
related foods as well. Specially, AOH, AME, ALT, TeA, and TEN are the 
most frequent contaminators of Alternaria mycotoxins. Alternaria my-
cotoxins exhibited acute toxicity, cytotoxicity, genotoxicity, 
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reproductive and developmental toxicity effects (CONTAM, 2011). AOH 
has been recently characterized as an inhibitor of DNA topoisomerase I 
and II with a certain selectivity for the II alpha isoform (Fehr et al., 
2009). It was also reported that AOH and AME could decrease proges-
terone (P4) synthesis in porcine ovarian cells in vitro (Tiemann et al., 
2009). TeA was reported to inhibit cell growth (Lehmann, Esch, Wagner, 
Rohnstock, & Metzler, 2005), protein synthesis (Igbalajobi, Yu, & 
Fischer, 2019), and induced apoptosis (Sadhu, Moriyasu, Acharya, & 
Bandyopadhyay, 2019). 

To date, there are a few conventional methods for Alternaria my-
cotoxins detection (Walravens et al., 2016; Qiao et al., 2018). However, 
Alternaria mycotoxins could be metabolized to some masked metabo-
lites, which could occur in fruit and related food, such as apple, tomato 
sauces, wheat flour (Puntscher, Cobankovic, Marko, & Warth, 2019; 
Pavicich et al., 2020). These masked mycotoxins are difficult to detect 
for qualitative and quantitative analysis in routine analytical tech-
niques. Therefore, it is of the most importance to develop sensitive 
analytical techniques for Alternaria mycotoxins analysis and identify 
potential masked metabolites in food samples. 

Recently, high-performance liquid chromatography tandem high- 
resolution mass spectrometer (LC-HRMS) coupled with post-data anal-
ysis tools are power tools for target precise analysis, compounds iden-
tification and screening (Wang, Chow, Chang, & Wong, 2017; Yang 
et al., 2020). Data-dependent acquisition (DDA) could acquire full mass 
and MSMS spectra for target analytes with retention time for precise 
analysis of targets (Tonoli et al., 2020) (Fig. 1A). In addition, DDA is 
usually settled for top N acquire method, where N means the number of 
most abundant precursor ions for MSMS acquisition. In this way, 

metabolites could be identified according to precise mass, isotope peaks 
and fragments (Kelman et al., 2015; Li et al., 2020). 

Tomato is one of the most popular fruits due to the high consumption 
amount all over the world. Unfortunately, tomato is susceptible to be 
infected by Alternaria spp. The presence of fungi in tomatoes leads to the 
production of various mycotoxins during the preharvest, harvest and 
postharvest periods. For the control of mycotoxin contamination in to-
matoes, we have developed a qualitative and quantitative analysis for 
precise analysis of the five most important Alternaria mycotoxin. In this 
work, two sulfated metabolites were identified, and a custom database 
of target mycotoxins were established and used for screening in Alter-
naria spp. inoculated tomatoes. 

2. Materials and methods 

2.1. Chemicals and reagents 

Commercial Alternaria standards of Altenuene (ALT), Alternariol 
Monomethyl Ether (AME), Alternariol (AOH), Tenuazonic Acid (TeA), 
and Tentoxin (TEN) were purchased from Pribolab (Immunos, 
Singapore) (Structure were shown in Fig. 1B). LC–MS grade acetonitrile, 
methanol, and formic acid were purchased from Thermo Fisher Chem-
ical Co. (New Jersey, USA). Purified water was obtained from a Milli-Q 
system (Millipore, USA). Other reagents of analytical grade were also 
used and obtained from Sinopharm Chemical Reagent Co., Ltd (Beijing, 
China). 

Fig. 1. Schematic workflows of full mass and MSMS scan in DDA acquisition mode (A) (Sun et al., 2021); Chemical structures of five target Alternaria mycotoxins 
(ALT, AME, AOH, TeA, and TEN) (B) (Qiao et al., 2018); Neutral loss filtering of SO3 for sulfated products (C); Spectrum of sulfated mycotoxins with neutral loss of 
SO3 (79.9568 Da) and isotope peak of 34S (1.995 Da) (Li et al., 2020). 
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2.2. Standard solutions preparation 

Stock solution of each Alternaria standards were prepared at a con-
centration of 100 μg/mL in acetonitrile. Individual working solutions of 
each standard was prepared by dilution with acetonitrile to 1 μg/mL. 
Mixed working solution with concentration at 0.1 μg/mL were prepared 
by intermediate stock solutions in methanol/water (75/25, v/v). 

2.3. Sample preparation 

2.3.1. Alternaria mycotoxin qualitative and quantitative analysis in tomato 
samples. 

The preparation for five standard Alternaria mycotoxins spiked to-
mato samples (collected from local supermarket) was processed ac-
cording to the previous publications (Qiao et al., 2018) at concentrations 
of 0.1 and 0.5 μg/kg. Samples were placed at room temperature for 30 
min in dark for incubation. Two grams of tomato samples were weighed 
and transferred to a 50 mL centrifuge tube. Twenty milliliters of 
acetonitrile were added and vortexed for 5 min for target extraction. The 
supernatant was collected after centrifugation at 12,000 g at 4 ◦C for 10 
min. After centrifugation, the supernatant was evaporated to dryness at 
60 ◦C. The residue was reconstituted with 3 mL of methanol/water (1:9, 
v/v) before SPE purification. HLB cartridge (60 mg, 3 cc) was selected 
for the five Alternaria mycotoxins purification. Each cartridge was 
preconditioned with 3 mL of methanol and 3 mL of water in turn. Then, 
reconstituted samples were loaded on each cartridge and washed with 3 
mL of methanol/water (1:9, v/v) containing 1% formic acid, and 5 mL of 
water in turn. After dried with vacuum for 10 min, each cartridge was 
eluted with 5 mL of methanol containing 1% ammonium hydroxide. The 
elute solvent was taken to dryness under a gentle stream of nitrogen at 
40 ◦C. The residue was re-dissolved in 500 μL of methanol/water (75/ 
25, v/v) and filtered through 0.22 μm micropore cellulose membrane 
before injection. Samples could be diluted before instrumental analysis 
if necessary. 

2.3.2. Alternaria metabolites in inoculated tomato samples 
Two Alternaria fungi strains (B2-1–2 and M1-2), which were isolated 

and identified in our previous work (PDA culture and ITS sequence re-
sults of fungi strains were shown in Figure S1) (Li et al., 2020), were 
used to inoculate fresh tomatoes for natural Alternaria products inves-
tigation. The two strains were inoculated to PDA medium at clean bench 
and cultured at 37 in incubator. The grown-up strains were dissolved 
in sterilized saline for tomato inoculation. Negative control samples 
were inoculated with sterilized saline. The inoculated procedure was 
also processed in clean bench. Tomatoes were cultured at room tem-
perature for 15 days for natural Alternaria products investigation. 
Samples were collected at 5, 10, and 15 day for Alternaria mycotoxin 
analysis. Five gram of tomato samples were collected, and natural 
Alternaria fungi products were extracted with 20 mL of ethyl acetate and 
20 mL of acetonitrile in turn for nonpolar and polar productions 
extraction. After centrifugation, two supernatants were combined and 
evaporated to dryness at 60 ◦C. The residues were redissolved with 500 
μL of methanol/water (75/25, v/v) and filtered through 0.22 μm 
micropore cellulose membrane before injection. 

2.4. Instrumental parameters 

LC-HR full mass scan and LC-HR MSMS scan data were obtained 
using data-dependent acquiring (DDA) mode via a Thermo high- 
performance liquid chromatography (HPLC) coupled Q/Extractive 
Plus (Thermo Fisher Scientific, Bremen, Germany). A Zorbax Eclipse 
Plus RRHD C18 column (2.1 × 50 mm, 1.8 μm; Agilent, California, USA) 
was selected for separation via gradient elution program with temper-
ature at 30 . Detailed information for HPLC was described in Supple-
mentary information Table S1. 

Following parameters in negative HESI were used for mass spectrum 

analysis: Auxiliary gas temperature, 350 ◦C; capillary voltage, 3.25 kV; 
capillary temperature, 400 ◦C; S-lens R, 60 V; Sheath gas flow rate, 40 
arbitrary. Full mass parameters for DDA MS2 analysis (ddMS2) were 
settled as the following. Scan Range, 120–900 m/z; resolution, 70,000; 
automatic gain control (AGC) target, 3e6; max injection time (IT), 250 
ms. TOP N of 5 was used for further ddMS2 fragment analysis under 
stepped Normalized Collisional Energy (NCE) at 20, 40, and 60 eV. 
Besides, other parameters for ddMS2 were as follows: resolution, 
17,500; AGC target, 1e5; max IT, 100 ms; and isolation window, 1.0 m/ 
z. For target analysis, an Alternaria mycotoxin database was developed 
by injecting standards at 0.1 μg/mL under the same HPLC-DDA analysis. 
Exact masses for all precursor in full mass and fragment ions in ddMS2 of 
each compound as well as retention time were collected for target 
analysis. 

2.5. Data process 

2.5.1. Method validation for Alternaria mycotoxin analysis in tomato 
samples 

Based on developed analysis method, retention time, precursor, and 
product ions for each target mycotoxin was acquired based on com-
mercial standard. Linearity for each analyte was fitted by matrix- 
matched blank samples at concentration of 0.1, 0.2, 0.4, 1.0, 2.0, 4.0, 
and 10.0 ng/mL. Limit of detection (LOD) of each analyte were evalu-
ated based on signal-to-noise ratio S/N ≥ 3, while LOQ and limit of 
quantification (LOQ) was determined by S/N ≥ 10. Tomato samples 
were spiked at two different concentration levels, and accuracy and 
precision were evaluated according to the recoveries of each target 
based on matrix-spiked calibration curve. Accuracy was evaluated by 
comparing measured concentrations to spiked value. Precision was 
evaluated by intra-day and inter-day relative standard deviation (RSD). 

2.5.2. Sulfated metabolites identification 
In our previous research, sulfated conjugation is the major metabolic 

pathway of Alternaria mycotoxin in three different cultural mediums (Li 
et al., 2020). In this work, an integrated full mass scan (FM) and data 
dependent acquisition (DDA) of top 5 precursors method is developed 
for mass spectrum acquirement of Alternaria fungi production in to-
mato. Based on our previous research, sulfated conjugations were 
screened via an open-source software MZmine2 according to the same 
neutral loss fragment (NLF). NLF was settled by Diagnostic Neutral Loss 
values at 79.9568 Da between FM and MSMS DDA scan of the same 
precursor. Screening results were further identified with vender soft-
ware Xcalibur by comparing with unconjugated standards with reten-
tion time, accurate mass, and isotope peak. 

3. Results and discussion 

3.1. Alternaria mycotoxin qualitative and quantitative analysis 

3.1.1. UHPLC-Q-Orbitrap method 
For level 1 Alternaria mycotoxin (ALT, AME, AOH, TeA, and TEN), 

they were analyzed based on commercial standards. Deprotonated mo-
lecular ions [M− H]- of all targets exhibited high response in negative 

Table 1 
Mass spectrum parameters for five alternaria mycotoxins.  

Mycotoxin Precursor ion Product ion 1 Product ion 2 

ALT  291.0874  248.0689  186.9979 
AME  271.0612  256.0376  228.0425 
AOH  257.0455  213.0550  215.0343 
TeA  196.0978  103.9187  139.0262 
TEN  413.2194  141.0657  271.1454 

ALT: Altenuene; AME: Alternariol Monomethyl Ether; AOH: Alternaiol; TeA: 
Tenuazonic Acid; TEN: Tentoxin. 
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Fig. 2. Chromatogram of five target Alternaria mycotoxins standard and blank control samples.  

X. Zhang et al.                                                                                                                                                                                                                                   



Food Chemistry 364 (2021) 130450

5

mode. A DDA workflow with Top 5 and an inclusion lists of all the five 
targets was applied with high resolution mass spectrum UHPLC-Q- 
Orbitrap (Fig. 1A). One precursor of deprotonated molecular ion 
[M− H]- was selected according to molecular weight and ionization 
mode, while two preponderant product ions were selected based on 
MSMS spectrum of precursor (Table 1). Quantitative analysis of five 
target mycotoxins based on peak area. According to EU’s technical 
criteria for compound identification, a minimum of four identification 
points (IP) is required for mass spectrum analysis. Here, 1.5 identifica-
tion point is given for each product ion and 1 identification point for the 
precursor ion. This development method meets the criteria of Commis-
sion Decision, 2002/657/EC for qualitative and quantitative analysis 
with one precursor and two product ions (Commission Decision, 2002). 

3.1.2. Method validation 
To verify the specificity of this developed LC-HRMS method, multi-

ple blank samples of tomato samples were analyzed. No obvious inter-
ference was observed at the same retention time as the five target 
mycotoxins (Fig. 2). Matrix-spiked standard calibration curves were 
prepared at 7 fortified levels of five level 1 Alternaria mycotoxin solu-
tion at concentrations from 0.0001 to 0.010 μg/mL with R2 over 0.99. 
LOD of each target in tomato samples ranged from 0.006 to 0.020 μg/kg 
based on S/N ≥ 3, while LOQ ranged from 0.020 to 0.067 μg/kg based 
on S/N ≥ 10 (Table 2). In this research high sensitivity of targets was 
obtained in ESI negative mode, which is consistent with previous liter-
atures (Scheibenzuber, Dick, Asam, & Rychlik, 2021; Qiao et al., 2020). 

Accuracy and precision were processed according to recoveries of 
target Alternaria mycotoxins in spiked tomato samples with seven rep-
licates at three validation days. Spiked tomato samples were settled at 
two levels of 0.1 and 0.5 μg/kg. Mean recoveries were 82.6 ~ 98.7% for 
all targets in spiked samples, which exhibited comparable results with 
other publications for different matrices (Qiao et al., 2020, 2018; De 
Berardis et al., 2018). The intar-day relative standard deviation (RSD) 
and inter-day RSD in spiked tomato samples were less than 9.2% and 
11.5%, respectively (Table 3). The results indicated that this developed 
UHPLC-Q-Orbitrap method could be used for five level 1 Alternaria 
mycotoxins detection in tomato. 

3.2. Sulfated Alternaria mycotoxin metabolites identification 

For level 2 Alternaria mycotoxin conjugated metabolites, it is diffi-
cult to identify due to the lack of commercial standard mycotoxins 
(Nielsen & Larsen, 2015). Metabolites in inoculated tomato samples 
could be identified by comparing to level 1 mycotoxins. From the full 
mass scan and DDA scan, it was observed that several compounds 
extracted from inoculated tomatoes exhibited a neutral loss of 79.9568 
Da, generating level 1 Alternaria mycotoxin. The result indicated that 
these compounds might be sulfate modified form of Alternaria myco-
toxins. On the basis, Diagnostic Fragmentation Filtering (DFF) function 
in MZmine 2 (Pluskal, Castillo, Villar-Briones, & Orešič, 2010) were 
applied for neutral loss filtering (NLF) data analysis. Neutral loss of all 
compounds was plotted with m/z tolerance at 0.02 or 5 ppm and base 
peak at 5% (Fig. 1C). The result showed that totally 24 sulfate conju-
gated mycotoxins were screened with mass error less than 10 ppm 
(Table S2). Further identification of sulfated conjugations was pro-
ceeded with vender software Xcalibur. In full mass scan mode at reso-
lution above 75,000, sulfur on the molecule could be confirmed by 
isotope peak of 34S and 13C. 34S isotope peak exhibits a mass shift at 
1.995 Da over the non-isotope precursor peak with a natural abundance 
of 4.21%. However, isotope peak with two 13C exhibits a mass shift at 
2.005 Da. Combined with screened neutral loss filtering result at 
79.9568, two sulfate-conjugated Alternaria mycotoxins, AOH-sulfated 
and AME-sulfated, were identified in inoculated tomato samples 
(Fig. 1D). In previous literatures, some sulfated and glucose conjugated 
Alternaria mycotoxins were detected, including sulfated AOH, AME, 
ALT, DHA, ALU, DMA, ALS, MAC, DMDA metabolites (Kelman et al., 
2015; Li et al., 2020) in culture medium, glucose conjugated AOH, AME 
in beer samples (Scheibenzuber et al., 2021), and glucose and sulfated 
conjugated AOH, AME in tomato sauce, sunflower seed oil, and wheat 
flour samples (Puntscher et al., 2019). In this research, sulfated conju-
gated AOH and AME were also confirmed in inoculated tomato samples. 
However, there are no glucose conjugated Alternaria mycotoxins 
detected. 

3.3. Custom database for Alternaria mycotoxins and sulfated metabolites 

According to all level 1 and level 2 results, these Alternaria myco-
toxins and sulfated metabolites are reliable identifications. A custom 
database of these level 1 and level 2 Alternaria mycotoxins based on 
retention time, accuracy mass, compound name, and molecular formula 
(Table S3) was established for target screening in inoculated tomato 
samples with two different strains (B2-1–2 and M1-2). The inoculated 
tomatoes rotted obviously after inoculation and incubated at 25 
(Fig. 3A). After inoculation at 5, 10, and 15 days, natural Alternaria 
mycotoxin products were monitored according to logarithm peak area 
(Fig. 3B). Accuracy concentrations of level 1 mycotoxins were calculated 
based on commercial standard. For level 2 sulfated metabolites, peak 
area was used for relative analysis due to the lack of references (Fig. 3C). 
Strain M1-2 produced more Alternaria mycotoxins and sulfated metab-
olites than B2-1–2. Concentrations of most Alternaria mycotoxins came 
to a highest level at 15 days incubation, except TeA in M1-2. The con-
centration of TeA in M1-2 strain exhibited the highest concentration at 
10 days incubation, and the concentration was lower at 15 days incu-
bation, which might be due to the degradation of TeA in tomatoes. 

4. Conclusion 

In this work, a data-dependent acquisition based integrated full mass 
and MSMS scan was developed for target analysis of five Alternaria 
mycotoxins and identification of sulfated metabolites. The established 
protocol provides a reliable qualitative and quantitative analysis for 
target Alternaria mycotoxins, including AME, AOH, ALT, TeA, and TEN. 
Besides, sulfated metabolites were identified in Alternaria fungi inocu-
lated tomato samples based on the precise mass, retention time, isotope 

Table 2 
Parameters of alternaria mycotoxins in tomato samples.  

Mycotoxins Liner range (ng/mL) R2 LOD (μg/kg) LOQ (μg/kg) 

ALT 0.1–10  0.9946  0.009  0.030 
AME 0.1–10  0.9997  0.012  0.040 
AOH 0.1–10  0.9989  0.006  0.020 
TeA 0.1–10  0.9962  0.020  0.067 
TEN 0.1–10  0.9996  0.008  0.027 

ALT: Altenuene; AME: Alternariol Monomethyl Ether; AOH: Alternaiol; TeA: 
Tenuazonic Acid; TEN: Tentoxin. 

Table 3 
Accuracy and precision of Alternaria mycotoxins in tomatoes.  

Mycotoxins Spiked Level 
(μg/kg) 

Mean 
Recovery (%) 

Intra-day RSD 
% (n = 5) 

Inter-day RSD 
% (n = 15) 

ALT  1.0  87.4  7.9  10.9  
5.0  89.5  5.3  9.4 

AOH  1.0  88.3  9.2  11.0  
5.0  95.1  6.8  8.2 

ANE  1.0  88.9  8.2  11.5  
5.0  82.6  6.9  7.9 

TeA  1.0  86.7  7.9  9.8  
5.0  91.2  6.0  7.1 

TEN  1.0  94.3  7.6  8.2  
5.0  98.7  6.2  6.9 

ALT: Altenuene; AME: Alternariol Monomethyl Ether; AOH: Alternaiol; TeA: 
Tenuazonic Acid; TEN: Tentoxin. 
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peak, and precursor and fragments with post-data process tools. A 
custom database covering Alternaria mycotoxins and sulfated metabo-
lites was developed for the screening of targets in inoculated samples. 
The result showed this developed protocol could be applied for com-
pound analysis, identification, and screening in quantitative field. 
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