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Abstract

Fusarium basal rot (FBR) of onion is a serious disease problem worldwide. The Fusarium species causing FBR can also produce
mycotoxins that are potentially harmful to humans and animals. In this study, a multiple reaction monitoring technique with ultra-
high-performance liquid chromatography—tandem mass spectrometry (MRM UHPLC-MS/MS) was developed and validated for
onion matrix to study Fusarium mycotoxins in the harvested onions. This study was focused on fumonisins By, B,, and B; (FB,,
FB,, and FB;), beauvericin (BEA), and moniliformin (MON), which are the main mycotoxins produced by Fusarium oxysporum
and Fusarium proliferatum. In the in-house validated protocol, the onion samples were extracted with methanol:water (3:1) using
magnetic stirring for 15 min. FBs and BEA were determined directly from the filtered extracts, whereas MON required sample
concentration prior to analysis. No cleanup of extracts was needed prior to analysis. The target mycotoxins were separated on an
Acquity UPLC system BEH C18 column with gradient elution. Mycotoxins were identified and quantified using '*C-FB; as
internal standard. Minor matrix effect was compensated using multi-point matrix-matched calibration curves with uninfected
onion sample. For the mycotoxins studied, a good linearity was obtained (R* > 0.99) and the recoveries were in the range of 67—
122%, with the highest standard deviation for MON, 22%. The limits of quantification were from 2.5 to 10 ng g ' in onion
matrix. The method was successfully employed for the analysis of mycotoxins in harvested onions showing FBR symptoms and
found to be infected with F. oxysporum and F. proliferatum.
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Introduction

Cultivated onion (Allium cepa) suffers from infections caused
by various pathogens, mostly by fungi in the genera Fusarium
and Botrytis. Fusarium basal rot (FBR) is a serious disease
problem worldwide in onions, causing substantial losses dur-
ing the growing season and in the storage. The rot starts from
the roots and basal plate, and then spreads upwards inside the
bulb and gradually spoils it (Galvan et al. 2008; Carrieri et al.
2013; Sasaki et al. 2015a). The pathogenic Fusarium
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oxysporum f. sp. cepae and Fusarium proliferatum are among
the Fusarium sp. that have been reported to cause FBR in
many countries where onion is grown (Bayraktar and Dolar
2011; Taylor et al. 2013; Sasaki et al. 2015a, b). Also in
Finland, F. oxysporum and F. proliferatum are among the
most common Fusarium species observed in onion sets and
onion harvest, and the primary source of the pathogenic
Fusarium strains is the use of imported onion sets
(Haapalainen et al. 2016).

Infections with F. oxysporum and F. proliferatum not only
spoil the onion quality but also cause a potential risk of onion
contamination with mycotoxins, which are known to have
many harmful effects on humans and animals (Desjardins
and Proctor 2007; Lee and Ryu 2015; Fremy et al. 2019).
Traditional Fusarium mycotoxins, like trichothecenes,
fumonisins (FBs), and zearalenone (Hietaniemi et al. 2004,
2016; Shephard et al. 2007; Mahnine et al. 2012; Marin
etal. 2013; Al-Taher et al. 2017), have been extensively stud-
ied in cereals and feed, and many risk assessment studies and
legislation are available on them (EC 1881/ 2006; Shephard
etal. 2007; Lee and Ryu 2015). In contrast, not much research
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has been done on Fusarium mycotoxins, both traditional and
emerging mycotoxins like beauvericin (BEA), enniatins, and
moniliformin (MON), in field vegetables. Until recently, risk
assessment studies on vegetables have been lacking for sever-
al mycotoxins. Van de Perre et al. (2014) analyzed myco-
toxins in tomatoes, bell peppers, onions, and soft red fruits,
and found alternariol, alternariol monomethyl ether, ochratox-
in A, and fumonisins B;, B,, and B3 (FB;, FB,, FB;).
However, only Penicillium species were identified in the on-
ion samples, showing no high levels of toxins, and the study
was mostly focusing on the findings in the tomato products.
Alternariol and alternariol monomethyl ether were also detect-
ed in strawberry by Dong et al. (2019), and tenuazonic acid in
tomato juice, when seven mycotoxins were analyzed in fruits
and vegetables during storage. The ability of Fusarium iso-
lates originating from onion, garlic, and asparagus to produce
mycotoxins has been studied in vitro by culturing the fungi on
either maize or rice medium (Stankovic et al. 2007;
Waskiewicz et al. 2010; Irzykowska et al. 2012). In these
studies, the main mycotoxins produced by F. oxysporum f.
sp. cepae were shown to be MON and FB; (Irzykowska
et al. 2012), whereas FB;, BEA, MON, fusaric acid, and
fusaproliferin were identified as the main mycotoxin species
produced by F. proliferatum (Stankovic et al. 2007). To our
knowledge, studies on production of these mycotoxins in the
onion tissues infected by the Fusarium species have not been
published before. However, we found one meeting abstract
reporting that FB; was detected in onions infected with
F. proliferatum (Ellner and Grossmann 2010).

The chromatographic techniques earlier used for quantifica-
tion of mycotoxins after sample extraction and cleanup were
based on high-performance liquid chromatography (HPLC)
with either diode array detector (DAD) without derivatization
or fluorescence detector (FLD) after derivatization (Irzykowska
et al. 2012). Trichothecenes have been usually quantified as
their trimethylsilyl derivatives by gas chromatography—mass
spectrometry (GC-MS) (Hietaniemi et al. 2004). Standard EU
method for detection of FBs in cereal grain is based on extrac-
tion with acetonitrile:methanol:water (1:1:2), followed by im-
munoaffinity cleanup, derivatization by o-phthalaldehyde
(OPA), and identification with HPLC-FLD (CEN 2004). FBs
have also been detected in maize by lateral flow test (Molinelli
et al. 2009) and 96-plate ELISA kits were used for monitoring
FBs and aflatoxins in maize in Kenya (Kangethe et al. 2017).
These results were confirmed by either liquid chromatography—
mass spectrometry (LC-MS/MS) or HPLC-FLD methods.

In recent years, LC-MS/MS methods have been widely ap-
plied to mycotoxin analysis (Kokkonen and Jestoi 2009;
Mahnine et al. 2012; Van de Perre et al. 2014; Turner et al.
2015; Sadhasivam et al. 2017; Zhao et al. 2018; Dong et al.
2019; Jaji¢ et al. 2019). Modern detection techniques, such as
MS, enable detection of very low concentrations of mycotoxins
and their structural identification simultaneously. In addition, MS

allows the so-called multi-toxin methods to be applied for simul-
taneous detection of several mycotoxins, which saves time and
money as well as enables a better assessment of the co-
occurrence of mycotoxins (Jestoi 2008). This is a clear improve-
ment compared to the HPLC techniques where every single step
in the sample pretreatment can cause loss of recovery, the deriv-
atization is time-consuming, and the reagents used are often
harmful to both health and environment.

Even though LC-MS technique and other methods have
been widely applied to study Fusarium mycotoxins like
FBs, MON, and BEA in cereals (Jestoi 2008; Kokkonen and
Jestoi 2009; Mahnine et al. 2012; Sadhasivam et al. 2017;
Jaji¢ et al. 2019), only few methods have been published for
the analysis of Fusarium mycotoxins in vegetables or spices
(Monbaliu et al. 2009; Yogendrarajah et al. 2013; Van de
Perre et al. 2014; Zhao et al. 2018; Dong et al. 2019).
Monbaliu et al. (2009) determined mycotoxins in sweet pep-
per after several cleanup procedures by LC-MS/MS method.
Yogendrarajah et al. (2013) used so-called QUEChERS
(quick, easy, cheap, effective, rugged, and safe) extraction
for spices, without a cleanup procedure, followed by LC-
MS/MS detection. Van de Perre et al. (2014) reported of a
method based on liquid chromatography/time-of-flight mass
spectrometry (LC/TOF-MS) for the screening of mycotoxins
in tomato, pepper, and onion. This method included only a
simple extraction procedure without a cleanup. Zhao et al.
(2018) used UHPLC-MS/MS method including cleanup pro-
cedures to study Fusarium mycotoxins in pepper, potato, to-
mato, and cucumber. However, these mass spectrometry
methods have not been used for detection and quantification
of mycotoxins in onions. Therefore, to be able to detect and
analyze possible toxic contaminants in onions, the suitability
of'the sensitive UHPLC-MS/MS techniques for this purpose is
needed to be examined.

The aims of this study were (i) to develop and validate a
multiple reaction monitoring technique with ultra-high-
performance liquid chromatography—tandem mass spectrom-
etry method (MRM UHPLC-MS/MS) for onion matrix and
(ii) to use the validated method to analyze mycotoxins pro-
duced by F. oxysporum and F. proliferatum in harvested
onions.

Materials and Methods
Chemicals and Reagents

LC-MS grade methanol and acetonitrile were purchased from
VWR (Prolabo, Leuven, Belgium). LC-MS grade formic acid
was purchased from Thermo Fischer Scientific (Waltham,
MA, USA). LC-MS grade water was prepared with
Millipore system (Millipore, Billerica, MA, USA).
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Stock and Standard Solutions

Standard stock solutions of FB;, FB,, and FB3, each 50 ug
mL! in acetonitrile:water (1:1), MON 100 ug mL ! in
acetonitrile:water (9:1), BEA 100 pg mL ™" after dissolving
into 1 mL of acetonitrile, and internal standard ]3C-F81
(ISTD) 25 ng mL " in acetonitrile:water (1:1) were all pur-
chased from BioPure (Romer Labs, Tulln, Austria).

Working solution of ISTD (1000 ng mL ") was prepared in
acetonitrile:water (1:1). Standard working solutions of the oth-
er mycotoxins were prepared at 5000 ng mL ™' concentration
using the same solvents as used in the stock solutions. For
calibration, three different mycotoxin mixtures were prepared
from the standard working solutions using methanol as sol-
vent. MycoMix 1 (500 ng mL™") was prepared by combining
1 mL of each working solution (not ISTD) in a 10-mL volu-
metric flask and filling it up with the solvent. MycoMix 2
(50 ng mL™") and MycoMix 3 (5 ng mL ") were prepared
from MycoMix 1 by serial 10-fold dilutions. All the standard
solutions were stored at 4 °C and the MycoMix solutions were
renewed annually.

Onion Samples

Onions (Allium cepa L.) showing FBR symptoms inside the
bulb were found in 2017 in a survey on farms in South Savo
and in South Karelia regions in eastern Finland, and in 2018 in
the field trials conducted at Luke Piikkid, in Southwest
Finland. In both years, the onion samples were collected at
harvest time, in August and September. Twenty of the onion
bulbs cut in half with a knife and found having FBR
symptoms—gray discoloration and softening of tissues at
the basal end—were selected for test material for this study.
The symptomatic and symptomless tissues of the onion were
separated and then treated as individual samples. These tissue
samples were cut up very finely and 1-g subsamples were
transferred into 50-mL polypropylene (PP) tubes. Three or
four biological replicates per sample were prepared, depend-
ing on the availability of the onion tissue material. Samples
were stored at —20 °C.

Detection of Fusarium Fungi in the Samples

DNA was extracted from 0.1-g subsamples of the symptom-
atic and symptomless tissues of each onion sample using
DNeasy Plant Mini kit (Qiagen, Hilden, Germany) according
to the manufacturer’s protocol. The presence of F. oxysporum
and F. proliferatum in the samples was tested by end-point
PCR using species-specific primer pairs CLOX1-F/CLOX2-R
and TH5-F/TH6-R, as previously described (Haapalainen
etal. 2016). Quantification of F. oxysporum DNA in the onion
tissue DNA samples was performed by real-time PCR as de-
scribed in Wang et al. (2019). Quantification of
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F. proliferatum DNA in onion tissue DNA samples was per-
formed by real-time PCR using new primers FprIGS-F7w (5'-
GTGCAGACCAGAGYGAACGTGGT-3') and FprIGS-R7
(5'-CCCATCAGCCAGAGAACCGACATC-3"), designed
to bind to the ITS2 region between the 28S and 5.8S ribosom-
al RNA genes of F. proliferatum and yield a 90-bp product.
For reference, the onion DNA was quantified using the onion-
specific primers AcCOX1F and AcCOXIR as previously de-
scribed (Wang et al. 2019). Each 20-uL reaction contained 10
uL of SYBR Green I Master Mix (Roche, Basel,
Switzerland), forward and reverse primers at 300-nM concen-
tration and 5 pL of diluted DNA sample. PCR program with
initial denaturation at 95 °C for 5 min and 45 cycles of 95 °C
for 10's, 60°C for 10's, and 72 °C for 10 s, followed by melting
curve analysis, was run on LightCycler 480 real-time PCR
instrument (Roche). Dilution series prepared of control sam-
ples containing measured concentrations of healthy onion
DNA, F. oxysporum DNA, and F. proliferatum DNA were
similarly run on real-time PCR, to determine the relation of
cycle threshold (Ct) value and the template DNA concentra-
tion. The sample DNA concentrations were then calculated
using these standard curves.

Sample Preparation

One milliliter of methanol and 50 puL of ISTD working solu-
tion were added on each 1-g onion sample. The samples were
then extracted with 5 mL of methanol:water (3:1) mixture for
15 min using magnetic stirring. The sample matrix was
allowed to settle and the extract was then transferred into a
test tube by pipetting. Extraction was repeated with 5 mL of
methanol:water (3:1). Centrifugation between the extractions
was required for few symptomatic onion samples. The ex-
tracts were combined and 1 mL of the combined extract was
filtered through 0.2-um GHP Acrodisc 13 Teflon filter (Pall
Corporation, Ann Arbor, MI, USA) prior to UHPLC-MS/MS
analysis. For MON analysis, 4 mL of combined extracts was
concentrated by evaporating to dryness with nitrogen. The
residue was dissolved in 1 mL of 0.1% formic acid in water
(UHPLC gradient solvent A) and 0.1% formic acid in aceto-
nitrile (UHPLC gradient solvent B) (1:1) and filtered for anal-
ysis. The samples were stored in dark at 4 °C before analysis.

UHPLC-MS/MS Analysis

Waters Acquity UPLC system equipped with Xevo TQ MS
triple-quadrupole mass spectrometer (Milford, MA, USA)
was used for separation and identification of mycotoxins.
Mycotoxins were separated by gradient run on Acquity BEH
CI18-UPLC reversed phase column (2.1 x 100 mm, I.D. 1.7
um) equipped with a VanQuard pre-column (2.1 X 5 mm, I.D.
1.7 wm) with the same sorbent material (Waters, Milford, MA,
USA). The gradient solvent system was composed of 0.1%
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formic acid in water (A) and 0.1% formic acid in ace-
tonitrile (B), and the column temperature was 40 °C and
flow rate 0.4 mL min ', according to Waters
Application note (Stead et al. 2014).

For UHPLC gradient runs, some minor modifications were
made and two separate runs performed, a 15-min run with 2-uL
injection volume was used for separation of FBs and BEA in the
filtered sample extracts and a 7-min run with 0.5-pL injection
volume was used for separation of MON in the concentrated
sample extracts. The 15-min run was started with 100% solvent
A, maintained for 2.5 min. From 2.5 to 10 min, solvent B was
linearly increased from 0 to 75% and then increased in 0.1 min to
85% and maintained for 1.9 min. Then, B was increased to 100%
in 0.1 min, maintained in 0.9 min, and finally B was decreased to
0% in 0.1 min and maintained for 1.9 min to re-equilibrate the
column prior to the next injection. The 7-min run was started
with 100% A, maintained for 2.5 min. From 2.5 to 4.5 min, B
was linearly increased from 0 to 75% and then increased in
0.6 min to 100% and maintained for 0.9 min. Finally, B was
decreased to 0% in 0.1 min, and maintained for 0.9 min to re-
equilibrate the column prior to the next injection.

Xevo TQ MS triple-quadrupole mass spectrometer was
equipped with an electrospray ionization source (ESI) operating
in a positive mode (ESI*) for FBs and BEA, and in a negative
mode (EST ") for MON. The MS capillary voltage was 1.5 kV for
FBs and BEA, and 0.5 kV for MON. The ion source temperature
was 150 °C and the desolvation temperature was 600 °C for FBs
and BEA, and 500 °C for MON. The cone and desolvation gas
flows (both nitrogen) were 30 L h™" and 900 L h™" for FBs and
BEA and 30 Lh ™" and 1000 L h™" for MON. Argon was used as

collision gas with flow 0.24 mL min . The specific MS/MS
parameters for each mycotoxin are presented in Table 1. Data
was acquired using the multiple reaction monitoring
(MRM) mode. Data acquisition and processing were
carried out using MassLynx V4.1 software.

Calibration

Mycotoxins were quantified with internal standard method
using 13 C-FB; (ISTD). Calibrations were made both in the
extraction solvent mixture and the onion matrix to estimate
possible matrix effect. Eleven calibration levels, 0, 0.5, 1, 2.5,
5, 10, 25, 50, 100, 250, and 500 ng gfl, were used and pre-
pared by adding MycoMix dilution (1, 2, or 3) and methanol
in total volume of 1 mL. ISTD working solution (50 puL) was
added in each calibration sample. Only 1 mL of methanol and
ISTD was added in standard 0 ng g '. For matrix-matched
calibration, 1 g of onion matrix per sample was used. The
onion tissue was verified uninfected by Fusarium-specific
PCR as described in Haapalainen et al. (2016) and free of
those mycotoxins studied in this work. Prior to analysis, the
calibration samples were extracted and treated as described for
onion samples in “Sample Preparation.” Calculations were
made using the response value obtained from TargetLynx
([Standard area/ISTD area] = [concentration of ISTD]) on Y
axis and the actual concentration of the standards on X axis to
obtain a standard curve for each mycotoxin. Matrix effect was
evaluated by comparing the slope of calibration curves in pure
solvent mixture and matrix-matched extracts.

Table1 MS/MS parameters of Fusarium mycotoxins. Multiple reaction monitoring settings (MRMs) marked in bold were used for identification and
quantification and the other MRMs for confirmation
Mycotoxin Retention Ionization mode ~ Molecular weight ~ Parent Daughter Cone Collision
time (min) ion (m/z) ion (m/z) voltage (V) energy (eV)

Moniliformin 0.8a+0.1 ESI 98 96.9 40.9 27 10
13C-Fumonisin B; (ISTD)  4.5a/7.0b + 0.1 ESI* 755.83 756.5 356.3 50 40

374.4 50 40
Fumonisin B, 7.0b+0.1 ESI* 721.83 722.1 334.3 50 40

3523 50 40
Fumonisin B, 7.7 £ 0.1 ESI* 705.83 706.3 336.3 50 40

3183 50 40
Fumonisin Bs 7.4b+£0.1 ESI* 705.83 706.3 336.3 50 40

318.3 50 40
Beauvericin 11.4b+0.1 ESI* 783.96 784.6 262.2 34 28

244.2 34 28

134.1 34 66

234.2 34 38

Retention time for 7 min UHPLC gradient run

® Retention time for 15 min UHPLC gradient run
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Quality Control During Daily UHPLC-MS/MS Run

The UHPLC-MS/MS run was started with no injection to
monitor interfering signals from the background (room air or
UHPLC gradient). Then, pure extraction solvent, or UHPLC
gradient in the case of MON, was injected to monitor possible
background interference signals from solvents, syringe filters,
or sample bottles. In addition, background (blank) samples,
with or without ISTD, prepared as samples without onion
matrix, were run before calibration samples to monitor if there
were any interference signals from the different steps of the
protocol. Calibration samples were run from 0 to 500 ng g,
followed by two solvent injections before and after the
sample injections, to prevent any carry over from the
most concentrated calibration sample. As a control sam-
ple, the 50 ng g ' standard, followed by a solvent in-
jection, was run after every 9—12 samples.

Method Validation

The method was validated in-house, according to Kemian
metrologian opas J6/2005 (MIKES 2005). The following an-
alytical parameters were evaluated during the validation pro-
cess on onion matrix: (i) selectivity and specificity; (ii) linear-
ity, repeatability, reproducibility, and matrix effect; and
(iii) sensitivity as limit of detection (LOD) and limit of
quantification (LOQ), quantitative range, and recovery.
Matrix effect was studied during both development and
validation of the method.

Results and Discussion
Optimization of the Sample Preparation Procedure

For multi-toxin analysis, the sample preparation and finding
an extraction solvent suitable for all the studied mycotoxins
are of major importance, because the extraction step and the
choice of extraction solvent affect the recovery of the different
compounds. In this study, four different extraction solvent
mixtures were evaluated for their suitability for onion: A,
methanol:water (3:1), used for extraction of FBs by
Waskiewicz et al. (2010); B, acetonitrile:methanol:water
(16:3:1), used for extraction of BEA and MON by
Waskiewicz et al. (2010); C, acetonitrile:water (84:16), which
is a universal extraction solution for mycotoxins and also the
extraction solution used in the accredited trichothecene meth-
od of Natural Research Institute Finland (Luke) (Hietaniemi
et al. 2004); and D, acetonitrile:methanol:water (1:1:2), used
for extraction of FBs from cereals according to the method of
European Committee for Standardization (CEN 2004).
Sample matrix can either suppress or enhance the MS sig-
nal of any compound in the extraction solvent in LC-MS
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technique (Kokkonen and Jestoi 2009; Malysheva et al.
2013; Serrano et al. 2013; Zhao et al. 2018). Therefore, each
extraction solvent mixture with and without the PCR-verified
uninfected onion matrix was spiked with 100 ng of each my-
cotoxin prior to extractions, and the possible onion matrix
effect was studied. The extractions with the four different
solvent mixtures were repeated three times. Two different ex-
traction techniques were also compared: mixing by Vortex
blender for 3 min and magnetic stirring for 15 min. These
techniques performed equally well for both the spiked extrac-
tion solvent mixtures and the spiked healthy onion. However,
magnetic stirring was found to be more effective in extracting
BEA from onions with F. oxysporum infection (data not
shown), and thus this method was used in all the extractions.
Most of the FBs and BEA were dissolved in the first and the
second extractions. The combined peak areas of the ions from
these two extractions are presented in Table 2. On onion back-
ground, the peak areas of FBs were similar with all the four
extraction solvents. However, on pure solvent background,
the peak areas of FBs were suppressed with the extraction
solvents B and C. In earlier studies, we had noticed the similar
phenomenon with 9-fluorenylmethylchloroformate derivative
of glyphosate in pure Milli-Q water in comparison to surface
or drain waters from the test fields (R4mo, unpublished re-
sults). For FBs, a minor enhancing matrix effect was detected
with the solvent mixtures A and D. All the extraction solvent
mixtures were found equally effective for extracting BEA;
however, a suppressing matrix effect was found on onion
matrix with all the other solvent mixtures except A. The sol-
vent D was excluded, due to the difficulties in filtering the

Table 2 Comparison of quantitative peak areas of fumonisins and
beauvericin from extractions with different solvent mixtures, either pure
solvent mixture or onion matrix-matched extracts, both spiked with
100 ng of each mycotoxin. Extractions were done by magnetic stirring
for 15 min. Values in the table are sum of peak areas from the 1st and 2nd
extractions. Extraction solvents were A, methanol:water (3:1); B,
acetonitrile:methanol:water (16:3:1); C, acetonitrile:water (84:16); and
D, acetonitrile:methanol:water (1:1:2)

Mycotoxin Peak area in extraction solvent mixture
A B C D
13C_Fumonisin B; in solvent 3828 nd 891 4156
13C-Fumonisin B; in onion 4096 3572 4616 4233
Fumonisin B, in solvent 3852 nd 925 3914
Fumonisin B, in onion 4148 3292 4172 4200
Fumonisin B, in solvent 7714 nd 2567 7620
Fumonisin B, in onion 8132 7086 8813 8591
Fumonisin B; in solvent 6982 nd 2377 7189
Fumonisin B; in onion 6943 6429 6825 7808
Beauvericin in solvent 41,585 43,566 42,830 37,799
Beauvericin in onion 41,523 37,945 31,600 30,177
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onion sample extracts. The extraction with solvent mixture A
(methanol:water 3:1) with magnetic stirring for 15 min was
chosen for further method development and validation. The
recovery for FBs and BEA was >96% after two repeated ex-
tractions, and the matrix effect was found minor with both FBs
and BEA (Table 2). The chosen extraction method was also
applicable, even though not optimal, for MON when the ex-
tract was concentrated prior to analysis. Sewram et al. (1999)
used 95% acetonitrile in water for extracting MON from
maize. Parich et al. (2003) found that 84% acetonitrile in water
was the best for extraction of MON from maize, after testing
several acetonitrile:water ratios. Jestoi et al. (2003) used the
same solvent for extracting MON from Finnish grain samples.
However, solvent C (84% acetonitrile) was not suitable for the
multi-toxin method developed in this study, because the peak
areas for FBs in the pure solvent were small in the UHPLC-
MS/MS detection.

Onion matrix does not contain pigments that would disturb
the toxin analysis. Therefore, no cleanup procedure of the
onion extract was needed to be included into the protocol.
The protocol for onion extract reported by Van de Perre
et al. (2014) did not include a cleanup procedure either.
Instead, for extracts of vegetables containing plenty of pig-
ments, like sweet pepper and tomato, cleanup procedures are
needed prior to analysis (Monbaliu et al. 2009; Zhao et al.
2018). Zhao et al. (2018) reported that the crude extracts from
vegetables containing plenty of pigments and matrix
interferences resulted in matrix effect and affected method
reproducibility. To remove matrix interferences in the crude
extract of vegetables, Zhao et al. (2018) employed dispersive
solid-phase extraction (dSPE) method for sample purification.

Optimization of UHPLC-MS/MS Conditions

Mycotoxins were identified according to the multiple reaction
monitoring settings (MRMs) and retention times (RTs). The
MS/MS conditions used with the studied mycotoxins are
listed in Table 1. Usually, two MRMs are required for quan-
titative detection (SANTE/12089/ 2016), but MON has only
one suitable MRM (Kokkonen and Jestoi 2009). MRMs re-
ported by Stead et al. (2014) were used for FB; and FB,. FB,
and FB; have the same MRMs, but different RTs (7.7 and 7.4
min, respectively) in the chosen UHPLC gradient settings. For
13C—FB1, one MRM was found from literature (Al-Taher et al.
2017) and another one with daughter scan function of the
instrument with 1000 ng mL™" concentration. IntelliStart of
the instrument was used for finding daughter ions for BEA
with 1000 ng mL™" concentration. Daughter scan function
was also used to confirm the daughter ion for MON with
5000 ng mL ™" concentration. All MRMs used in this study
were confirmed by daughter scan function of the instrument,
and the values can therefore differ from the ones presented in
the original publications. The most abundant daughter ion was

used for quantification of FBs and the secondary daughter ion
for confirmation. However, the daughter ion with the highest
m/z value, 262.2, was used for quantification of BEA, al-
though it was only the third abundant daughter ion. It had
the best peak shape and there was less interference with lower
concentration in onion matrix compared to m/z values 134.1
or 244.2, which were used in Waters Application note (Stead
et al. 2014) for quantification and confirmation. The third
confirmation ion, 234.2, was also found with the lowest de-
tectable concentration. All four daughter ions of BEA were
followed in onion extracts because of the interfering back-
ground signals which were detected during the research.

Two ionization energies were compared for FBs and BEA
in a positive mode (ESI™): 1.5 kV, used in the final protocol,
gave higher peak areas than 3.5 kV, which was used in Waters
Application note (Stead et al. 2014). For MON, ionization
energy 0.5 kV was better than 2.5 kV in a negative mode
(EST") (data not shown).

The development of UHPLC method was started with the
UHPLC gradient used in Waters Application note (Stead et al.
2014). The gradient solvent system was composed of 0.1%
formic acid in water (A) and 0.1% formic acid in acetonitrile
(B). However, the gradient run was started with solvent A
(100%), because of the highly polar MON, for which RT
was 0.8 min. Separation of MON peak from the onion matrix
peak was better achieved in concentrated extract dissolved in
UHPLC gradient solvents A and B (1:1) than in filtered sam-
ple extract. Also, minor modifications were done in the pro-
portions of solvent B in the gradient compared to the original
15-min gradient: the proportion of solvent B was raised from 0
to 75% instead of the original 70%, to achieve a better peak
shape for FB,. In addition, the proportion of solvent B was
only raised to 85% instead of the original 90%, to achieve
better separation of BEA peak from the interfering signal from
the background (data not shown).

Finally, two separate UHPLC gradient programs as de-
scribed in “UHPLC-MS/MS Analysis” above were used: a
15-min run was used for filtered sample extracts for analysis
of FBs and BEA and a 7-min run was used for concentrated
sample extracts for analysis of MON. The best separation and
most usable peak areas were achieved when the sample injec-
tion volume was 2 pL for FBs and BEA and 0.5 puLL for MON.
Injection volumes of 4 uL and 6 uL were also tested for
filtered sample extracts. Although the peak areas were then
higher for FBs and BEA, the peak shapes were better with
2-uL injection. With 2-pL injection, it was also possible to
run samples longer before the necessary cleaning procedure of
the sample cone of ion source. The same amount of onion
matrix was injected into the instrument with the 0.5-uL injec-
tion of concentrated extract and with the 2-uL injection of
filtered extract. Peak areas of MON in the concentrated sam-
ple extract were lower than peak areas of FBs and BEA
in filtered extract with the same concentration. Higher
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et &)
injection volumes were tested for MON, but peak § '*_3 ;
areas were even lower or not detected at all when ;2 2 s
volumes of 2 uL or higher were used. E § é
Te 512w aw o
Optimization of Calibration ;% Kl - oo
28 ~
Ideally, isotopically labeled standards are used as ISTD for "g“ww g
each studied mycotoxin to achieve accurate mycotoxin %’ o R
quantification by LC-MS/MS (Rubert et al. 2012). 2& S
However, no '*C-labeled isotopes are commercially avail- 5 E §
able for MON and BEA, whereas for FB,, FB,, and FB; £ g 2z
they are available. In this work, 13C_FB, was used as the S :: “:'E § © a o~
standard, because FB, had been found the most toxic and the é % g “ i : : :
most common FB in maize matrix (Shephard et al. 2007). g e =
Matrix-matched calibration has been used when suitable % o .
ISTD are not commercially available or they are too expen- \‘é 2 3 e — o — o
sive (Rubert et al. 2011, 2012; Serrano et al. 2013). In this 2 % ale=se=s
study, 13C—FBI was used as the ISTD for all mycotoxins, g é -
and matrix-matched calibration was used to compensate any &F 2
possible matrix effect. TargetLynx of the instrument directly S E E SEEE S
calculated the concentrations of mycotoxins in the samples, § :”j %3333 23
when ISTD and calibration standards were added in the g _‘% B
sample matrix that was free of the studied compounds before = i §
extraction, and both the calibration samples and the research ia’ TQ?: S 2 Lz g%
samples were prepared similarly. g B 232323
Two different concentrations, 50 ng and 100 ng of ISTD, £ % Fleee=e=-°
were tested with uninfected and Fusarium-infected onion ;‘? £ g
samples. For quantification of FBs and BEA in filtered sam- =8 E
ple extracts and MON in concentrated extracts, 50 ng of § E &
ISTD was found adequate (data not shown). The lower 0:) E S 9253 o
amount of ISTD used in the protocol is also an economical k= E «g SRR
option for the routine analysis. E ‘;":; ol IR
The MycoMix solutions for a calibration range of 0— % ke g
500 ng g ' were prepared in methanol. A broad calibra- eE- = .
tion range was selected because there was no previous % g § = g
data about the concentrations of the studied mycotoxins —; '—é % éi,« cn % é
in field-grown onions in Finland. Acetonitrile was first g é'; g é a2 g 2 %
used to prepare the solutions, but the calibration curves £a é sl = <
for FBs were not linear. When calibration was repeated g€ 3
with the solutions made in methanol, the curves were % E «g % -
linear also for FBs. Uninfected onion tissue, tested free “‘i g Zl 8w g muno §
of the mycotoxins studied in this work, was used for = %’ % é« § E E § @ _’:
multi-point matrix-matched calibration, which was com- 5 —;: —§ nle e e e - S
pared to the calibration made in pure solvent. g3 § = E
Calibration curves, which were used for quantification § 2 = 2 £
of the studied mycotoxins in onion, were made both £ %; E E
with filtered calibration sample extracts and with con- é 2 :_g PRRS 8E == o
centrated calibration sample extracts dissolved in § g8 2|22z 2 =2 §
UHPLC gradient (1:1). The calibration levels with re- __g;; g *
covery 80—-120% of concentrations were included in the 5 2 fﬂ - é 05 DE 05 = %
calibration curves. The slopes for calibration curves, - E g :g B I% I% I% % bl\“l
both in solvent and in onion matrix, intercepts of Y axis, 2 g E § g 2 g § 5 =
and correlations R are presented in Table 3. Ideally, all C28| S I E£EE A 7
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the mycotoxins of interest could be quantified in the fil-
tered sample extracts without concentrating them. In this
study, however, separation of MON from the onion ma-
trix was unfortunately too poor, and thus concentrating
the extract and exchanging the solvent were required prior
to quantification. In addition, lower concentrations of
MON could be detected with the concentrated calibration
standards, which supports the choice of this method for
MON. For quantification of FBs, both calibration curves
were eligible, whereas for BEA satisfactory linearity was
not always achieved with the concentrated calibration
samples. Therefore, calibration samples in filtered sample
extract were used for both the FBs and BEA.

Method Validation
Selectivity and Specificity

The selectivity of the method developed was studied
and monitored at the beginning of the method validation
and also during daily UHPLC-MS/MS run. The labora-
tory glassware, extraction solvent, and other reagents
and the uninfected onion tissue sample were tested for
the studied mycotoxins. Blank samples (= no onion ma-
trix) and uninfected onion samples were analyzed with
and without ISTD. Background signals of FBs, includ-
ing 13C—FB1, and MON were not detected, but a minor
background signal of BEA was detected. Since the
background peak of BEA was lower in the uninfected
onion tissue than in the reagent blank, the source of this
interfering signal was probably either the reagents or
glassware or an air contamination. Signals of FBs or
MON were not detected in the uninfected onion tissue.

The specificity of the method is composed of the charac-
teristic MRM values and the separate retention times (RT) for
each mycotoxin. The identification of mycotoxins was con-
firmed based on the correct RT, mass of the parent ion, mass
of the daughter ions, and ratios of those daughter ions that
were used as the quantification and confirmation ions
(Tables 1 and 4).

Linearity, Repeatability, Reproducibility, and Matrix Effect

Both solvent and matrix-matched calibrations, prepared as
described in “Calibration,” were used to evaluate linearity of
the slope of calibration curves for all the tested mycotoxins
over the selected concentration range, although only minor
matrix effect was detected in onion for FBs and BEA during
method development. Correlation coefficient (R?) was used to
assess the linearity. The correlation coefficients for the studied
mycotoxins were between 0.9890 and 0.9982, indicating a
good linear relationship between the quantitative peak areas
and mycotoxin concentrations (Table 3). The intercepts of
BEA showed minor interference from the background.
Several matrix-matched calibrations were prepared during
the study, all with linear curves and similar slopes, indicating
good repeatability and reproducibility. Daily relative standard
deviations of the control standard (50 ng g ' in onion) were
used for calculating repeatability (%) and reproducibility (%)
for the method (Table 3). Matrix effect was further studied by
comparing the slopes of matrix-matched calibration curves to
solvent curves and calculated as the ratio of signal suppression
and enhancement: SSE% = 100 = (slope of matrix-matched
curve/slope of solvent curve). For FB,, FB3, or BEA, only a
minor effect or no matrix effect was observed (Table 3). For
FB,, SSE% was 111, although 13C-FB1 was used as ISTD and
thus the matrix effect was assumed to be minor. The highest,
enhancing matrix effect in onion was detected for MON
(Table 3), which was studied in concentrated extract dissolved
in UHPLC gradient (1:1). This was different from Kokkonen
and Jestoi (2009), who detected a noticeable suppressing ma-
trix effect for MON in grain.

Sensitivity

The limit of detection (LOD) and the limit of quantification
(LOQ) were used to estimate method performance in terms of
sensitivity. The correct retention time, a sufficient signal to
noise ratio (S/N), and occurrence of confirmation ions (not
for MON, all three of BEA) were required for detectable con-
centrations of each mycotoxin. The lowest detectable peak

Table 4 Ion ratio, limit of

detection (LOD), limit of Mycotoxin Ton ratio® + SD° LO]?] LOQ 1 Quantitativﬁe1 Recovinl’y % Recoverz %

quantification (LOQ), ngg ngg range ng g Sngg +SD S0ngg +SD

quantitative range, and recovery

percentage of the mycotoxins Moniliformin 25 5.0 5.0-500 110.5+22.1 96.5 +15.0

with two different concentration Fumonisin B;  1.35+0.12 25 10.0 10.0-500 66.7+5.6 98.3+3.7

levels Fumonisin B,  1.73+0.16 25 10.0 10.0-500 82.9+11.5 99.0 £3.1
Fumonisin B; ~ 2.84 +0.35 25 10.0 10.0-500 121.5+523 1047 £5.0
Beauvericin 0.37 +0.03 1.0 25 2.5-500 975+27 97.0+1.9

*Ion ratio = quantification ion:confirmation ion, for beauvericin only the first ion ratio is shown

®$D, standard deviation
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areas were used for calculating LOD and LOQ: LOD was
calculated as average peak areca + 3 x standard deviation
(SD) and LOQ as average peak area + 6 x SD (MIKES
2005). Other definitions for LOD and LOQ have also been
used, e.g., Yogendrarajah et al. (2013) defined LOD and LOQ
as the lowest concentrations at which the target analytes pro-
duced a peak signal of three and ten times of the background
noise, respectively.

MON was quantified with ESI  ionization.
Quantification with ESI' quite often contains less inter-
ference signals than with ESI*, so the required S/N
could be lower for compounds quantified with ESI™
than with ESI* (Sewram et al. 1999). Onion standard
1.0 ng g ' (S/N > 5.9) was used for LOD and LOQ

calculation for MON with ESI" ionization. With onion
extract, the LOD for MON was 2.5 ng g ' and LOQ
was 5.0 ng g ' (Table 4). The quantitative range for
MON in onion matrix after concentration was from 5
to 500 ng g ' (Table 4), whereas in the pure UHPLC
gradient it was only from 50 to 500 ng g .

BEA and FBs were quantified with ESI* ionization. The
onion standards 0 ng g ' (S/N>15)and 1.0ng g ' (S/N>15)
were the lowest standards included in the calculations of LOD
and LOQ for BEA and FBs, respectively. For BEA in the
onion extract, the LOD was 1.0 ng g ' and LOQ 2.5 ng g .
For FBs, the calculated LOD was 2.5 ng g ' and LOQ 10 ng
g ' (Table 4). The quantitative range for BEA was from 2.5 to
500 ng g ' and for FBs from 10 to 500 ng g ' (Table 4).
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Fig. 1 Multiple reaction monitoring (MRM) chromatograms of the re-
covery tests with each of the following mycotoxins added at 5.0 ng g
concentration in uninfected onion matrix: a fumonisin B3, b fumonisin
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The recovery tests were performed using two concentra-
tions of toxins, 5.0 ng g ' and 50 ng g, in uninfected onion
matrix with three replicates. The recoveries (%) obtained with
these two added concentrations are presented in Table 4 and
the MRM chromatograms for 5.0 ng g ' runs are shown in
Fig. 1. Results from the recovery test confirmed the LOQ for
MON (5.0 ng g "), which has no useful confirmation ion (Fig.
le). The largest quantitative range was achieved for BEA,
from 2.5 to 500 ng g .

Analysis of Onion Samples

The method developed in this study was used to analyze 18
samples of onions with FBR symptoms that had been found in
the harvest from the farmer’s fields in 2017 and from the field
trials in 2018. The onions harvested in 2017 had more severe
FBR symptoms than the onions in 2018. The symptomatic
tissues, showing gray discoloration and softening, and the
non-symptomatic tissues were analyzed separately for each
onion. The species-specific PCR tests, both the end-point
and real-time PCR, showed that all the tested symptomatic
onions were infected with F. oxysporum. In addition, three
of the onions harvested in 2018 were infected with
F. proliferatum, so these onions had a mixed infection with
two Fusarium species associated with FBR. High concentra-
tions of F. oxysporum DNA were detected not only in the
symptomatic tissues but also in the symptomless tissues of
the infected onions (Table 5). Due to the high variation be-
tween the samples, the difference in the amount of
F. oxysporum DNA in the symptomatic and symptomless tis-
sues was only marginally significant (p = 0.0958, paired ¢-test
run with R program). However, for the mycotoxins BEA and
MON, the difference between the symptomatic and

symptomless tissues was significant (Table 5). In the 2017
samples, quantifiable amounts of BEA were detected in seven
out of the eight symptomatic samples, at concentrations be-
tween 15 and 411 ng g ', and one sample contained a trace
amount of BEA. Of the symptomless samples, only three
contained a trace amount of BEA. Quantifiable amounts of
MON were detected in the symptomatic tissues of two onions
out of eight, at concentrations of 5 and 82 ng g ', and four
samples contained a trace amount of MON. In the 2018 sam-
ples, quantifiable amounts of BEA were detected in all the
symptomatic tissue samples, at concentrations between 13
and 752 ng g '. Quantifiable amounts of MON were detected
in seven out of the ten symptomatic samples, at concentrations
between 5 and 263 ng g ', and two samples contained a trace
amount of MON. Of the symptomless samples, six contained
MON at concentrations between 7 and 49 ng g ', and two had
trace amounts.

Comparison between the samples of symptomatic tissues
from the different years 2017 and 2018 showed that the aver-
age amounts of BEA were approximately at the same level,
despite the vast difference in the average amount of
F. oxysporum DNA detected. Spearman’s correlation test in-
cluding all the symptomatic tissue samples showed no signif-
icant correlation between the amount of F. oxysporum DNA
and the amount of BEA, whereas a significant correlation was
found among the samples from 2017, at the significance level
0.05 (r,=0.6667, N = 8, correlation test run with R program).
The amounts of MON were higher in 2018 than in 2017, de-
spite the smaller amounts of F. oxysporum. Especially, in the
symptomless tissues the average amount of MON was signif-
icantly higher in 2018 than in 2017 (p = 0.0185, two sample -
test run with R program). The amount of MON in the symp-
tomatic tissues showed a significant negative correlation with

Table 5 Summary of the results of Fusarium oxysporum detection and mycotoxin detection in symptomatic onions
Sample set Onion tissue ~ Fox:onion DNA ratio pg pg ' Beauvericin ng g ' Moniliformin ng g '
Median ~ Mean + SD* Median Mean = SD Median  Mean + SD
All (N =18) Symptomatic 24,980 1,166,072 + 3,634,068 144.0 197.8 £202.6 3.75 41.64 +83.27
Symptomless 85 3250 + 7042 1.00 1.31 £ 1.66 1.25 7.36 +13.59
Difference” Not significant (p > 0.05) Significant (p < 0.001) Significant (p = 0.0298)
2017 (N=8)  Symptomatic 553,333 2,587,125 + 5,283,246 128.0 179.8 £178.9 2.50 11.81 +£28.41
Symptomless 636 5004 + 9493 0.38 £0.52 0 0.31 +0.88
Difference Not significant (p > 0.05) Significant (p = 0.0125) Not significant (p > 0.05)
2018 (N =10) Symptomatic =~ 3884 29,230 £ 67,942 144.0 212.2+£228.2 6.50 65.50 £ 105.09
Symptomless 85 1846 + 4318 1.00 2.05+1.89 7.00 13.00 £16.40
Difference Not significant (p > 0.05) Significant (p = 0.0087) Not significant (p > 0.05)

48D, standard deviation

® The difference in means between the symptomatic and symptomless tissues of the onions was analyzed by paired ¢-test in R, at confidence level 0.95. In
the statistical analyses, LOD values (2.5 ng g ' for moniliformin and 1.0 ng g ' for beauvericin) were used for the trace (under LOQ) amounts of the

mycotoxins
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the amount of F. oxysporum DNA (Spearman’s correlation, 7;
=—0.4985, N = 18), due to the smaller amount of fungus and
higher amount of MON in the 2018 samples. However, when
viewing the samples from different years separately, the corre-
lations between the amount of the fungus and MON were not
significant. Because of the small number of samples in this
study, which was performed in order to test the new toxin
analysis method, these results are preliminary. It is possible,
however, that the amount of toxin production in F. oxysporum
varies between the different strains of the fungus and/or is
dependent on the environmental factors, and thus does not
directly reflect the amount of the fungus.

Three onions were found to contain F. proliferatum DNA at
relatively high levels, on average 4.66 ng ug ' onion DNA in
the symptomatic tissue. In two of these symptomatic samples,
FB, was detected, at concentrations 32 and 33 ng gfl, and trace
amounts of FB, and FB; were found in the same samples.
Only trace amounts of FBs were detected in the symptomless
tissues of the same onions, and the symptomless tissues also
contained less F. proliferatum DNA. No FBs were detected in
the samples that did not contain F. proliferatum, suggesting
that the FBs detected were produced by F. proliferatum and
that F. oxysporum did not produce these toxins in onion. These
results agree with the previous study by Waskiewicz and
Stepien (2012) showing that plant-derived F. proliferatum iso-
lates produced FBs in vitro, whereas these toxins were not
produced by F. oxysporum.

Conclusions

In this study, a new method based on MRM UHPLC-MS/MS
technique was developed and validated for onion matrix for
detection of multiple mycotoxins produced by Fusarium spe-
cies. Fumonisins B;, B,, and B; (FB;, FB, and FBj),
beauvericin (BEA), and moniliformin (MON), the main my-
cotoxins produced by F. oxysporum and F. proliferatum, were
detected and quantified. Samples were prepared from the
fined onion tissues using methanol:water (3:1) extraction with
magnetic stirring, and no cleanup was needed prior to analy-
sis. FBs and BEA could be determined directly from the fil-
tered sample extracts, whereas detection of MON required
sample concentration. Internal standard '*C-FB; was used to
identify and quantify the target mycotoxins, and the limit of
quantification was from 2.5 to 10 ng g ' in onion matrix. The
method was successfully employed for the analysis of myco-
toxins in harvested onions that were naturally infected with
F. oxysporum and F. proliferatum and showed FBR symp-
toms. In the onions infected with F. oxysporum but not with
F. proliferatum, only MON and BEA were detected. In the
onions with mixed infection with both F. oxysporum and
F. proliferatum, fumonisins were detected in addition to
MON and BEA. The quantifiable amounts of toxins were
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mostly found in the symptomatic tissues of the infected on-
ions. However, MON was also detected in some of the symp-
tomless tissues, which raises the question of food safety in
case of those Fusarium-infected onions that do not yet display
disease symptoms.
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