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ARTICLE INFO ABSTRACT

Keywords: Fusarium proliferatum is a toxigenic filamentous fungus that produces the harmful mycotoxins fumonisins, con-

MYCoFexins A taminates worldwide a broad range of crops whose products are staple food, and consequently, poses a serious

1;/[ martl)uT proliferatum threat to both human and livestock health. However, metabolomic insights into its broader secondary meta-
etabolomics

bolism remain limited. In this study, liquid chromatography—traveling wave ion mobility spectrometry—high-
; resolution mass spectrometry (LC—TWIMS—HRMS), combined with feature-based molecular networking
Feature-based molecular networking K A . .
Ton mobility (FBMN), was used to map F. proliferatum secondary metabolism. As a result, 111 metabolites were tentatively
ccs identified, including fumonisins their modified forms (i.e. hydrolysed, acylated, and bound derivatives), beau-
vericins, and other toxic metabolites, many of which are not routinely monitored, despite their putative toxi-
cological significance. Among them, N-(deoxy-D-fructos-1-yl)-FB4 and two fumonisin A4 isomers are herein
reported for the first time. Furthermore, the T™WeeSys values of the F. proliferatum metabolites were experi-

High-resolution mass spectrometry

mentally determined, showing structural trends, and providing a valuable reference for future studies.

1. Introduction

Natural toxins are among the main causes of foodborne illnesses,
globally compromising food safety and security (World Health Organi-
zation, 2015). Specifically, mycotoxins are low-molecular-weight sec-
ondary metabolites produced by toxigenic filamentous fungi (e.g.
Alternaria, Aspergillus, Fusarium, or Penicillium spp.) in a wide range of
food commodities at both pre- and post-harvest stages of the food chain.
These compounds pose significant health risks upon consumption,
ranging from acute toxicity to chronic effects such as nephrotoxicity,
hormonal and reproductive disruption, developmental block, and even
cancer (Goessens et al., 2024). As a result, authorities in several coun-
tries have established regulatory limits to control their presence in
foodstuffs (Food and Drug Administration, 2000; The Commission of the
European Communities, 2006).

Fusarium proliferatum is a toxigenic species of the genus Fusarium,
belonging to Fusarium fujikuroi species complex (FFSC) (Munkvold et al.,
2021). It is globally distributed and can infect a vast variety of hosts,
including maize, rice, garlic, date palm, pine, and sugar cane (Proctor
et al., 2010). Together with phylogenetically close F. verticillioides, this
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species is one of the most well-known producers of fumonisins, of which
several structural analogues belonging to the A, B, C, and P series have
been reported to date (Anumudu et al., 2025). Moreover, fumonisins are
among the most widespread, hazardous, and therefore highly regulated
mycotoxins. In particular, fumonisin B1 (FB1) is currently classified by
the International Agency for Research on Cancer (IARC) as a Group 2
carcinogen in humans (World Health Organization. International
Agency for Research on Cancer, 2002) and has been associated with an
increased incidence of oesophageal and liver cancers (Yu et al., 2021).
Therefore, within this context, fumonisins are of major concern in food
systems due to their frequent occurrence not only in staple foods (such as
cereal-based commodities) but also in a broad range of other food
products, including fruits and vegetables, leading to widespread expo-
sure (Li et al., 2024).

Additionally, F. proliferatum also synthesises other toxic metabolites
(e.g. beauvericins, moniliformin, fusarins) along with a wide array of
structurally distinct secondary metabolite families (e.g. bikaverins,
prolipyrones) (Munkvold et al., 2021; Niehaus et al., 2016). The pro-
duction of these toxic metabolites, combined with its notable adapt-
ability, make this species one of the most important causes of
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agricultural economic losses, a threat to food safety, and particularly
critical to control in the current climate change scenario. In fact, a newly
published study by Tagyan et al. (Tagyan et al., 2025) assesses how
future global warming and high-emission scenarios could expand the
range of F. proliferatum infections into new geographical regions, espe-
cially in temperate areas of the Northern Hemisphere, with major im-
plications for global food safety.

Nevertheless, metabolomic insights into its secondary metabolism
remain limited, and several compounds — even those related to fumo-
nisins and other toxins' metabolism — are still unknown or uncharac-
terised. The main reason to this is that, in general, most studies on the
metabolism of toxigenic filamentous fungi have focused on evaluating
the production of their major mycotoxins through targeted liquid
chromatography coupled to mass spectrometry (LC—MS) (Shi et al.,
2017), thereby overlooking key insights into the fungal biology, the
discovery of novel compounds, and their implications for food safety.
Understanding the metabolism of these organisms and exploring their
chemical diversity is both crucial and increasingly urgent — not only for
monitoring mycotoxin contamination, but also for assessing how climate
change may influence their biosynthesis — with the aim of developing
effective surveillance strategies, while potentially identifying novel
metabolites of technological interest.

In this context, liquid chromatography coupled to high-resolution
mass spectrometry (LC—HRMS) — sometimes also combined with ion
mobility spectrometry (IMS) — is an excellent instrumental platform for
comprehensively expanding the coverage of fungal secondary metabo-
lites, providing a broader and more detailed snapshot. Its high resolving
power, great selectivity and sensitivity, and ability to provide structural
information enable the tentative identification of both known and un-
known compounds for which analytical standards are not available
(Righetti et al., 2016). However, to date, few studies have exploited the
potential of LC—HRMS to explore the metabolome of toxigenic fila-
mentous fungi. For instance, Molnar et al. pointed out the metabolomic
differences between Alternaria alternata and Alternaria arborescens, two
of the most occurring species of Alternaria genus in wheat, through a
non-targeted approach, identifying eight Alternaria mycotoxins (Molnar
et al., 2023).

Furthermore, the use of non-targeted LC—HRMS data analysis
methods, such as feature-based molecular networking (FBMN), which
connects metabolites based on structural similarities, has enhanced the
exploration and annotation of unknown molecules (Nothias et al.,
2020). In this line, although FBMN has gained popularity in the plant
metabolomics field (Damiani et al., 2025), its application within the
mycotoxin research domain has so far been limited. Thus, FBMN is of
particular interest in the fungal metabolomics field, as it facilitates the
discovery of potential novel mycotoxin analogues whose parent com-
pounds are already known, while providing structural context that en-
hances annotation confidence. Moreover, it also offers an effective way
to prioritise metabolites of interest in non-targeted analyses. As an
example, Witte et al. used FBMN to find dehydrocurvularin analogues
produced by different Alternaria isolates (Witte et al., 2022).

To our knowledge, such comprehensive approach has not yet been
applied with a specific focus on F. proliferatum secondary metabolism
nor other Fusarium species. Therefore, the present study aimed to
establish an analytical workflow based on a liquid chromatography—-
traveling wave ion mobility spectrometry—high-resolution mass spec-
trometry (LC—TWIMS—HRMS) platform to decipher and map the
secondary metabolism of F. proliferatum. In particular, it focused on: i)
the reliable identification of the main F. proliferatum mycotoxins and
other related relevant metabolites through targeted and suspect analysis
using an in-house database; ii) the use of FBMN to enhance the molec-
ular coverage of uncharacterized structurally related metabolites
following a non-targeted approach; and iii) building a TWIMS-derived
collision cross section (TWCCSNZ) database for the identified compounds.
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2. Materials and methods
2.1. Reagents and solutions

Purified water was obtained using a Milli-Q system (Millipore Cor-
poration, Bedford, MA, USA). LC—MS grade water and methanol, as well
as ammonium acetate and acetic acid (99.99 %), were supplied by
Merck (Darmstadt, Germany). Methyl tert-butyl ether (MTBE) was from
Carlo Erba (Milan, Italy).

The analytical standards used for identity confirmation were pur-
chased from Romer Labs (Tulln) and consisted of FB1, FB2, FB3, and
BEA.

2.2. Fusarium proliferatum strains and culture conditions

Thirteen F. proliferatum strains were included (ITEM18597,
ITEM18601, ITEM18592, ITEM18611, ITEM18617, ITEM18640,
ITEM18584, ITEM18621, ITEM18612, ITEM18596, ITEM18604,
ITEM18605, ITEM18609, ITEM18620), aiming to represent the diverse
FB1 production of this species on a single host, based on a previous study
(Rabaaoui et al., 2021).

The strains were originally isolated on date palm (Phoenix dactyli-
fera) in Tunisia, and subsequently molecularly identified and preserved
in the CNR-ISPA-ITEM, Agri-food Microbial Collection of the Institute of
Sciences of Food Production of the National Research Council in Bari
(Institute of Sciences of Food Production, 2025). Strains isolated from
the same geographical area and host plant were selected to minimize
possible metabolic differences associated with these variables. For each
strain, five mycelium plugs (4 mm), collected from the margin of
actively growing colonies, were used to inoculate flasks containing 30 g
of rice, previously hydrated to 45 % moisture with distilled water, and
autoclaved at 121 °C for 30 min. Samples were cultivated in triplicate
and incubated in the dark at 25 °C for 21 days. Rice cultures were then
dried at 65 °C for 2 days. Not inoculated rice treated in the same way was
used as negative control.

Rice was selected as the culture substrate because it provides a
favourable C/N ratio for secondary metabolite production, as well as
homogeneous water activity and temperature. Moreover, it exhibits
minimal background contamination and noise and is commonly used in
Fusarium research, facilitating comparability with existing literature
(Rabaaoui et al., 2021).

2.3. Sample preparation and analysis

Rice samples were finely ground using the A10 basic bench-top lab
mill from IKA (Staufen im Breisgau, Germany). Aliquots (25 mg) of the
powder were then treated following the Salem et al. protocol (Salem
et al., 2016), which consists of a biphasic solid-liquid extraction (SLE)
using MTBE:methanol (3:1, v/v) and water:methanol (3:1, v/v) as the
apolar and polar solutions, respectively. Briefly, after orbital shaking
(HS 501 horizontal shaker, IKA), sonication (VWR ultrasonic cleaner,
VWR International, Milan, Italy), and centrifugation (5810R centrifuge,
Eppendorf, Hamburg, Germany), 400 pL of the polar phase were
transferred into an Eppendorf vial and dried in a CentriVap centrifugal
concentrator (Labconco, Kansas City, MO, USA). Each concentrated
sample was finally re-suspended in a final volume of 200 pL methanol:
water solution (1:1, v/v) and stored at —20 °C in small volume glass
injection vials until analysis.

Regarding sample analysis, three main strategies were employed to
assess instrumental performance and ensure the quality of the
LC—TWIMS—HRMS data. First, randomization of the sample analysis
order to minimize systematic bias. Second, use of a solvent blank sam-
ple, composed of the reconstitution mix, to monitor the background
noise and control carryover. Third, preparation of a quality control (QC)
sample by mixing equal aliquots of all the analysed samples to detect
and correct potential instrumental drifts. Both solvent blank and QC
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samples were periodically injected throughout the injection sequence.
2.4. Instrumentation

The LC was performed using an ACQUITY UPLC I-Class separation
system (Waters, Wilmslow, UK). The chromatographic separation was
conducted on an Acquity BEH Cyg column (100 mm x 2.1 mm, 1.7 pm
particle size) (Waters, Wilmslow, UK), using a mobile phase composed
of a 1 mM ammonium acetate aqueous solution (solvent A) and meth-
anol (solvent B), both acidified with 0.5 % (v/v) of acetic acid. The
following multistep elution gradient program, adapted and modified
from a previous study (Righetti et al., 2020), was applied: 0-1.0 min,
isocratic elution at 5 % solvent B; 1.0-5.0 min, linear gradient up to 40
% B; 5.0-14.0, further increase to 95 % B; 14.0-15.0, isocratic elution at
95 %. Finally, initial conditions were set in 0.5 min and kept over 3.5
min for system re-equilibration. Overall, the proposed elution gradient
resulted in an analysis time of 19 min. The column was maintained at
35 °C and the mobile phase flow rate was 0.3 mL-min .

The chromatographic system was coupled to a Vion IMS-QTOF mass
spectrometer (Waters, Wilmslow, UK) through a heated-electrospray
ionisation (H-ESI) source, operated both in positive and negative
modes. In this regard, each sample was injected twice to acquire data in
both positive and negative ESI modes. Table S1 summarizes the estab-
lished H-ESI parameters. For HRMS detection, the mass spectrometer
operated using the sensitivity analyser mode and the high definition MSE
(HDMSE) acquisition mode. Specifically, the HDMSE combines full-scan
MS and data independent acquisition (DIA) modes (m/z 50-1000),
applying 5 V and a ramp from 27 to 45 V of collision energy, respec-
tively. Furthermore, TWIMS was performed with a nitrogen flow rate of
25 mL-min~}, and wave velocity and height of 300 m-s~* and 15 V,
respectively.

The Vion IMS-QTOF system was calibrated using the Major Mix IMS/
ToF Calibration Kit (Waters, Wilmslow, UK) for both positive and
negative modes, covering an approximate m/z range from 150 to 2000
and A2 range from 130 to 370. Additional details regarding the prepa-
ration of the CCS calibration solution, its composition, and the calibra-
tion procedure have been previously described by Aparicio-Muriana
et al. (Aparicio-Muriana et al., 2023). In addition, leucine-enkephalin
was infused at 10 pL-min~! as the LockSpray solution (200 pg-pL %)
for real-time m/z and CCS correction.

Samples were maintained at a constant temperature of 10 °C and a
fixed injection volume (2 pL) of each sample was set for the analysis.

2.5. Data analysis

The UNIFI software (Waters, Manchester, UK) was used to control
the LC—TWIMS—HRMS system and to acquire and process the data.
Targeted and suspect analyses were performed in two consecutive steps:
i) creation of a targeted and suspect compound list and ii) peak identi-
fication. The in-house list (see Table S2) comprised 51 mycotoxins (for
which analytical standards were available) and 153 suspect compounds,
consisting of secondary metabolites associated with the Fusarium genus,
most of which are specific to the F. proliferatum species. Suspect me-
tabolites were selected from online resources such as NPAtlas (Poynton
et al., 2025) and MicotoXilico (Tolosa et al., 2023). Peak identification
was carried out by the Metabolomics Standard Initiative guidelines
(Schymanski et al., 2014). Both ESI positive — [M]T, [M+H]™,
[M+Na] ", [M+K]", [M+NH4]* — and negative — [M-H]~, [M+CI]",
[M+CH3COOH-H] ™ — adduct forms were considered. The established
acceptance criteria for HRMS identifications included mass error < 5
ppm, isotopic pattern fit > 80 % (isotope match error < 20 %), and MS?
spectral similarity. For targeted compounds, experimental MS? data
were compared with those of the analytical standards. Instead, for sus-
pect metabolites, identification relied on literature data (Arndt et al.,
2015; Bartok et al., 2006, 2010, 2013; Dall'Asta et al., 2008; Gasser
et al., 2023; Kleigrewe et al., 2011; Matsuo et al., 2015; Seefelder et al.,
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2001; Seiferlein et al., 2007; Selegato et al., 2023; Urbaniak et al., 2019),
public databases — mzCloud (HighChem LLC, Bratislava, Slovakia) and
MassBank (Horai et al., 2010) —, or the in-silico fragmentation using
MetFrag software (Wolf et al., 2010). Additionally, the identification of
the targeted metabolites included the agreement on retention time (<
0.1 min) and TWCCSNZ (< 2 %) compared to the analytical standard.

The LC—TWIMS—HRMS data were also processed through a non-
targeted approach using the Progenesis QI software (Waters, Man-
chester, UK). Thus, retention time alignment was first performed over
the 0-15 min range. Peak picking was then carried out using the
‘Sensitivity’ algorithm with a minimum peak width of 0.05 min. More-
over, a 5 % base-peak-intensity cutoff was applied to filter out low-
intensity fragments generated in HDMSE mode. Finally, peak deconvo-
lution was performed. The data were exported — ‘.csv’ file containing
feature intensities in each sample and ‘.msp’ file with the MS/MS spectra
— and subsequently handled with the GNPS2 environment for FBMN
(Nothias et al., 2020) and Cytoscape 3.10.3 (Shannon et al., 2003) for
network visualisation. For the creation of the molecular network, the
precursor and fragment ion tolerances were both set at 0.02 Da. More-
over, edges between nodes indicated a cosine score above 0.7 and more
than 4 matched fragments.

3. Results and discussion

A total of thirteen F. proliferatum strains inoculated in triplicate in
rice were analysed by LC—TWIMS—HRMS. As an example, Fig. S1 de-
picts the total ion current (TIC) chromatograms obtained in positive and
negative ESI modes for the QC, ITEM18592, and ITEM18621 samples.
The analysis enabled the tentative identification of 111 F. proliferatum
secondary metabolites: 103 were identified using the targeted and sus-
pect approach, and 8 were identified through the non-targeted strategy.
Table S3 summarizes the identified metabolites, providing several pa-
rameters related to their LC and HRMS acquisition. Overall, 4 com-
pounds were annotated with identification confidence level 1, 37 at
level 2, 67 at level 3, and 3 at level 4. Moreover, most of the evaluated
metabolites were better ionised in positive ESI mode, with the proton-
ated form [M+H]" being the most predominant adduct. Notably, only
three compounds — i.e. fusarubin, prolipyrone A, and siccanol —
exhibited better ionisation efficiency in negative ESI mode.

Fig. 1 depicts a pie chart categorising the identified F. proliferatum
metabolites. Fumonisins were the predominant annotated class, ac-
counting for 77.5 % of the total compounds described in this study.
Beauvericins represented 9 %, bikaverins 4.5 %, and the remaining 9 %
consisted of other secondary metabolites, spanning various chemical
families.

3.1. Targeted and suspect analysis

As previously mentioned, most of the herein reported F. proliferatum
metabolites (Table S3) were tentatively identified through targeted and
suspect LC—TWIMS—HRMS analysis. The present section aims to pro-
vide a general outlook into the different chemical groups found.

3.1.1. Fumonisins

Numerous fumonisin analogues, including related structural iso-
mers, were identified, representing all the major structural series
described in the literature and produced by F. proliferatum. As expected,
the most prevalent compounds corresponded to fumonisins belonging to
the B-series (FBs), characterised by a C18 polyketide backbone, pro-
duced by a polyketide synthase (PKS) enzyme, and functionalised with
two tricarballylic esters and an amino group derived from alanine.
Fumonisin B1 (FB1), B2 (FB2), and B3 (FB3) were identified through
targeted analysis using their analytical standards, serving as reference
for RT, fragmentation patterns, and CCS to aid in the detection of
additional fumonisin B analogues and isomers.

Instead, fumonisin B4 (FB4) and B5 (FB5) were screened by suspect
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5 Bikaverins

10 Beauvericins (BEAs)

10 Other secondary
metabolites

1 Fumonisin P

2 FCs modified forms

7 Fumonisins C (FCs)

6 FAs modified forms

13 Fumonisins A (FAs)
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18 Fumonisins B(FBs)

28 FBs modified forms

4 FBs intermediates
7 Acyl FBs

Fig. 1. Pie chart showing the different groups of metabolites tentatively identified in rice inoculated with Fusarium proliferatum.

analysis. Fig. S2 shows the HDMSE fragmentation spectra that allowed
the tentative identification of the major FBs. Interestingly, FB5 — an
analogue structurally characterised by a hexahydroxyalkyl backbone —
presented the highest number of isomers (10 in total) in our samples,
consistent with prior observation in a F. verticillioides-inoculated rice
culture (Bartok et al., 2013). Nevertheless, FB5 is a rarely reported
fumonisin analogue, and its toxicological relevance is still poorly un-
derstood (Bartok et al., 2006; Musser & Plattner, 1997). Moreover, while
FB1 and FB2 are known to be biosynthesised from FB3 and FB4,
respectively, via enzymatic conversion by the dioxygenase FUMS3
(Butchko et al., 2006), the biosynthesis of FB5 remains unclear.

Additionally, the suspect approach also enabled the tentative iden-
tification of isomers of 2-amino-14,15-dihydroxy-12,16-dimethylcosan-
3-one and 2-amino-12,16-dimethylicosane-3,4,15-triol. Along with
hydrolysed FB3, these are two FB1 and FB2 pathway intermediates and,
therefore, their annotation could be of interest for future pathway
analysis studies.

A-series fumonisins (FAs) were also produced by the F. proliferatum
strains analysed in this study. In particular, fumonisin Al (FA1) with
seven isomers, fumonisin A2 (FA2) with one isomer, and fumonisin A3
(FA3) were detected. Fig. S3 displays the HDMS® fragmentation spectra
that enabled their tentative identification. These analogues share the
same backbone as FBs but are acetylated at the amino group (Tamura
et al., 2014). C-series analogues — fumonisin C1 (FC1), C2 (FC2), C3
(FC3), and C4 (FC4) — along with several of their isomers, were also
annotated (see HDMSE fragmentation data in Fig. $4). Structurally, these
compounds lack the terminal C1 methyl groups. Besides, they are
hypothesised to be produced in place of FB1 or FB2 from the alternative
expression of a fum8 orthologue gene (Proctor et al., 2008). The pro-
duction of these analogues was expected, as they have often been re-
ported in various Fusarium species, specifically F. proliferatum (Lazzaro
et al., 2013; Musser et al., 1995). Finally, fumonisin P1 (FP1) was the
only member of the P-series detected. Fig. S5 contains the HDMSE
fragmentation spectrum that allowed its tentative annotation.

In summary, what primarily differentiates fumonisin analogues is
their toxicity, which is strictly dependent on their structure. For
example, while FCs are about as toxic as B-series fumonisins, FP1 ap-
pears to be less toxic to plants and mammalian cells. This reduced
toxicity has been attributed to the replacement of the amino group with
a 3-hydroxy-pyridine moiety (Abbas et al., 1998). Still, more toxico-
logical data are needed, especially for the less-investigated analogues, to
assess their risk better and develop potential detoxification strategies.

3.1.2. Fumonisin modified forms

In addition to the fumonisin analogues mentioned above,
LC—TWIMS—HRMS enabled the tentative identification of 43 structur-
ally modified forms (mainly from the B-series) such as hydrolysed,
bound, acylated, or deaminated derivatives. These compounds are
commonly referred to as ‘masked mycotoxins’, as their chemical dif-
ferences from the parent forms often lead to escape detection. However,
they may exert synergistic toxic effects in conjunction with their parent
forms (Berthiller et al., 2015). In this regard, their inclusion in food
safety assessments has been emphasised by the European Food Safety
Authority (EFSA) (Knutsen et al., 2018; Nielsen et al., 2018), which also
highlighted the need for additional exposure and toxicity data.

In this study, 11 hydrolysed fumonisins (HF) and 13 partially
hydrolysed fumonisins (PHF) were annotated across the B-, A-, and C-
series. In the B-series, while HFBs lack both tricarballylic side chains,
PHFBs retain one resulting in differences in polarity and interactions
with ceramide synthase involved in their toxicity (Renaud et al., 2021).
For example, HFB1 exhibits lower affinity for ceramide synthase, yet it
still disrupts sphingolipid metabolism to a certain extent (Dellafiora
et al., 2018).

HF and PHF formation is often attributed to alkali treatments, usu-
ally related to food processing, but can also occur upon biotransforma-
tion by the gut microbiota, especially in pigs and poultry (Antonissen
et al., 2020). Nonetheless, HFB3 is also a biosynthetic intermediate in
the fumonisin pathway, produced by the FUM2 enzyme through hy-
droxylation at the C-10 position of the aforementioned 2-amino-12,16-
dimethylicosane-3,4,15-triol (Kolawole et al., 2021).

Suspect screening also revealed the presence of bound fumonisins.
For instance, F. proliferatum strains produced several isomers of N-
(deoxy-D-fructos-1-yl1)-FBs and N-(carboxymethyl)-FBs. These metabo-
lites have been described as Maillard reaction products formed during
processing (Seefelder et al., 2001) and have not previously been re-
ported as fungal metabolic products. Some of these compounds may
have formed via the Maillard reaction of the parent fumonisins during
sample handling, as the rice cultures were subjected to a two-day drying
treatment at 65 °C.

Collectively, these FBs modified forms (e.g., HFB, PHFB, N-(deoxy-D-
fructos-1-yl1)-FBs, or N-(carboxymethyl)-FBs) have been described as
“chemically modified” mycotoxins formed during food processing
(Rychlik et al., 2014). Their presence in the analysed samples warrants
further investigation, as their origin remains unclear. Any endogenous
fungal production should be confirmed using genomic or transcriptomic
analyses of the same samples. Regardless of their origin, our method
provided data on compounds that may co-occur with the parent
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fumonisins and other toxic species in food, potentially contributing to a
cumulative exposure or “cocktail” effect for consumers.

Likewise, seven fatty acid conjugated fumonisins — among which O-
linoleoyl, O-palmitoyl, and O-oleoyl bound forms of FB1 — were
tentatively identified. Their detection is consistent with previous reports
in F. verticillioides cultures on maize-based substrates (Falavigna et al.,
2016). The identification of the O-acylated FBs is of particular impor-
tance since emerging evidence indicates that some of these lipophilic
derivatives form highly stable complexes with human serum albumin
(HSA) and exhibit enhanced in vivo toxicity. Specifically, Csenki et al.
found that 5-O-palmitoyl-FB1 strongly interacted with HSA, inducing
severe developmental defects, teratogenic effects, and up to 30 % mor-
tality in zebrafish embryos after 24 h exposure at a 200 uM concentra-
tion (Csenki et al., 2023). The concomitant presence of the O-acylated
forms of different B-series fumonisins (e.g. O-palmitoyl, O-linoleoyl, or
O-oleoyl FB2/B3 isomers) in F. proliferatum cultures — whether formed
by interaction with the lipid composition of the rice substrate or by
fungal metabolism — raises new questions regarding their toxicity, co-
occurrence relevance, and associated risks to human health.

Finally, fumonisin Py2 (FPy2) and Py4 (FPy4), the deaminated forms
of FB2 and FB4 respectively, were also annotated. These forms show a
reduced toxicological activity compared to FBs due to the loss of the
amine moiety (Renaud et al., 2021). Several studies have focused on
characterising the enzyme responsible for their formation, as part of
enzymatic detoxification strategies purposes (Burgess et al., 2016;
Garnham et al., 2020). To date, both molecules have only been reported
in Aspergillus welwitschiae and A. niger but not in Fusarium species, in
which such an enzymatic activity still remains undetected. The presence
of FPy2 and FPy4 in the analysed samples warrants further investiga-
tion. It is not clear whether these forms are produced by F. proliferatum
through uncharacterised enzymatic activities analogous to those re-
ported in the two Aspergillus species, or whether they merely represent
abiotic derivatives of the parent toxin. More in-depth studies integrating
genomic and transcriptomic data may be required to clarify this point.

3.1.3. Beauvericins

Beauvericin (BEA) was identified at the identification confidence
level 1, using its analytical standard. In addition, seven of its analogues
were annotated through suspect analysis. BEAs are non-ribosomal hex-
acyclic depsipeptides, composed of three alternating D-2-hydrox-
yisovaleric acid and three N-methyl-L-amino acid residues. All the
above-mentioned BEA analogues — except for beauvenniatin A —
have been previously reported in F. proliferatum strains (Galvez et al.,
2017; Logrieco & Moretti, 1995; Urbaniak et al., 2020; T. Zhang et al.,
2013). Beauvenniatin A, however, may be of particular interest for
investigating novel non-ribosomal peptide synthase (NRPS) enzymatic
activities in this species.

Interestingly, the name beauvericin K has been associated with
compounds with different molecular formulas in previous studies:
C42Hs59N309 and Cys5Hs7N3077 (Urbaniak et al., 2019; Xu et al., 2016).
Herein, we indicate these metabolites as beauvercin K and beauvericin
K/, respectively, based on the date of publication. This fact highlights the
complexity of identifying this class of compounds and indicates the need
to explore further and resolve the structures of BEA analogues.

Indeed, BEAs, together with enniatins, beauvenniatins, and mon-
iliformin, are considered ‘emerging’ mycotoxins and still lack regulatory
limits, further toxicological investigations are warranted. A very recent
EFSA opinion addressed BEA genotoxicity, but comprehensive risk as-
sessments remain incomplete (Knutsen et al., 2024).

3.1.4. Bikaverins

Five bikaverin-related metabolites were detected and annotated in
this study. Bikaverin is a polyketide pigment commonly reported in
F. oxysporum and members of the F. fujikuroi species complex (Lale &
Gadre, 2016; Limon et al., 2010; Santos et al., 2020). Once regarded
solely as a mycotoxin, bikaverin has since shown diverse biological

Food Chemistry 503 (2026) 147793

activities, including pathogenic effects on plants, antibiotic activity
against various microorganisms, and even antitumoral properties
(Deshmukh et al., 2014; Lu et al., 2025), prompting growing interest in
its biotechnological applications.

Notably, transcripitional factors affecting both bikaverin and fumo-
nisin biosynthesis suggest regulatory cross-talk between their pathways
(Lazzaro et al., 2012). For instance, recently, CRISPR-Cas9-mediated
deletion of bikaverin biosynthetic genes impacted the production of
other polyketide metabolites, likely through modulation of acetyl-CoA
pools (Huang et al., 2025). The annotation of biosynthetic in-
termediates in this study could inform future research into these regu-
latory mechanisms.

3.1.5. Other secondary metabolites

Finally, in addition to the major classes described above, several
metabolites were identified, belonging to diverse chemical families and
not falling under the fumonisins, beauvericins, or bikaverins. Thus, they
are here classified as ‘other secondary metabolites’. In detail, these
compounds include prolipyrone A and B, gibepyrone D, fusarubin, sic-
canol, fusaproliferin, three isomers of fusarin C, and sambutoxin.

Fusarin C and fusaproliferin are toxic fungal metabolites classified
among the so-called ‘emerging mycotoxins’ (Jestoi, 2008). These com-
pounds have been previously reported in F. proliferatum and other
Fusarium spp. (Cerani¢ et al., 2021; Jaji¢ et al., 2019; Moretti et al.,
1996). Siccanol, also referred to as terpestacin, is a fusaproliferin-
derived metabolite with reported phytotoxic and antimicrobial proper-
ties (Chan & Jamison, 2004). Sambutoxin, a seldom-reported tetrahy-
drofuran derivative originally isolated from F. sambucinum, has
demonstrated cytotoxic and hemorrhagic effects (Abbas et al., 2001).
While being recently reported in cultures of F. avenaceum, (Witte et al.,
2024), to our knowledge, data on sambutoxin production in
F. proliferatum are missing.

3.2. Feature-based molecular networking (FBMN) analysis

Furthermore, non-targeted analysis was also performed to detect and
identify unconsidered or unknown metabolites structurally related to
those found via the targeted and suspect approaches. To that end, FBMN,
which connects molecules based on similarities in their fragmentation
data, was performed on the 4739 features derived from the ESI positive
LC—TWIMS—HRMS raw data after processing with Progenesis QI (Wa-
ters, Manchester, UK). As a result, Fig. S6 shows the obtained global
molecular network.

It is important to note that the HDMSE acquisition method was
selected because, as a DIA mode, it enables fragmentation of all ions
within a specific m/z range, including low-abundance metabolites.
Furthermore, the additional TWIMS dimension enhances the MS?
spectral quality through ion mobility filtering, thereby improving
fragment-to-precursor assignment. However, coeluting species with
similar mobility may inevitably interfere; therefore, several steps were
implemented when dealing with the resulting MNs to address this issue.

As an example, Fig. S7 provides a schematic illustration of the steps
followed to detect the unknown fumonisin- and beauvericin-related
metabolites. First, the metabolites identified through the targeted and
suspect approaches were mapped onto the global molecular network.
Particular attention was then directed to the MNs that contained them.
Second, nodes were grouped based on their retention time (RT),
revealing the presence of several coeluting ions, which could correspond
to the same molecular feature or to interferences resulting from the use
of DIA mode. Third, node size was scaled according to their relative
intensity compared to the coeluting ions, with the aim of identifying the
precursor ion in each case. Moreover, each node was represented as a pie
chart based on its abundance across the various FB1 production groups
(FB producer, low-producer, and non-producer), although the chemical
and biological interpretation of these results falls beyond the scope of
the present study. Finally, tentative annotation of the unidentified nodes
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was carried out using UNIFI (Waters, Manchester, UK), MetFrag (Wolf
et al., 2010), and literature resources.

Fig. 2 depicts the three main MNs were the already identified
F. proliferatum metabolites were clustered. Among them, two (MN1 and
MN2) were related to fumonisins and one to beauvericins (MN3). For
instance, MN1 was made up of 60 nodes and contained six identified
fumonisins such as fumonisin B1, fumonisin B2, and N-(deoxy-D-fructos-
1-y1)-FB1, among others. Unidentified metabolites in MN1 included m/z
890.4346 [M+Na]® (RT 10.22 min), 890.4345 [M+Na]®™ (RT 10.95
min), and 874.4397 [M-+Na]™ (RT 11.55 min), and were putatively
annotated as N-(deoxy-D-fructos-1-yl)-FB3, N-(deoxy-D-fructos-1-yl)-
FB2, and N-(deoxy-D-fructos-1-yl)-FB4, respectively. In this regard,
while the existence of the formers had been previously reported in corn
by Matsuo et al. (Matsuo et al., 2015), this is the first time that N-(deoxy-
D-fructos-1-yl)-FB4 is detected to our knowledge. Its HDMSE fragmen-
tation spectrum is reported in Fig. S8. Instead, only the molecular for-
mula could be assigned to m/z 812.4022 [M+Na]™ (RT 10.30 min),
referred as Unknown 1.

MN2 contained 72 nodes among which fumonisin B4, several A-se-
ries fumonisins (i.e. fumonisin A1 isomer, fumonisin A2, fumonisin A3),
and partially hydrolysed fumonisin A2/A3 isomer. The ion corre-
sponding to m/z 732.4179 [M+H]" (RT 12.55 min) was tentatively
identified as an isomer of fumonisin A4, being the first time that this A-
series fumonisin analogue is described. In addition, retrospective anal-
ysis allowed the annotation of another fumonisin A4 isomer at RT 11.84
min. Their HDMSE fragmentation spectra are displayed in Fig. S8.

Finally, 24 nodes constituted MN3, which contained beauvericin-
related metabolites. Aside from the beauvericin forms already identi-
fied through the suspect approach (beauvericin, beauvericin J,
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beauvericin J isomer, beauvericin A/F, and beauvericin K'), two un-
known metabolites were also observed in the network. In this regard,
Unknown 2 —m/z 792.3502 [M+Na] " (RT 12.29 min) — and Unknown
3 — m/z 785.4153 [M+H]" (RT 12.99 min) — were tentatively anno-
tated with the molecular formulas C49Hs5N30710S and C41Hs7N304S,
respectively. Interestingly, Selegato et al., who investigated the beau-
vericin production of F. oxysporum in Czapek broth using FBMN com-
bined with Mass Spec Query Language, previously observed Unknown 2
clustering within the same molecular network as other beauvericin an-
alogues. The authors hypothesised that this compound corresponded to
a beauvericin analogue containing a methionine sulfoxide residue
(Selegato et al., 2023).

3.3. Collision cross section (CCS) collection

It is well known that CCS has demonstrated to be an excellent
chemical descriptor to be used as an additional parameter in compound
identification, due to its matrix- and platform-independence (Celma
et al., 2024). Despite the availability of several databases and CCS pre-
diction tools, there is still very limited data, especially with regard to
fungal metabolites.

In this context, the experimental T™WeesSye values of the
F. proliferatum metabolites were collected, considering the adducts
observed in both positive and negative ionisation modes. Thus, Table S4
contains the TWCCSy, measurements obtained for the 111 F. proliferatum
metabolites identified, comprising a total of 382 ions. In particular, 272
ions — including 109 protonated, 93 sodium, 50 potassium, and 20
ammonium adducts — were found in the positive mode, covering a m/z
range from 195 to 991 and a CCS range from 142.80 to 334.77 AZ

[rns |
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Unknown 3
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CsHs;N30, "'s
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T
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C3oHssNOp

Fig. 2. Fumonisin- (MN1 and MN2) and beauvericin- (MN3) related molecular networks observed in the FBMN.
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Instead, 110 ions — 92 deprotonated, 6 chloride, and 12 acetate adducts
— were detected in the negative mode, covering a m/z range from 209 to
985 and a CCS range from 157.67 to 331.80 AZ Fig. 3 displays the
TWCCSyo vs. m/z for the protonated and deprotonated adducts identified
as F. proliferatum secondary metabolites.

It is noteworthy that the TWCCSye values were collected from all the
analysed samples in which the metabolites (and their corresponding
adducts) were detected, resulting in variability in their abundance and a
number of measurements (n) ranging from 5 to 52. As shown in
Table S4, all ions presented a repeatability RSD below 2 %, with 63.4 %
of them showing an RSD lower than 0.5 %, and 30.1 % with values
between 0.5 % and 1 %.

As previously mentioned, Fig. 3 displays the TWCGCSyy vs. m/z plots
for the protonated and deprotonated ions, detected in the positive and
negative ESI modes, respectively. In both cases, four distinct groups
were observed. First, fumonisin-related compounds (i.e. fumonisins,
their modified forms, and pathway intermediates), which constituted
the largest group of compounds, presented a strong correlation between
TWCCSyo and m/z for both protonated (r = 0.9923) and deprotonated
ions (r = 0.9870). Second, acyl fumonisins did not follow this trend,
exhibiting larger TWCCSy, values due to the addition of linear acyl
groups. Third, BEAs displayed higher T™WCCSy, values than several
fumonisin forms within a similar m/z range, which may be attributed to
the rigidity of their large macrocyclic ring structures. Finally, bikaverins
showed lower T"WCCSy, values compared to other metabolites and did
not align with any specific trend, possibly due to their cyclic and more
compact structure. Metabolites classified as ‘other secondary metabo-
lites’ could not be assigned to a specific trend due to the chemical di-
versity within this group.

Furthermore, of the 41 F. proliferatum metabolites identified at level
1 or 2 in the present study, the TWeCSyy, values for nine of them (i.e.
BEA, FB1, FB2, FB3, FB4, HFB1, HFB2, HFB3, and N-(deoxy-D-fructos-1-
yD-FB1) had been reported in previous studies, involving different
TWIMS platforms (Righetti et al., 2018, 2020). To verify the validity of
the acquired ™WCCSy. values, and as an additional step beyond system
calibration, these values were compared with those previously reported
in these studies. As a result, Table S5 contains the obtained CCS de-
viations (ACCS, %). In most cases, errors below the acceptable CCS
reproducibility threshold (+2 %) were obtained. In particular, 28 out of
32 ions presented a relative error below 2 %, with 25 of them exhibiting
errors below 1 %.

The [M+K]" adduct of fumonisin B4 was among the four ions with
ACCS >2 %, showing a slightly higher value of 2.09 %. The remaining
three ions corresponded to the [M-H]  ions of hydrolysed fumonisins
B1, B2, and B3, with ACCS equal to 4.93, 4.57, and 6.37 %, respectively.
Interestingly, ACCS below 0.52 % were observed when comparing the
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experimental TWCCSy, [M-H]™ values of these hydrolysed fumonisin
forms with their ™"WCCSyz [M+CH3COOH-H] ™ reference values. This
may be because these forms ionise predominantly as [M+CH3COOH-
H] ™, are subsequently separated by ion mobility, and then fragmented to
[M-H] ™ in the collision cell due to the low collision energy applied (5 V)
in full-scan MS mode. Therefore, although the [M-H] ions are detected
for these hydrolysed forms, the measured TWe Sy, values correspond to
their [M+CH3COOH-H] ™~ precursors.

Furthermore, CCS vs. m/z trendlines — typically observed for com-
pounds belonging to the same chemical family — have gained interest in
recent years for enhancing confidence in compound identification
(Celma, 2023; Schneiders et al., 2025). With this aim, three different
approaches were tested to evaluate the CCS vs. m/z trendline for
fumonisin-related compounds (see Fig. 3). Specifically, the approaches
involved generating the fumonisin trendline for [M+H]* and [M-H]~
using: i) previously existing experimental data (Righetti et al., 2018,
2020), ii) CCSbase predictions (Ross et al., 2020), and iii) AIICCS2 pre-
dictions (H. Zhang et al., 2023), and evaluating the fitness of our
experimental data. A + 3 % error margin was applied in each approach.
The reference CCS values for the eight fumonisin-related compounds
used in the first approach are listed in Table S5, whereas the predicted
CCS data from CCSbase and AlICCS2 are presented in Table S6.

On the one hand, Fig. 4 presents the results obtained for the ™WeeSye
[M+H]" vs. m/z fumonisin trendline. Satisfactory fitting was obtained
using the first approach, with most of the measured ™WCCSy, [M+H] ™
values being within the +3 % margins of the trendline built using
existing literature data. Moreover, although the two predictive tools are
trained using data from different ion mobility platforms (i.e., drift tube
and traveling wave ion mobility), the measured ™Weesy, [M+H]™ data
fit perfectly the +3 % thresholds established using the AIICCS2 pre-
dicted values, whereas a poor fit was observed with the CCSbase pre-
dictions. Indeed, the AIICCS2 predicted data offered the best
performance among the three tested strategies, likely due to the limited
amount of experimental data available in the literature and used in the
first approach. Both approaches enhanced fumonisin-related com-
pounds identification confidence.

On the other hand, Fig. S9 shows the results obtained for ™eesye
[M-H]~ vs. m/z fumonisin trendline. In this case, poorer trendline fitting
was observed across all three approaches. Remarkably, the goodness of
fit varied along the m/z range. Specifically, satisfactory fitting was
observed for metabolites with m/z above 650 using experimental liter-
ature data and CCSbase predicted values (AIICCS2 values did not pro-
vide a good fit in this range), while metabolites with m/z below 650
showed bad fit in all cases. As shown in Fig. S9, the ™eeSye [M-HI™
values of some low-m/z metabolites — particularly certain hydrolysed
and partially hydrolysed fumonisins — exceeded the upper limit of the
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Fig. 3. ™CCSys vs. m/z for the protonated and deprotonated ions identified as Fusarium proliferatum metabolites.
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three proposed strategies, suggesting a potential overestimation. This
observation is consistent with the aforementioned comparison of
TWeCSys values with previous studies. Indeed, these results support the
hypothesis that the detected [M-H] ™~ ions for some of these metabolites
originate in the collision cell from the [M+CH3COOH-H] ~ adduct due to
the low energy applied for the full-scan MS mode; consequently, the
measured TWCCSNg values correspond to their [M+CH3COOH-H] ™ pre-
cursors. The cases in which this may be occurring have been indicated in
Table S4.

In summary, although CCS values are highly dependent on both the
calibration mix and the instrumental system (further interplatform
validation is required), and despite the tentative nature of the identifi-
cation carried out, the TWIMS data provided in this study extend the
characterisation of F. proliferatum mycotoxins and modified forms and
could be used as reference in future studies. In this regard, the differing
performance of the predictive tools, depending on the adduct moni-
tored, for generating the CCS trendline highlights the need for experi-
mentally obtained CCS databases. For instance, the ™Weesy, vs. m/z
fumonisin trendline could be used in future studies not only to
strengthen the compound identification step but also as a potential tool
for feature prioritisation in non-targeted analysis.

4. Conclusions

A multi-approach-based analytical workflow was applied to map the
secondary metabolome of F. proliferatum, providing a broader perspec-
tive on its toxic potential. This strategy enabled the tentative identifi-
cation of 111 metabolites — comprising B-, A-, C-, and P-series
fumonisins, as well as hydrolysed, acylated, and bound derivatives —
many of which are not routinely monitored despite their putative toxi-
cological significance. Additionally, other secondary metabolite families
were also annotated, including beauvericins, bikaverins, and other
emerging toxins, such as fusarin C and fusaproliferin.

The use of FBMN enabled the clustering of structurally related me-
tabolites and facilitated the annotation of previously unreported fumo-
nisin and analogues. In particular, N-(deoxy-D-fructos-1-yl)-FB4 and
two isomers of fumonisin A4 were herein reported for the first time.
Additionally, the construction of a TWeeSy, database adds a valuable
dimension for future metabolite identification, especially for those
lacking analytical standard.

The detection of such a wide array of structurally diverse forms
underlines the importance of monitoring a broader range of toxins when
F. proliferatum contamination is suspected. Coupling these data with
genomics or transcriptomics insights could be key to resolving funda-
mental aspects of this species' metabolism, from uncharacterised enzy-
matic activities to whole biosynthetic pathways.

All in all, these findings highlight significant gaps in toxicological
data required for proper risk assessment and the setting of regulatory
limits on overlooked fumonisins forms and emerging toxins, which may
not be detected but appear to be highly occurring. Results support a shift

from target-only mycotoxin monitoring toward a more integrated
metabolomic surveillance framework, especially in light of the ongoing
environmental alterations and agricultural challenges driven by climate
change.

Finally, these data, once more, underline the biodiversity of this
fungal species, provided of an impressive amount of biochemical
weapons that makes it among the most harmful species of the Fusarium
genus.
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