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Abstract: The growing interest in vegetable proteins, namely those derived from lupins, has raised
concerns over potential safety risks associated with these food products. Lupin serves as the main
host for the mycotoxin-producing fungus called Diaporthe toxica. This species, which is associated
with animal diseases, has been scarcely characterized. Recently, phomopsin-A (PHO-A), the main
mycotoxin produced by D. foxica, was found to be harmful to humans. Therefore, this study aimed at
characterizing D. foxica growth and spore formation both in vitro and on lupin samples. In addition,
the production of PHO-A and alkaloids was investigated on lupin beans by using three different
inoculation methods. Particularly, growth and spore production were evaluated on different media,
while PHO-A and alkaloid production were determined by means of uSPE extraction followed by
UHPLC-MS/MS and HPLC-MS/MS, respectively. The results have demonstrated differences in
growth on different media, with potato and oat-flakes-based media being the best options. Conversely,
D. toxica was not able to produce spores on agar media, but only on lupin beans. Moreover, a thorough
analysis of PHO-A production revealed an increase over time, reaching values up to 1082.17 ppm
after 21 days on artificially rehydrated samples. On the other side, the analysis of alkaloids revealed
impressive results, as this species produced great quantities of the quinolizidine alkaloids (QA) that
are normally present in lupin seeds such as lupanine, sparteine, multiflorine, and hydroxylupanine.
On balance, considering these results, different metabolic pathways were demonstrated in D. toxica,
which are not adequately described in the existing literature. These data are of paramount importance
to deepen the knowledge about a fungal species that is important to ensure the safety of lupin and
lupin-based products.

Keywords: lupin; Diaporthe toxica; endophytic fungi; mycotoxins; phomopsin-A; alkaloids
Key Contribution: This study highlights and updates fundamental aspects in the metabolism of

Diaporthe toxica, a mycotoxin-producing phytopathogenic fungus with potentially detrimental effects
on human health, which has lupin as the main host.

1. Introduction

Filamentous fungi have always been related to a low risk for humans. However, many
of them are able to produce mycotoxins which can be extremely harmful to humans.

Mycotoxins are low-molecular-weight secondary metabolites of filamentous fungi that
can cause disease in both humans and animals. Their effect on the human body depends
on the type of mycotoxin, the level of exposure, and the intrinsic characteristics of the
patient. Therefore, their identification and management are of utmost importance for
maintaining a high level of safety [1]. Even if many mycotoxins, such as aflatoxins and
ochratoxins, have already been identified and classified for their toxicity, others are still
under evaluation by the scientific community. In fact, this class of compounds exhibits a
wide range of chemical structures and significant variations in their physical, chemical,
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and biological properties [2,3]. Phomopsins (PHOs) are mycotoxins produced by the
fungus Diaporthe toxica. D. toxica is the teleomorphic stage in the life cycle of the toxigenic
fungal species Phomopsis leptostromiformis, a phytopathogenic, endophyte, and saprobe
fungus that has Lupinus spp. as its main host. It has been observed in several countries
for causing stem and pod blight in the major lupin species. In addition, in the saprophytic
stage, the infection of pods and lupin seeds, along with toxins synthesis, is facilitated by
humidity [4-6]. D. toxica recently gained the attention of the scientific community due
to its ability to produce PHOs, particularly PHO-A [7]. PHO-A has been identified to be
harmful to grazing animals, causing a disease called “lupinosis” with liver damage as
the main lesion in sheep and occasionally cattle, horses, pigs, and goats [8]. Furthermore,
lupin beans contain quinolizidine alkaloids (QA), a class of anti-nutritional compounds
that includes more than 150 different compounds having a wide range of implications on
human health [9].

Recently, together with the increased consumption of lupins, concerns about the
potential toxicity of PHOs for humans have been raised, leading to the publication of
a scientific opinion by the European Food Safety Authority (EFSA) [10]. Although the
pathogenesis of lupinosis has been thoroughly described, only a few studies characterized
D. toxica and its cultivation techniques, as well as its reproduction strategies and defensive
mechanisms. Moreover, there is currently no scientific evidence about the production of
alkaloids in lupin beans, despite it being a common feature in many endophytic fungi.
Therefore, the aim of this study is to characterize D. toxica with respect to its cultivation in
different media, considering also the formation of spores, mycotoxins, and other secondary
metabolites production, and combining several approaches, including an in situ evaluation
of its metabolism on lupin beans.

2. Results
2.1. Fungal Mycelium Growth and Spore Production

Fungal growth dynamics were evaluated on different substrates, after progressive
incubation times at 25 °C, by measuring hyphae diameters. As it can be observed in
Figures 1 and 2, Potato Dextrose Agar (PDA) and Oat Flake Medium (OFM) substrates
accelerated the growth of the mycelium, which reached the maximum diameter of 90 mm
after 10 days of incubation. The growth on Malt Extract Agar (MEA) and Yeast, Peptone,
Dextrose Agar (YPD) was slightly slower, with a similar rate. Instead, the mycelium on
Water Agar (WA) was significantly slower and reached its maximum expansion only after
21 days of incubation. Moreover, the hyphae on WA were nearly transparent (Figure 2).
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Figure 1. Mycelium growth of D. toxica DSM 1894 on different agar media, after 0, 3, 7, 10, 14, and
21 days of incubation at 25.0 & 0.1 °C. WA: Water Agar; PDA: Potato Dextrose Agar; YPD: Yeast,
Peptone, Dextrose Agar; MEA: Malt Extract Agar; OFM: Oat Flake Medium. Values in the figure
represent the mean of three replicates & standard deviation.
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Figure 2. Observation of D. toxica DSM 1894 growth over time. From top to bottom: Water Agar (WA),
Potato Dextrose Agar (PDA), Yeast, Peptone, Dextrose Agar (YPD), Malt Extract Agar (MEA), Oat
Flake Medium (OFM), WA with lupins. From left to right: 0, 3, 7, 10, 14, and 21 days of incubation at
25.0 £ 0.1 °C.

Spore production was evaluated on the different media by means of optical microscopy.
Results evidenced the presence of reproductive ascospores only on WA with lupins, which
is different from previous studies performed on the same microorganism [11].

2.2. PHO-A Production

In the samples named RHC (Rehydrated Central inoculum), AHC (Already Hydrated,
Central inoculum), and AHL (Already Hydrated, inoculum on Lupin), following the
different inoculation procedures, PHO-A production was observed over time (Figure 3). In
detail, the RHC samples of PHO-A followed a regular pattern, increasing from 0.17 ppm at
the beginning of the incubation to 34.23 ppm on day seven. Successively, it significantly
increased to 141.17 ppm at day 10 and up to 310.18 at day 14. At the end of the incubation,
RHC showed the highest value among all the samples, with a concentration of 1082.17 ppm.
On the other side, in both the AHC and AHL samples, the PHO-A concentration remained
lower, reaching a maximum of 75.09 ppm and 155.83 ppm, respectively. Notably, PHO-A
had an exponential increase in the RHC samples, whereas it followed different pathways
in the AHC and AHL samples. The mycotoxin content in the control samples always
remained lower than the LOD.
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Figure 3. PHO-A production on (a) RHC (Rehydrated, central inoculum), (b) AHC (Commercial,
central inoculum), (¢) AHL (Commercial, inoculum on the seed) lupin samples inoculated with
D. toxica DSM 1894. Values in the figures represent the mean of three replicates & standard deviation.
Different lowercase letters above samples represent significant differences (p < 0.05) among samples.

2.3. QA Variation in Lupin Samples

The analysis of the lupin bean samples revealed a particular behaviour of D. toxica during
its growth. Lupanine, sparteine, multiflorine, and hydroxylupanine significantly increased
over time until day 14 of incubation (Figure 4). In particular, lupanine at its highest value
was almost four times the concentration at the beginning, starting from 5041.00 = 169.56 ppm
and significantly increasing up to 18,796.67 + 996.31 ppm. The increase in multiflorine and
hydroxylupanine was even more evident, starting from 109.42 £ 20.19 and 230.67 &= 71.99 and
reaching values up to 492.23 £ 15.67 and 492.23 & 101.28. Vice versa, sparteine was the only
QA that did not sensibly change. Notably, the alkaloid content in the non-inoculated control
samples was almost constant.

3. Discussion

Growth data demonstrate a rapid adaptation of D. toxica DSM 1894 in almost every
media, especially in MEA and PDA. This feature meets the expectations since species
belonging to the genus Phomopsis have been frequently isolated from both potatoes and
oats [12,13]. In fact, as D. toxica and its anamorph Phomopsis are endophytes symbiotically
related to their host plants, a rapid hyphal development on plant-based media is reason-
able [14]. On the other hand, YPD and MEA contain all the basic requirements for fungal
growth, so that D. toxica can easily adapt and grow. This behaviour agrees with the research
carried out by Crowther et al. (2018) on the differences between natural and artificial
media in fungal growth. In fact, although synthetic media can be useful in capturing some
aspects of fungal metabolism, they inexorably fail to reproduce the chemical heterogeneity
of natural resources vital for fungal development. For the same reason, considering the
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growth on WA, the low growth rate is likely to be due to the scarcity of nutrients in the
medium [15].
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Figure 4. Evolution of (a) lupanine, (b) hydroxylupanine, (¢) multiflorine, and (d) sparteine produc-
tion over time. Values in the figures represent the mean of three replicates & standard deviation.
Different lowercase letters above samples represent significant differences (p < 0.05) among samples.

Spore production was only achieved on WA with lupins, in contrast with what was
observed in other studies, in which different authors agreed on the idea that low-nutrient
media and low growth rate enhance spore production in D. toxica, and therefore indicating
WA as the best medium for sporulation [11,15]. Instead, based on the results presented in
this study, lupin bean is the most favourable substrate for D. toxica growth and reproduction,
as reported in other studies, where lupin, specifically L. angustifolius, serves as a significant
growth medium for this microorganism [16]. In fact, while Phomopsis spp. produces
black pycnidial stromata, which can contain alpha- and beta-conidia, its teleomorphic
stage Diaporthe toxica has been demonstrated to produce ascomata containing ellipsoidal
ascospores, according to the information reported by Udayanga et al. (2011) [17]. These
spores were observed only on WA with lupin beans. Nonetheless, in this study, the fungus
was not able to produce a significant number of spores, in agreement with other studies that
describe how challenging is to replicate sporulation of D. toxica in controlled conditions. In
fact, up to 52 days are needed to produce spores on agar media, and even more months on
lupin beans, depending on the season [18,19].

Concerning the PHO-A production, different behaviours were observed in the three
different scenarios described in the experimental plan. In general, the PHO-A production
reached higher levels compared to the concentrations reported in other studies. In fact, in the
research conducted by Kunz et al. (2021) on PHO-A produced by D. toxica DSM 1894 on peas,
PHO-A was below the limit of detection (LOD) until day three of incubation, while in the
present work it reached 10.84 &= 0.31 ppm at the same time. Similar values were reached on peas
only after day 14, where the PHO-A content ranged from 4.49 to 34.3 ppm [20]. As observed
by Kunz et al. (2021) on peas, we found a constant increase in mycotoxin production over
time. On the other side, in the AHC and AHL samples, the PHO-A concentration remained
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lower, reaching a maximum of 75.09 ppm and 155.83 ppm, respectively. The high concentration
observed in the RHC samples confirmed the expectations, as the a,, value of 0.98 & 0.01 is
the best condition for growth and mycotoxin production, considering also that lupin is likely
a better host than peas for the fungus features [20]. However, the UHPLC-MS/MS analysis
of the AHC and AHL samples at different incubation times revealed an increase in PHO-A,
suggesting a potential increase in PHO-A in ready-to-eat lupins when the raw material is
heavily contaminated and not properly managed at industrial level.

A very important characteristic explained by the results presented in this study was
the production of QA during fungal growth on lupin beans. QA are fundamental molecules
in the growth, survival, and resistance of the lupin plant whose production has been
frequently encountered in various endophytic fungi on other substrates, such as those
belonging to the Claviceps genus that produces ergot alkaloids, or by Aspergillus fumigatus
that produces asperfumin [21,22]. The mechanism behind the production of alkaloids
by microorganisms is still unknown, but it has been demonstrated that endophytes can
produce secondary metabolites mostly equivalent to their hosts. Particularly, Phomopsis spp.
can produce a wide variety of compounds on different plants [23]. Considering the available
literature, it was demonstrated that both Phomopsis spp. and its teleomorph Diaporthe
can produce alkaloids with various important biological activities, but to the best of our
knowledge, no evidence exists about the species D. toxica and the production of QA on
lupin beans [13,20,22,23]. Even if this symbiotic relationship confers the enhanced defence
of the host plant, it could be particularly hazardous when lupins are destined for food or
feed products. In fact, not only PHO-A can be harmful to humans and animals, but also
QA in high concentration can cause severe illness by acting as the acetylcholine receptor
agonist, decreasing coronary flow and heart rate [24-27]. For this reason, based on our data,
the inhibition of D. toxica becomes even more important and greatly relevant to keeping
the QA content at a reasonable and safe concentration. In the present study, in most cases
after 14 days of incubation, alkaloid concentrations decreased. In this respect, it could be
hypothesized that D. toxica ceases producing alkaloids due to the lack of nutrients in the
growth media, including lupin beans. In agreement with Helander et al. (2016), alkaloid
production by endophytes is strongly related to nutrient availability in soil due to their
nitrogen-based synthesis [28]. Consequently, not only can D. foxica not produce alkaloids
after 14 days, but it possibly starts degrading the already present ones as new carbon
sources for its basic metabolism. This behaviour is not completely new, although has never
been observed in D. toxica. In fact, some studies demonstrated the ability of certain bacteria,
such as Xanthomonas oryzae, to reduce lupanine concentrations up to 85%, and of some fungi,
such as Aspergillus oryzae and Saccharomices cerevisiae, to convert other classes of alkaloids
into other low-toxicity or even useful compounds [29,30]. In the present study, lupanine,
multiflorine, and hydroxylupanine were reduced by roughly half after day 14 of incubation,
while sparteine concentration continued to increase up to 7.81 &= 0.01 ppm. Consequently,
this aspect must also be evaluated since not every alkaloid undergoes degradation at the
same time or at the same rate.

4. Conclusions

The results showed a great adaptation of D. toxica to different growth media, either
synthetic or natural, with a preference for those containing natural substrates that usually
host this fungus. Some criticalities related to spore production emerged. However, PHO-A
production was impressive on lupin beans, where the fungus was also able to produce the
same alkaloids used by the plant as a defence during growth. Different testable hypotheses
for future studies arise from the present study. However, a deeper understanding of spore
production is needed, as well as an investigation of the alkaloid synthesis pathway by
D. toxica. Finally, this study contributes to expanding the knowledge of the physiology
and metabolism of D. foxica. Moreover, the scientific evidence provided by this research is
useful for identifying possible strategies to reduce infections from D. toxica in lupin, as well
as PHO-A and alkaloid production.
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5. Materials and Methods
5.1. Fungal Strain

The toxigenic strain Diaporthe toxica DSM 1894 was purchased from Leibniz Insti-
tute (DSMZ-German Collection of Microorganisms and Cell Cultures GmbH, Braun-
schweig, Germany) and used for the analyses carried out in this study. Following the
company’s guidelines, the strain was routinely cultivated on Oat Flake Medium (OFM)
and prepared as follows: 30 g natural oat flakes were boiled under agitation for 10 min.
Successively, 20 g technical agar was added, and the volume was filled up to 1 L. Finally,
the medium was sterilized at 121 °C for 15 min and shaken before pouring it into sterile
Petri dishes.

5.2. Fungal Mycelium Growth and Spore Production
5.2.1. Media Preparation and Inoculation Procedure

To evaluate the mycelium growth and the spore production, different agar media
were prepared as follows: OFM was prepared as previously described in Section 5.1.
Potato Dextrose Agar (PDA) was prepared as follows: 200 g of potatoes were peeled and
diced uniformly, then boiled for 20 min in 800 mL distilled water under agitation. The
extract was filtrated by means of a sterile gauze, collected in a flask, and added with
20 g agar. Contemporarily, 20 g of dextrose was dissolved into 200 mL of distilled water.
The solutions were sterilized and successively mixed and then plated into sterile Petri
dishes. Commercially available Yeast, Peptone, Dextrose agar (YPD) and Malt Extract Agar
(MEA) were prepared according to the instructions given by the company (Liofilchem S.r.l.,
Roseto degli Abruzzi (Italy)). Water agar was prepared as a substrate capable of enhancing
spore formation by dissolving 18 g/L of agar in distilled water, and then sterilized and
plated into sterile Petri dishes [14]. Spore production was also evaluated on WA with dry
lupins placed in a circle onto the agar surface and hydrated for 30 min with sterile tap
water in a 1:2 w/v ratio, until a,, reached 0.98, which is described in previous studies as the
best growth and PHO production condition for D. toxica [20]. The described agar media
were inoculated by picking up a round, an 8 mm diameter hyphal portion from a fully
grown fungus (5 days), cultivated on OFM agar, and placing the plug in the centre of the
agar plates. Tests were performed in triplicate.

5.2.2. Fungal Mycelium Growth and Spore Determination

Fungal growth analysis on the different substrates, reported in paragraph 5.2.1, was
evaluated by means of diameter growth measurements. The mycelium diameter was
measured using a calliper immediately after inoculation and after 3, 7, 10, 14, and 21 days
of incubation at 25.0 £ 0.1 °C. Tests were performed in triplicate.

The evaluation of the spore production was performed by collecting spores with a
sterilized physiological solution from the 7 days-grown fungus on each different agar media,
according to Molina-Hernandez et al. (2022) [31]. Microscope slides were subsequently
prepared with 10 uL of spore suspension and observed by means of an Olympus BX60
optical microscope (Olympus, Tokio, Japan), coupled with a JVC TK-C1380 Colour Video
Camera (JVC, Yokohama, Japan).

5.3. PHO-A and Alkaloids Determination
5.3.1. Media Preparation and Inoculation Procedure

PHO-A and alkaloid production by D. toxica were evaluated on lupin beans in three
different scenarios, summarized in Figure 5. First, rehydrated samples inoculated at the
centre of a WA Petri dish (RHC) were prepared to simulate the best condition for PHO-
A production by D. toxica, as previously described in paragraph 5.2.1. Dry lupins were
sterilized at 121 °C for 15 min, then hydrated with sterile tap water in a 1:2 (w/v) ratio for
30 min under agitation until a,, equal to 0.98 £ 0.01 was reached. Successively, ten lupins
were disposed of in a WA Petri dish encircling a round hyphal plug (g 8 mm) picked up
from a full-grown culture. Successively, two different procedures were used to inoculate
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commercial lupins, with a a, of 1.00. In the first procedure, commercial lupins (without
NaCl) were sterilized at 121 °C for 15 min and successively disposed of in a WA Petri dish
encircling a round hyphal plug (¢ 8 mm) picked up from a full-grown culture to simulate
a hyphal cross-contamination after processing (AHC samples). In the second procedure,
commercial lupins (without NaCl) were sterilized at 121 °C for 15 min, then an incision
of 8 x 8 x 1 mm was made on the bean surface with a sterile scalpel. A round hyphal
portion of 8 mm diameter was picked up from a full-grown culture and placed into the
incision by a sterile pipette tip. Ten lupins were inoculated in an empty Petri dish with the
above-reported procedure (AHL samples). A non-inoculated control sample was produced
to evaluate whether the changes in PHO-A and alkaloid content could be attributed to
other factors, not strictly related to fungal growth.

AN \}%},,‘7\
W\ /s
Y I Z (rem

RHC Samples AHC Samples AHL Samples

Figure 5. Graphic representation of inoculum techniques for lupin model system.

5.3.2. UHPLC-MS/MS Quantification of PHO-A

PHO-A presence and quantification in contaminated lupin samples were assessed accord-
ing to the method proposed by Eugelio et al. (2024), where further details on method validation
are reported [32]. Briefly, samples were prepared as follows: 200 mg of lupin samples were
mechanically reduced to a slurry, and then extracted with acetonitrile (ACN):H,O 80:20 (v/v)
using Precellys Evolution homogenizer (Bertin Technologies, Montigny-Le-Bretonneux, France)
at 3 cycles of 10 s, with a 30 s stop between each cycle at 7500 rpm. The obtained extracts
were centrifuged at 11,424 rcf for 5 min, and 500 pL of supernatant was sequentially collected.
The extraction solvent was removed using a SpeedVac Concentrator (Thermo Fisher Scientific,
Waltham, MA, USA), and the precipitate was resuspended in 500 pL of HyO with 0.1% trifluo-
roacetic acid. Samples were filtered through Amicon Ultra-0.5 Centrifugal Fiter 3K Devices and
centrifuged at 14,000 rcf for 30 min. A p-SPE clean-up step was finally performed to remove
any interference compound from the lupin matrix. After sample extraction, the PHO-A in
samples was determined by an ACQUITY UPLC H-Class System from Waters Corporation
(Milford, CT, USA) coupled with a 4500 QTrap mass spectrometer (Sciex, Toronto, ON, Canada),
equipped with an Electrospray lonization source (ESI). Tests were performed in triplicate.

5.3.3. HPLC-MS/MS Quantification of QA

Lupin bean samples were processed according to Eugelio et al. (2023) [33]. In total,
200 mg of homogenised samples were extracted with 1 mL of a MeOH:H,O solution in
a 60:40 (v/v) ratio by a Precellys Evolution homogenizer with 3 cycles of 10 s, at 7500
rpm, with a 45 s interval between each cycle. Then, samples were centrifuged at 4 °C at
11,424 rcf for 10 min. Then, 50 pL of supernatant was collected and diluted up to 1 mL, with
a final H,O:MeOH ratio equal to 90:10 (v/v). The resulting solution was passed through to
polymeric SPE cartridges as the clean-up step. The same LC-MS/MS equipment (Milford,
CT, USA; Sciex, Toronto, ON, Canada) was used. Tests were performed in triplicate.
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5.4. Data Analysis

Software Analyst 1.7.2 and Multiquant 3.0.3 (Sciex, Toronto, ON, Canada) were used
for LC-MS/MS data collection and processing, and quantitative analysis, respectively,
for the PHO-A and alkaloids. Statistical analysis of the data was carried out by using
GraphPad Prism 8.0.2 (GraphPad Software, Inc.). Analysis of variance, followed by Tukey’s
test, was used to determine significant differences in PHO-A or QA production among
different samples.
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