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ABSTRACT Stachybotrys chartarum (Hypocreales, Ascomycota) is a toxigenic fungus that
is frequently isolated from water-damaged buildings or improperly stored feed. The sec-
ondary metabolites formed by this mold have been associated with health problems in
humans and animals. Several authors have studied the influence of environmental condi-
tions on the production of mycotoxins, but these studies focused on undefined or com-
plex substrates, such as building materials and media that impeded investigations of the
influence of specific nutrients. In this study, a chemically defined cultivation medium was
used to investigate the impact of several nitrogen and carbon sources on growth of
S. chartarum and its production of macrocyclic trichothecenes (MTs) and stachybotrylac-
tam (STLAQ). Increasing concentrations of sodium nitrate were found to positively affect
mycelial growth, the level of sporulation, and MT production, while ammonium nitrate
and ammonium chloride had an inhibitory effect. Potato starch was the superior and
most reliable carbon source tested. Additionally, we observed that the level of sporulation
was correlated with the production of MTs but not with that of STLAC. In this study, we
provide a chemically well-defined cultivation medium suitable for standardized in vitro
testing of the capacity of S. chartarum isolates to produce macrocyclic trichothecenes.

IMPORTANCE Macrocyclic trichothecenes (MTs) are highly toxic secondary metabo-
lites that are produced by certain Stachybotrys chartarum strains, which consequently
pose a risk for animals and humans. To identify hazardous, toxin-producing strains
by analytical means, it is important to grow them under conditions that support MT
production. Nutrients determine growth and development and thus the synthesis of
secondary metabolites. Complex rich media are commonly used for diagnostics, but
batch differences of supplements pose a risk for inconsistent data. We have estab-
lished a chemically defined medium for S. chartarum and used it to analyze the
impact of nitrogen and carbon sources. A key finding is that nitrate stimulates MT
production, whereas ammonium suppresses it. Defining nutrients that support MT
production will enable a more reliable identification of hazardous S. chartarum iso-
lates. The new medium will also be instrumental in analyzing the biosynthetic path-
ways and regulatory mechanisms that control mycotoxin production in S. chartarum.

KEYWORDS Stachybotrys, nitrogen source, carbon source, nutrients, macrocyclic
trichothecenes, stachybotrylactam, LC-MS/MS

tachybotrys chartarum (Hypocreales, Ascomycota) is one of the most frequently iso-
lated species of the genus Stachybotrys (1). This filamentous fungus occurs ubiqui-
tously in the environment and is commonly found in water-damaged buildings and
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construction materials (e.g., wallpaper and gypsum) as well as on dead plant material
(e.g., straw and hay), culinary herbs, and marine sponges (2-7). S. chartarum is capable
of producing a large variety of structurally diverse secondary metabolites, including tri-
chothecenes, atranones, phenylspirodrimanes, and others (8). The species S. chartarum
can be subdivided into (i) two distinct chemotypes based on their ability to produce ei-
ther atranones (chemotype A) or macrocyclic trichothecenes (MTs; chemotype S) (9) or
(i) three genotypes A, S, and H according to the presence or absence of genes that are
presumed to encode relevant enzymes for the biosynthesis of these mycotoxins (atr1-
14 and sat1-21) (10).

S. chartarum strains have been implicated in several types of intoxications (11-17). In
animals, especially horses, stachybotryotoxicosis can occur after oral ingestion or inhalation
of mycotoxins from improperly stored moldy feed or, more rarely, after cutaneous contact
(18-20). Humans, in particular infants, are primarily at risk in water-damaged, mold-loaded
buildings (14, 21, 22). S. chartarum can provoke symptoms related to the sick-building syn-
drome complex and is the suspected cause of pulmonary hemorrhage in infants after the
uptake of airborne toxins (11, 15, 17). In addition, cases of stachybotryotoxicosis have been
reported for farm workers who have handled Stachybotrys-contaminated straw or hay and
in regions where hay or straw was used as bedding material (23, 24).

Trichothecenes structurally comprise four main groups: the trichothecenes types A,
B, and C as well as D, which comprises the MTs (25-27). MTs represent the most toxic
trichothecene group and include roridins, verrucarins, and satratoxins. S. chartarum ge-
notype S strains are potent producers of roridin E (RE) and roridin L-2 (RL-2), satratoxins
G, H, and F (SG, SH, and SF, respectively), and verrucarin J (VJ) (26, 28-30). MTs possess
a marked cyto- and neurotoxic potential for mammals by blocking protein, DNA, and
RNA biosynthesis (31-33) and induction of apoptosis (34, 35). However, MTs do not
only possess a hazardous potential for humans and animals and are also reported to
have a selective cytotoxic impact on certain human cancer cell lines, and Yang et al.
emphasized the importance of SF (36). An inhibitory effect on tumor-related tyrosine
kinases was described and attributed to RE, SG, and SH (7).

Phenylspirodrimanes (PSDs; e.g., stachybotrylactam [STLAC]) represent the largest
and most abundant class of secondary metabolites produced by Stachybotrys species
(37, 38). Despite this, their role in human and animal health is still unclear, but they are
presumed to possess an immunosuppressive activity through inhibition of the comple-
ment system (39, 40).

Fungi use elaborate pathways that involve many different enzymes to produce myco-
toxins and other secondary metabolites. The corresponding genes are commonly clustered,
and their expression is highly variable and regulated by a variety of factors. To identify iso-
lates that produce hazardous mycotoxins, it is of prime importance to use media that allow
a robust and reliable production of these molecules. Factors known to influence mycotoxin
biosynthesis are the time of growth, temperature, humidity, and nutrients (38, 41, 42).
Regarding the impact of nutrients, the available nitrogen and carbon sources play a major
role in these processes. This is not surprising considering the fact that nitrogen and carbon
are essentially required for proteins, nucleic acids, and other cell substances. Their constant
supply is therefore a prerequisite for fungal growth, including the production of secondary
metabolites (43, 44).

The production of alternariol and alternariol monomethyl ether in Alternaria alternata
(Pleosporales, Ascomycota) and of ochratoxin A (OTA) in Aspergillus species (Eurotiales,
Ascomycota) clearly depends on the available nitrogen and carbon sources (45-47). For
the latter, increased OTA production is triggered by lower levels of nitrogen and higher
carbon concentrations (46). In Fusarium proliferatum (Hypocreales, Ascomycota), stress by
nitrogen starvation induces the expression of genes for the biosynthesis of fumonisins
(48), whereas high concentrations of nitrogen repress fumonisin production (49).

Despite their medical relevance, little is known about the factors that control the
production of the mycotoxins in S. chartarum. Time of growth, humidity, and tempera-
ture have been investigated for their impact on growth and mycotoxin production in
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S. chartarum (38, 41, 50). Moreover, different building materials and certain commer-
cially available media have been tested (51-54). Materials and media that are rich in
cellulose and low in nitrogen as well as potato dextrose agar (PDA) were described to
stimulate the production of mycotoxins (4, 54-56). Jarvis et al. (56) described that opti-
mum mycotoxin production for the generation of higher quantities of satratoxins can
be achieved with parboiled Ben’s Original rice as a solid culture medium. However,
PDA and rice contain complex components, which makes it difficult to identify factors
that influence mycotoxin production. Another drawback of PDA is that its complex com-
ponents can vary, and this can have a dramatic impact on the amounts of mycotoxins that
are produced (57). In other fungi, defined media have been established, such as Aspergillus
minimal medium (AMM) (58), in which all ingredients are known and can be replaced or
varied in concentration. For S. chartarum, such a medium so far is unknown, which compli-
cates investigations of metabolic and biosynthetic processes.

The aim of this study was to investigate the impact of several nitrogen and carbon
sources on mycelial growth and mycotoxin production of three genotype S strains of
S. chartarum. AMM was identified as a suitable and well-defined nutrition medium, a
finding that will facilitate a standardization of mycotoxin research in S. chartarum and
will also be helpful in the analysis of the biosynthetic and metabolic pathways as well
as the regulatory genes that control mycotoxin production in S. chartarum. Three nitro-
gen sources were tested in different concentrations and in combination with six car-
bon sources.

RESULTS

The starting point of this study was the observation that the cultivation of S. charta-
rum in AMM results in strongly sporulating and extensively growing colonies compara-
ble to PDA. This finding enabled us to analyze various carbon and nitrogen (N) sources
for their impact on the toxin-forming capacity of S. chartarum. We included three
S. chartarum strains in this study that are known for their effective production of mac-
rocyclic trichothecenes (MTs) and stachybotrylactam (STLAC) (6, 9, 38, 54). Since our
previously published data demonstrated that satratoxin production is tightly linked
to sporulation (57), this work considered the size of the resulting colonies and their
level of sporulation. The selected strains come from three substrates, namely, oats
(ATCC 34916), building material from an apartment in Oakland (IBT 40293), and ore-
gano (DSM 114129).

Influence of various nitrogen sources on fungal growth and sporulation. The
influences of the nitrogen sources sodium nitrate (NaNO,), ammonium nitrate
(NH,NO;), and ammonium chloride (NH,CI) were analyzed at different concentrations
that corresponded to 0, 1, 5, 10, 25, 50, 250, and 500 mg N/L. Nitrate (NO;~) and am-
monium (NH,*) are the major inorganic nitrogen sources present in the environment
and are assimilated by distinct mechanisms. We have therefore analyzed their impact
either as sole nitrogen sources (NaNO;, NH,Cl) or as a combination of both sources
(NH,NO,). All samples in these initial experiments contained 10 g/L glucose as the sole
carbon source.

The visually evaluable parameters were similar for all three strains; representative
results obtained with strain ATCC 34916 are shown in Fig. 1. The colonies formed by
IBT 40293 and DSM 114129 are presented in Fig. S1 in the supplemental material, and
data on the colony areas of all three strains are summarized in Table S1.

The different nitrogen sources and their concentrations (normalized as mg N/L) had
a striking impact on the size, morphology, and sporulation of the colonies. Large but
flat and hardly sporulating colonies were found on plates containing small amounts of
nitrogen (1 and 5 mg N/L) regardless of the chemical nature of the nitrogen source. A
very similar growth phenotype was observed for plates without a nitrogen source,
which suggests that a scarcity of nitrogen triggered an extensive spreading with
hyphae that explored the environment for substrates richer in nitrogen. A comparison
of the plates containing =10 mg N/L identified NaNO; as the preferable nitrogen
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Stachybotrys chartarum - ATCC 34916
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FIG 1 Colonies of S. chartarum genotype S strain ATCC 34916 were grown as three-point cultures on
AMM containing glucose (10 g/L) as the sole carbon source. The different panels show cultures
without nitrogen addition (a) or supplemented with NaNO, (b1 to b7), NH,NO, (c1 to c7), or NH,Cl
(d1 to d7) at the following nitrogen concentrations: 1 mg/L (b1/c1/d1), 5 mg/L (b2/c2/d2), 10 mg/L
(b3/c3/d3), 25 mg/L (b4/c4/d4), 50 mg/L (b5/c5/d5), 250 mg/L (b6/c6/d6), and 500 mg/L (b7/c7/d7).
Each image is representative of three parallel cultures per condition.

source. Smaller but dense, very dark, and therefore strongly sporulating colonies were
found on plates containing 25 and 50 mg N/L. At higher concentrations (250 and
500 mg N/L), the colonies grown on NaNO; were also substantially larger than the col-
onies grown on the lower nitrogen concentrations and resulted in large, dense, and
well-sporulating colonies. NH,Cl was surprisingly a much poorer nitrogen source than
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NaNO;. Compared to the lower concentrations, 10 mg N/L NH,Cl triggered the formation
of smaller colonies with a small, dark zone in the center that indicates the onset of sporu-
lation. Remarkably, this positive trend was reversed on plates containing higher NH,Cl
concentrations (25 to 500 mg N/L), where small, nonsporulating colonies occurred. The
colonies on plates containing NH,NO; were, at most concentrations, similar to those on
plates supplemented with NH,Cl. The only exception was at 25 mg N/L, when colonies
on plates with NH,NO; had a more intermediate phenotype. These data indicate that
sporulation was effectively prevented if NH,* was present in concentrations correspond-
ing to 25 mg N/L or more, regardless of whether NO;~ was present or not. In conclusion,
these results demonstrate that NaNO; is a superior nitrogen source for S. chartarum and
that NH,* was able to override the positive impact of NO;~ on growth and sporulation
but only if it was present at concentrations above 25 mg N/L.

Influence of different carbon sources on fungal growth and sporulation. In the
next step, we investigated the impact of different carbon sources, namely, glucose, fruc-
tose, maltose, potato starch, wheat starch, and cellulose in combination with nitrogen
sources NaNO;, NH,NO,, and NH,Cl. As carbon sources, we selected mono-, di-, and poly-
saccharides that are commonly used in culture media or that were described to enable ef-
ficient growth of S. chartarum. The aim was to determine whether the chemical structure
of the carbon source has an influence on growth and sporulation, as the assimilation of
polysaccharides is an elaborate process that requires different enzymatic systems to de-
grade a polymer and to take up monomeric sugars. Because the results obtained in the
analysis of nitrogen impact and described above were similar for all three strains tested,
the first set of these experiments was performed only with strain ATCC 34916 (Fig. 2).

The most significant observation for all carbon sources tested was the consistently
positive effect of NaNO; on mycelial growth and sporulation and the comparatively
negative effect of NH,NO; and NH,CI, results that resemble those obtained with glu-
cose as the sole carbon source. It was noticeable that sporulation was completely pre-
vented by NH,Cl concentrations of =25 mg N/L and an NH,NO; concentration of
250 mg N/L, which underlines the dominant-negative effect of NH,* when combined
with NO,;~. With respect to the size of the colonies, those formed with NH,NO; and
NH,Cl at 250 mg N/L were, on average, 88.1 = 7.5% smaller than those formed with
NaNO; (P < 0.05) (Table S2). The only carbon source that led to a distinct colony phe-
notype was cellulose. These colonies spread extensively (regardless of the nitrogen
source and its concentration), and on plates with NaNO; (25 + 250 mg N/L) and
NH,NO; (25 mg N/L), the mycelium covered the whole surface of the plates.

One aspect was common to all cultures: only NaNO; led to consistent and strong
sporulation (Fig. 2). Thus, the inhibitory effect of NH,* and the beneficial effect of
NO,~ ions were equally pronounced for all carbon sources tested.

In further experiments, we compared the influence of the different carbon sources
on all three genotype S strains. In this experiment, we used NaNO; as the sole nitrogen
source at a concentration of 250 mg N/L, a condition that enabled strong growth and
sporulation in the initial experiments with ATCC 34916.

Comparison of the different cultures revealed that not only the nitrogen source but
also the carbon source (each normalized to 4 g C/L) had a striking impact on the size,
morphology, and sporulation of the resulting colonies (Fig. 3; Table S2). Cellulose was
again the only carbon source that led to a distinct phenotype. The fungal colonies
spread extensively, and their flat and weakly sporulating mycelium covered the com-
plete available surface of the plates (60.8 = 0.0 cm?), indicating that the size of these
colonies was clearly limited by the dimension of the plate. A very similar growth phe-
notype had been observed for plates with a low supply of nitrogen, suggesting that
both a scarcity of nitrogen and carbon causes a hunger phenotype that was character-
ized by extensive hyphal spreading and colonies of low density.

Potato and wheat starch, the other two complex carbon sources, had a different
effect than cellulose. Colonies grown on starch-containing medium were large, and
their dark appearance indicated an extensive level of sporulation.
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Stachybotrys chartarum - ATCC 34916

1 Fructose 2 Maltose
NaNOs3 NH4aNO3 NH4Cl NaNOs3 NH:iNO3

FIG 2 Colonies of S. chartarum genotype S strain ATCC 34916 were grown as three-point cultures on AMM
containing fructose (1), maltose (2), potato starch (3), wheat starch (4), or cellulose (5) as the sole carbon source
(with concentrations that were normalized to 4 g C/L) and combined with the nitrogen sources NaNO; (1al to 5al
and 1a2 to 5a2), NH,NO, (1b1 to 5b1 and 1b2 to 5b2), or NH,CI (1c1 to 5c1 and 1c2 to 5c2), each at two
concentrations (25 and 250 mg N/L). Each image is representative of three parallel cultures per condition.

Differences between the three strains analyzed became evident on plates containing
the mono- and disaccharides glucose, fructose, and maltose. Strain ATCC 34916 grew and
sporulated best on these plates, strain IBT 40293 showed intermediate growth, and strain
DSM 114129 showed the weakest growth. For the two latter strains, sporulation was best
on glucose, and the growth of DSM 114129 was particular impaired on fructose and malt-
ose, resulting in small colonies with very little visible sporulation. Thus, compared with
starch, the tested mono- and disaccharides were clearly inferior carbon sources, and this
was particular obvious for IBT 40293 and DSM 114129.

Production of macrocyclic trichothecenes. To evaluate the effect of different
nitrogen and carbon sources on MT production, toxins were extracted from selected
cultures and purified and analyzed by liquid chromatography-tandem mass spectrom-
etry (LC-MS/MS). We considered three ways to normalize the data: amount of myco-
toxin per plate, amount of mycotoxin per cm? of colony area, or amount of mycotoxin
per gram of mycelium. The latter appeared to be the best option. On the one hand, it
turned out that it was technically impossible to harvest all fungal material from the
plates. On the other hand, we realized that mycotoxins diffuse into the medium and
that the analysis of pure fungal material would therefore not reflect the total amount
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FIG 3 Colonies of S. chartarum genotype S strains ATCC 34916 (1), IBT 40293 (2), and DSM 114129 (3) were
grown as three-point cultures on AMM containing glucose (1a to 3a), fructose (1b to 3b), maltose (1c to 3c¢),
potato starch (1d to 3d), wheat starch (le to 3e), or cellulose (1f to 3f) as the carbon source (with
concentrations that were normalized to 4 g C/L) and NaNO, as the nitrogen source (250 mg N/L). Each image

is representative of three parallel cultures per condition.

of mycotoxins produced. The presentation as amount of mycotoxin per plate had the
limitation that different culture conditions led to colonies of variable size, which had a
strong impact on the calculated values. To avoid this limitation, we also calculated the
MT concentrations per cm? of colony area.

(i) Influence of various nitrogen sources on the production of macrocyclic tri-
chothecenes. The impact of NaNO;, NH,NO,, and NH,Cl on the production of MTs was
investigated using cultures of the three genotype S strains grown on plates containing
1, 25, or 250 mg N/L and 10 g glucose/L (Fig. 1; Fig. S1). After acetonitrile/water (ACN/
H,O) extraction (84/16 [vol/voll), the purified toxin extracts were analyzed by LC-MS/
MS for their content of roridin E (RE), roridin L-2 (RL-2), verrucarin J (VJ), verrucarin A
(VA), satratoxin G (SG), satratoxin H (SH), and satratoxin F (SF).

As shown in Table S3, an increase in NaNO; concentrations had a positive effect on the
total amount of MTs per agar plate (ng/agar plate). This effect was observed for all three
strains tested. In the case of ATCC 34916, the cultures that were grown with a nitrogen
concentration of 25 mg N/L produced approximately seven times more MTs than those
grown with T mg N/L. In turn, the cultures grown on medium containing 250 mg N/L pro-
duced approximately 1.8 times more MTs than those grown with 25 mg N/L.

For NH,NO;, increasing the concentration from 1 mg N/L to 25 mg N/L also resulted in
increasing MT concentrations per plate for all three strains (e.g., approximately 4-fold for
ATCC 34916), but a further increase to 250 mg N/L abrogated MT production (values below
the limit of detection [LOD]). When NH,Cl was used as the sole nitrogen source, MTs were
only detectable at low concentrations and only in cultures grown with 1 mg N/L.

Strikingly, the large colonies found on plates containing 1 mg N/L produced only
small amounts of MTs per plate, demonstrating that MT production was not propor-
tional to the colony size but rather to the level of sporulation.

Taken together, for all three strains, NaNO; was the superior nitrogen source to trigger
MT production, and the highest toxin concentrations per plate were produced when
NaNO; was added at the highest concentration tested. Growth on NH,Cl-containing plates
led to very low or even undetectable levels of MT production, in particular in cultures con-
taining 25 and 250 mg N/L. For NH,NO;, concentrations of up to 25 mg N/L stimulated MT
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Stachybotrys chartarum - genotype S strains
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FIG 4 Accumulated concentrations of the macrocyclic trichothecenes roridin E, roridin L-2, verrucarin J, satratoxin G,
satratoxin H, and satratoxin F measured for cultures of S. chartarum genotype S strains ATCC 34916, IBT 40293, and DSM
114129 grown on AMM supplemented with NaNO,, NH,NO,, or NH,Cl as the nitrogen source at concentrations of 1, 25, or
250 mg N/L. In this figure, the concentrations are normalized to the area of the respective colonies (ng/cm?). For
representative images of these corresponding cultures, compare Fig. 1 and Fig. S1 in the supplemental material.

production, but it was strongly repressed and below the LOD at 250 mg N/L. In conclusion,
the impact of the three different nitrogen sources on MT production was very similar to
that on growth and especially on sporulation, or, in other words, large and in particular
strongly sporulating colonies formed the largest amounts of MTs per agar plate.

When calculated as MT production per cm? of colony area, the results again revealed
similarities between the three strains: NaNO; was the superior nitrogen source and NH,CI
was the inferior nitrogen source to trigger MT production. NH,NO; stimulated toxin pro-
duction at low concentrations but also abrogated toxin production at high concentrations
(1 and 25 versus 250 mg N/L) (Fig. 4).

The large colonies of ATCC 34916 on plates containing 250 mg N/L produced signifi-
cantly lower levels of MTs per cm? of colony area than the smaller colonies grown with 25
mg N/L (P < 0.05). This is different to the results calculated per plate, but in both experi-
ments, the amounts of MTs correlated well with the respective level of sporulation.

In the following, we also considered every single MT that was investigated. The LC-
MS/MS analysis revealed that the overall pattern of MTs was comparable for the three
strains and differed only in their individual concentrations, a finding that is in line with
previous studies (54). Each strain produced RL-2, RE, VJ, SG, SH, and SF. In all samples,
RL-2 was the most abundant MT, and its highest concentrations were obtained with
NaNO, (Table S3). RE, SG, and SH were produced in lower concentrations, whereby
more SH was produced than SG (79%). We also screened the samples for VJ and SF,
but the respective values were the lowest of all MTs analyzed. VA was not detectable
in any of the samples, which is in line with previous studies (54, 59). The data for the
production of individual MTs largely mirrored all trends described above for accumu-
lated MT production, a positive impact of NaNO; and a negative, or even inhibitory,
effect of NH,NO; and NH,Cl, especially at higher concentrations (Fig. 5).

(ii) Influence of different carbon sources on the production of macrocyclic tri-
chothecenes. We also analyzed the potential impact of different carbon sources in combi-
nation with NaNO,, NH,NO,, or NH,Cl on MT production. If the results obtained with strain
ATCC 34916 are calculated as accumulated MT production per plate (Table S4), all cultures
reproduced the above-described trends observed with glucose; NaNO; stimulated and
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FIG 5 Concentrations of the macrocyclic trichothecenes roridin E, roridin L-2, verrucarin J, satratoxin G, satratoxin H, and
satratoxin F measured for cultures of S. chartarum genotype S strains ATCC 34916 (red columns), IBT 40293 (green columns),
and DSM 114129 (blue columns) grown on AMM supplemented with NaNO,, NH,NO,, or NH,Cl at concentrations of 1, 25, or
250 mg N/L. The concentration values are normalized to the area of the respective colonies (ng/cm?).

NH,* repressed MT production, especially at higher concentrations. Again, large and
strongly sporulating colonies formed the largest amounts of MTs. Because the positive
effect of NaNO; and the negative effect of NH," on MT production were equally pro-
nounced for all carbon sources tested, combinatorial effects could be excluded, a result
that resembled that obtained for mycelial growth and sporulation. The MT concentrations
in the individual cultures were nevertheless dependent on the available carbon source,
reaching the highest levels with potato starch (369.7 = 17.6 wg/agar plate) and the lowest
levels with fructose (73.9 = 12.1 ng/agar plate).

If MTs were calculated in ng per cm? of colony area (Fig. 6), the data revealed a cor-
relation between sporulation and MT production. Larger colonies grown on medium
containing fructose, maltose, or wheat starch and a higher NaNO; concentration (250
mg N/L) resulted in a high yield of MTs per plate, but the toxin amounts per cm? were
higher for the smaller, darker, and more densely sporulating colonies grown with lower
concentrations of NaNO; (25 mg N/L).
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FIG 6 Accumulated concentrations of the macrocyclic trichothecenes roridin E, roridin L-2, verrucarin J,
satratoxin G, satratoxin H, and satratoxin F measured for cultures of S. chartarum genotype S strain ATCC
34916 grown on AMM containing glucose, fructose, maltose, potato starch, wheat starch, or cellulose as the
sole carbon source (with concentrations that were normalized to 4 g C/L) and combined with the nitrogen
sources NaNO,, NH,NO,, or NH,CI (either 25 or 250 mg N/L). The MT concentrations are normalized to the
area of the respective colonies (ng/cm?). For representative images of these corresponding cultures, compare
Fig. 1 and 2.

The highest levels of MTs per cm? of colony area were reached with glucose (20.3 =
7.4 png/cm?) and fructose (10.1 = 0.2 wg/cm?) in combination with the lower NaNO,
concentration and potato starch (9.1 = 0.5 ug/cm?) combined with the higher NaNO,
concentration. The lowest levels of MT production were found for colonies grown with
cellulose (1.7 = 0.2 ug/cm?).

At the level of individual MT characterization, again NaNO; was superior to NH,* as
the nitrogen source, particularly when present at higher concentrations (Table S4).
Strain ATCC 34916 produced RL-2, RE, VJ, SG, SH, and SF but no VA. RL-2 was the most
abundant, and VJ and SF were the MTs produced at the lowest amounts.

Effects of the different carbon sources on all three genotype S strains were com-
pared using the cultures shown in Fig. 3. Here, NaNO; was used as the sole nitrogen
source at a concentration of 250 mg N/L, a condition that led to strong sporulation in
the initial experiments with ATCC 34916.
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FIG 7 Accumulated concentrations of the macrocyclic trichothecenes roridin E, roridin L-2, verrucarin J, satratoxin G,
satratoxin H, and satratoxin F measured for cultures of S. chartarum genotype S strains ATCC 34916, IBT 40293, and DSM
114129 grown on AMM containing glucose, fructose, maltose, potato starch, wheat starch, or cellulose as the carbon source
(with concentrations that were normalized to 4 g C/L) and NaNO; as the nitrogen source (with 250 mg N/L). The data are
normalized to the area of the respective colonies (ng/cm?). For representative images of these corresponding cultures,

compare with Fig. 3.

Comparison of the total amounts of MTs produced per plate (Table S4) demon-
strated that the cultures grown with potato starch produced the highest levels of
MTs. The highest concentration was measured for IBT 40293, which was significantly
higher (P < 0.05; 632.6 = 32.9 ug/agar plate) than those produced by ATCC 34916
and DSM 114129. The colonies grown on plates containing wheat starch or cellulose
produced generally lower levels of MTs.

The MT concentrations measured for colonies grown on plates containing the
mono- and disaccharides glucose, fructose, and maltose revealed differences between
the three strains. ATCC 34916 produced higher levels of MTs per plate, strain IBT 40293
showed an intermediate phenotype, and strain DSM 114129 showed the weakest level
of MT production. The two latter strains formed substantial MT levels only on glucose.
The lowest levels of MT production for ATCC 34916 and DSM 114129 were reached
with fructose (73.9 = 12.1 and 3.8 = 0.4 ug/agar plate), while the lowest levels of MT
production for IBT 40293 were reached with maltose (18.2 = 9.5 ng/agar plate).

The tested mono- and disaccharides were clearly the inferior carbon sources and
stimulated lower MT production than starch and cellulose, which was particularly
obvious for IBT 40293 and DSM 114129.

MT production calculated as total amount of MTs per cm? of colony area (Fig. 7)
revealed some differences between the six carbon sources: colonies grown on potato
starch produced relatively high amounts of MTs (ATCC 34916: 9.1 = 0.5 ug/cm? IBT 40293:
10.8 £ 0.6 wg/cm? DSM 114129: 120 = 04 wg/cm?), and colonies grown on cellulose
produced comparatively lower amounts (ATCC 34916: 1.8 * 0.5 wg/cm? IBT 40293:
2.3 = 04 pg/cm? DSM 114129: 1.2 = 0.3 pwg/cm?). These results resembled those obtained
for colony growth and sporulation, as all three strains formed very dark and densely sporu-
lating colonies when grown on potato starch but flat, weakly sporulating and flimsy colo-
nies on cellulose.
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FIG 8 Stachybotrylactam concentrations measured for cultures of S. chartarum genotype S strains ATCC 34916, IBT 40293, and DSM
114129 grown on AMM supplemented with NaNO,, NH,NO,, or NH,Cl as the nitrogen source at concentrations of 1, 25, or 250 mg
N/L. The data are normalized to the area of the respective colonies (ng/cm?). For representative images of these corresponding
cultures, compare Fig. 1 and Fig. S1 in the supplemental material.

In conclusion, considering the data for growth, sporulation, and MT production (cal-
culated as either ng of MTs per plate or ng of MTs per cm?), potato starch was clearly
the superior and most reliable carbon source for all three strains tested. Growth on
potato starch resulted in large colonies with dense mycelium and high levels of sporu-
lation and MT production.

Production of stachybotrylactam. To evaluate the effect of the different nitrogen
and carbon sources on STLAC production, the same cultures already analyzed for MT
production were also screened for STLAC production.

(i) Influence of various nitrogen sources on the production of stachybotrylactam.
The impact of NaNO,, NH,NO;, and NH,Cl on the production of STLAC was investigated
using cultures of the three genotype S strains grown on plates containing 1, 25, or
250 mg N/L and 10 g glucose/L (Fig. 1; Fig. S1). After toxin extraction, the purified sam-
ples were analyzed by LC-MS/MS, and their STLAC content was determined.

As shown in Fig. 8 and Table S5, increasing NaNO; concentrations had a positive
effect on STLAC production in all three strains, but NaNO; was a comparatively inferior
nitrogen source to trigger STLAC production, and significantly smaller amounts of
STLAC (P < 0.05) were produced than observed when NH,NO,; and NH,Cl were the
nitrogen sources, a pattern that was clearly different than that obtained for MT produc-
tion (Fig. 4). The impacts of NH,NO; and NH,Cl were very similar, and both nitrogen
sources supported a strong production of STLAC. DSM 114129 was the best STLAC pro-
ducer, while ATCC 34916 was the weakest. We observed no positive correlation
between sporulation and STLAC production, since nonsporulating colonies also pro-
duced large amounts of STLAC.

(i) Influence of different carbon sources on the production of stachybotrylactam.
To determine a potential impact of different carbon sources on STLAC production, we
also tested the cultures of strain ATCC 34916 shown in Fig. 2.

The observation that NaNO; was the inferior nitrogen source for STLAC produc-
tion compared to NH,NO; and NH,Cl could not be confirmed in this data set, but for
ATCC 34916, this effect was also not particularly pronounced on the glucose-containing
plates. For ATCC 34916, the impact of all nitrogen sources was similar in that all these
sources supported stronger STLAC production at higher concentrations (Fig. 9; Table S6).
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FIG 9 Stachybotrylactam concentrations measured for cultures of S. chartarum genotype S strain ATCC 34916
grown on AMM containing glucose, fructose, maltose, potato starch, wheat starch, or cellulose as the sole carbon
source (with concentrations that were normalized to 4 g C/L) and combined with the nitrogen sources NaNO,,
NH,NO,, or NH,Cl (either 25 or 250 mg N/L). The data are normalized to the area of the respective colonies (ng/
cm?). For representative images of these corresponding cultures, compare Fig. 1 and 2.

Comparison of the six different carbon sources revealed that, overall, STLAC pro-
duction was more affected by the carbon source than by the nitrogen source. The
mono- and disaccharides led to better STLAC production than the two types of
starch and cellulose, and no correlation was evident between STLAC production
and colony size or the level of sporulation. Again, these patterns are contrary to
those observed for MT production.

In further experiments, we compared the influence of the different carbon sour-
ces on all three genotype S strains. In this experiment, NaNO; was used as the sole
nitrogen source at a concentration of 250 mg N/L. The corresponding cultures are
shown in Fig. 3.

For STLAC production in all three strains (Fig. 10; Table S6), the mono- and disaccha-
rides yielded larger amounts than the two types of starch and in particular cellulose
that nearly abolished STLAC production.
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FIG 10 Stachybotrylactam concentrations measured for cultures of S. chartarum genotype S strains ATCC 34916, IBT 40293, and DSM
114129 grown on AMM containing glucose, fructose, maltose, potato starch, wheat starch, or cellulose as the carbon source (with
concentrations that were normalized to 4 g C/L) and NaNO, as the nitrogen source (with 250 mg N/L). The data are normalized to
the area of the respective colonies (ng/cm?). For representative images of these corresponding cultures, compare Fig. 3.

DISCUSSION

Fungi are potent producers of a wide array of extra- and intracellular compounds,
including secondary metabolites and other molecules. While some of these molecules
are essential for fungal growth, many others are not directly required, and, in many
cases, their benefit for the producing organism remains elusive (60). Stachybotrys spe-
cies produce a broad spectrum of secondary metabolites, and, to date, more than 200
different compounds have been discovered, including macrocyclic trichothecenes
(MTs) and phenylspirodrimanes (PSDs) (8). Most of these metabolites have been linked
to either hazardous or beneficial health effects in humans and animals (30).

Despite their medical relevance, there is a substantial lack of knowledge about the
impact of nutrients on mycotoxin production in S. chartarum. Several studies analyzed
the effects of complex media and substrates on growth and toxin production (51, 53,
54), but this approach is not suitable to define the impact of single nutrients. In various
fungi, it was shown that hyphal growth, mycotoxin profiles, and concentrations are sig-
nificantly influenced by the available nutrients, especially the nitrogen and carbon
sources (45-47). The strong effect of these compounds is not surprising considering
the fact that nitrogen and carbon are essentially required for proteins, nucleic acids,
and other cell substances, and their constant supply is a prerequisite for growth.

The observation that S. chartarum grows well in Aspergillus minimal medium (AMM)
was the starting point of this study. It allowed us to analyze the impact of defined
nitrogen and carbon sources on growth, sporulation, and mycotoxin production of
S. chartarum. We studied three genotype S strains of the species S. chartarum. The
selected strains originated from three substrates, namely, oats (ATCC 34916), building
material from an apartment in Oakland (IBT 40293), and oregano (DSM 114129).
Despite their different origins, the overall effect of nutrients on mycelial growth and
mycotoxin production was well comparable for the three strains.
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According to our data, the impact of the different nitrogen and carbon sources
tested on growth and especially sporulation was very similar to that on MT production,
or, in other words, large and strongly sporulating colonies formed the highest concen-
trations of MTs, and less or nonsporulating colonies formed lower or even undetect-
able amounts of MTs. Mycotoxins of several fungi are known to be associated with
sporulation and are secreted by growing colonies (61), and a link between secondary
metabolism and sporulation is a common feature in many filamentous fungi (62).
Previously, similar results were obtained with S. chartarum (57), and, therefore, our
observations are in good agreement with published data.

Due to different pathways that are engaged in nitrogen catabolism, many fungi are
competent in using a large variety of nitrogen sources (63). NH,™ and NO;~ play a
major role in various biochemical processes; they differ in the oxidation state of nitro-
gen and are suitable nitrogen sources for many fungi. In this study, we compared the
impact of three inorganic nitrogen sources, namely, NaNO, NH,NO;, and NH,CI. The
resulting colonies grown on AMM agar differed and revealed that each nitrogen source
had a distinct impact.

NaNO; was shown to be the superior nitrogen source for all three strains and
allowed substantially better growth that resulted in dense and heavily sporulating my-
celium with high MT production. Our data also imply that NaNO; had to be present in
concentrations corresponding to 10 mg N/L or higher to enable good growth of the
cultures. NO;~ has to be reduced to the level of NH,* before it can feed into metabo-
lism, a process that requires genes that encode nitrate and nitrite reductases (64). Such
genes are well defined in other fungi, for example, Neurospora crassa (Sordariales,
Ascomycota) (65) and Aspergillus nidulans (Eurotiales, Ascomycota) (66), but are not yet
identified in the genome of S. chartarum.

In contrast, NH,Cl was surprisingly a much poorer nitrogen source, and cultivation
on NH,Cl-containing medium resulted in small, nonsporulating colonies with low or
even undetectable MT production. A first hint that cultivation on NH,Cl-containing me-
dium can lead to abrogation of sporulation of Stachybotrys species dates back to 1963
(67). Our data demonstrate that this impact is already evident at low concentrations
(=25 mg N/L). This negative impact of NH,™ is surprising since NH,* ions can be
directly used to produce glutamine from glutamate (68), whereas the assimilation of
NO,~ is a more elaborate process. NH,*-mediated inhibition of sporulation has been
reported for several fungi (69-71), but the underlying mechanism has not yet been
disclosed.

The finding that NaNO, enables better growth than NH,Cl is one of the key findings
of this study. For different organisms, it is well known that due to the potential toxicity
of NH,*, the sensing and uptake of this ion are carefully regulated by specific trans-
porters and can be inhibited by regulatory proteins (72). Scarce growth with NH,* salts
was observed for different fungi. Brian, Curtis, and Hemming (73) suggested that cer-
tain types of organic acids are required during growth with NH,* to provide keto acids
that prevent an accumulation of toxic NH,* ions in cells by stopping the uptake mech-
anisms until acceptor molecules are again available. According to an alternative expla-
nation, the inhibitory effect of NH,* results from a pH shift since the assimilation of
NH, " is always accompanied by a release of H* cations and a concomitant acidification
(74). The resulting weak assimilation can then be improved by addition of buffering or-
ganic acid salts (75). Hence, the influence of pH on growth, sporulation, and mycotoxin
production should clearly be investigated in future studies. Another aspect that may be
relevant in this context is that NO;~ could be used and could therefore be beneficial as an
electron acceptor during nitrate respiration, a process that is found in many fungi (76).
Alternative respiration pathways are used by certain fungi under oxygen limitation (77),
although this condition is unlikely under the experimental settings of this study.

Interestingly, mycelial growth, sporulation, and MT production of colonies grown
on NH,NO; were more similar to those of colonies grown on NH,Cl, suggesting that
the assimilation of NO;™ is suppressed, and the negative impact of NH,* prevails. This
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regulatory system has not yet been described for S. chartarum, but it is known as nitro-
gen catabolite repression and has been found in various other fungi (78). When NH,*
is present, other genes that are involved in the acquisition and utilization of alternative
nitrogen sources are repressed (68). This seems to have an adaptive significance in nat-
ural habitats, such as in soil, where NH,*™ and NO;~ frequently occur together. Since
more energy has to be expended for the assimilation of NO5™, it can be assumed that
the latter is not preferentially used (75). Whether the mechanism of nitrogen catabolite
repression applies for S. chartarum is an open question and clearly requires further
studies.

Since for other fungi nitrogen concentration was described to have a major impact on
the biosynthesis of mycotoxins (46, 48, 49), we analyzed this production at different nitro-
gen concentrations, namely, 0, 1, 5, 10, 25, 50, 250, and 500 mg N/L. For S. chartarum, there
are hardly any data available on the impact of different nitrogen concentrations. Building
materials have a low nitrogen content but have been described to provide suitable condi-
tions for growth and toxin formation; however, the actual influence of nitrogen remained
unclear (22). Ulrich et al. (54) also speculated on a possible effect of nitrogen concentration
on the production of mycotoxins, since fewer mycotoxins were detected on nitrogen-rich
complex media than on media with a lower nitrogen content. However, this study used
complex, not well-defined media, which hampers any clear analysis of the impact of indi-
vidual nutrients.

When S. chartarum was cultivated on higher concentrations of NH,", MT production
decreased to levels that were undetectable, whereas it increased clearly when cultivated
on increasing concentrations of NO;~. The cultivation on small amounts of nitrogen (1
and 5 mg/L), regardless of their chemical nature, led to large but flat and hardly sporulat-
ing colonies. This suggests that a scarcity of nitrogen triggered an extensive spreading
of hyphae that explored the environment for a substrate richer in nitrogen, which
resulted in a small amount of fungal mass. Similar growth phenotypes have also been
demonstrated for Candida albicans (Saccharomycetales, Ascomycota) and Saccharomyces
cerevisiae (Saccharomycetales, Ascomycota). They are controlled by nitrogen transceptors,
nitrogen transporters that act also as receptors and control downstream signaling path-
ways and enable survival in a nitrogen-depleted environment through the formation of
pseudohyphae and filamentous growth toward new nitrogen sources (79, 80).

Since previous studies were not sufficient to describe the impact of different monosac-
charides and polysaccharides on the growth and mycotoxin production of Stachybotrys,
we tested the effects of different carbon sources, namely, glucose, fructose, maltose,
potato starch, wheat starch, and cellulose. The different carbon substrates were combined
with the three nitrogen sources NaNO,;, NH,NO,, and NH,Cl. The two most significant
observations of this study, the dominant inhibitory effect of NH,* on mycelial growth,
sporulation, and MT production and the beneficial effect of NO;~, were equally pro-
nounced for all carbon sources tested. This implies that combinatorial effects could be
largely excluded, and the effects of the nitrogen sources clearly prevail.

When the cultures grown on NaNO;-containing medium were compared, it became
apparent that the carbon sources also had a striking impact on colony size, morphol-
ogy, and sporulation and MT production. Colonies grown on starch-containing me-
dium were strongly sporulating, dark, and composed of a dense mycelial network. The
tested mono- and disaccharides were clearly inferior carbon sources compared with
starch, and this was particularly obvious for IBT 40293 and DSM 114129. These observa-
tions are in good agreement with previous studies that proposed that potato dextrose
agar is the optimal nutrition medium for growth and MT production (54, 81).
Interestingly, strain ATCC 34916 grew and sporulated better on plates containing
mono- and disaccharides. Whether this reflects an adaptation to laboratory conditions
or represents a strain-specific trait is unknown.

It is known, however, that the carbon source can have an impact on the production
of mycotoxins, but the underlying mechanisms are unknown and most likely are not
consistent in different fungal genera (82).
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In our experiments, cellulose led to a clearly distinct phenotype. The fungus spread
extensively, and the resulting flat and weakly sporulating mycelium covered the whole
surface of the plates, indicating that the size of the colonies was limited by the size of
the plate and could have been larger. This growth phenotype resembled that observed
for plates with low amounts of nitrogen, suggesting that both a scarcity of nitrogen
and the presence of cellulose as a sole carbon source trigger a hunger phenotype. The
low growth efficiency on cellulose plates most likely reflects that the assimilation of
cellulose is an elaborate process that requires a multienzymatic system to degrade the
polymer and to obtain glucose molecules (83). This limited supply of glucose may also
explain the low MT production. Previous data suggested that high cellulose content
promotes MT production (22), and Stachybotrys is always described as a cellulolytic
fungus (81). Our data demonstrated that this might be true in comparison to other
fungi, but other carbon sources are better suited for S. chartarum, and cultivation on
them enables the formation of a dense mycelial network and high MT production.

We also analyzed the impact of the tested nitrogen and carbon sources on produc-
tion of a set of seven individual MTs. Our data revealed similar patterns for the three
strains, and each strain produced RL-2, RE, VJ, SG, SH, and SF but no VA, which is in line
with previous studies (37, 54). The observation that an increase or decrease in the total
amount of MTs was also largely reflected in the concentrations of the individual MT
suggests that the biosynthetic pathways of these compounds are closely linked. This is
particularly interesting since such a linkage of the individual MT is expected, although
little data exist on the synthesis pathway of these metabolites, and their interpretation
relies to a large extent on presumptions. If correct, the current model suggests RE to
be the precursor of a biosynthetic process in which VJ, SH, SG, and SF are consecutively
formed (84, 85). According to Degenkolb et al. (84), RL-2 takes on a special role as the
end product of a side branch that commences at RE, which implies that RL-2 is not a
precursor of the satratoxins.

The question of which MT is the most abundantly produced on agar plates or build-
ing materials is not answered yet. In previous studies, SH and RE were detected in
larger amounts than the other MTs (51, 54). In the present study, RL-2 was the most
abundant MT in all samples. Hence, AMM seems to affect the production of mycotoxins
in a different way than the other, less defined media. A limitation of the previous stud-
ies is that no RL-2 standard was used in these analyses. Instead, the RL-2 concentra-
tions were determined semiquantitatively with the help of other toxins (54). Hinkley
and Jarvis (86) produced an RL-2 standard by isolating RL-2 from rice and applying it in
their study. Such laboratory-made reagents are prone to variations, for example, due
to a different degree of purity. Additionally, it is conceivable that the commercially
available standard used in this study may also differ from the one used by Hinkley and
Jarvis in the degree of purity.

The measured concentrations of VJ and SF were the lowest of all MTs analyzed. This
result must be considered critically since no reference standards were commercially
available for VJ and SF, and we had to measure them using a semiquantitative method
and determined their concentrations as equivalents of RE and SG (59). It is conceivable
that the concentrations could be higher or lower due to a different ionization behavior
in LC-MS/MS than RE and SG.

In contrast to MT production, no correlation between colony area, sporulation, and
stachybotrylactam (STLAC) production was observed, indicating that the production of
STLAC was not tied to colony growth or sporulation and is therefore most likely con-
trolled by different regulatory circuits than MTs. Our results demonstrate that small
and nonsporulating colonies were also able to produce high concentrations of STLAC.
These data follow previous results described by Jagels et al. (38) where production of
PSDs, including STLAC, already takes place at early stages of colony development (i.e.,
day 3) before any quantities of MTs are detectable and that STLAC is therefore not a
suitable marker for fungal growth. Another striking difference between STLAC and MT
production is that all nitrogen sources supported a stronger production of STLAC in a
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manner that was proportional to increasing nitrogen concentrations of up to 250 mg/L.
Thus, production was not linked to the phenotype of the corresponding colonies but to
the available amount of nitrogen. These findings are in good agreement with previous
studies demonstrating that the production of isoindolinone derivatives is favored on nitro-
gen-rich media (38).

For STLAC production of all three strains, the mono- and disaccharides yielded
larger amounts than the two types of starch and in particular cellulose that nearly pre-
vented STLAC production. This correlates well with the previous finding of Ulrich and
Schéfer (54) that showed that growth on potato dextrose agar resulted in small
amounts of STLAC. However, the finding that the highest STLAC concentrations were
detectable on cellulose-containing medium is in contrast to the current results. This
discrepancy may reflect the impact of other yet unknown molecules that were present
in the cellulose-containing medium used by Ulrich and Schéfer (54).

Since STLAC is a representative of PSDs that are presumed to be immunosuppres-
sive (39, 40), it should be considered that nonsporulating, small colonies may also pose
a health risk due to the production of STLAC. Unfortunately, since other PSD toxin
standards are not available, it is currently impossible to monitor other PSDs.

Conclusions. The analysis of S. chartarum genotype S cultures grown on AMM agar
plates revealed that various nitrogen and carbon sources distinctly affect morphology and
mycotoxin production. NaNO; enabled substantially better growth, resulting in a dense
and heavily sporulating mycelium with high MT production if present at concentrations
higher than 10 mg N/L. In contrast, a strong nonsupportive effect was observed for ammo-
nium. The different nitrogen sources had a strong impact on growth and MT production,
but the different carbon sources that were analyzed also had their influence. Considering
the data for growth, sporulation, and MT production, potato starch was the superior and
most reliable carbon source for all three strains tested. The results confirmed a positive cor-
relation between sporulation and MT production. In contrast, STLAC production was not
linked to colony growth and sporulation, indicating that STLAC and MT production are
regulated differently. In view of the supplied compounds, the question of whether well-
sporulating or nonsporulating phenotypes are the result of nutrient-induced stress is still a
matter of debate. But, the obvious impact of nutrients on secondary metabolism empha-
sizes the importance of standardization in mycotoxin research of S. chartarum and the
need for well-defined culture media. AMM was identified as a defined medium, which will
be helpful in further investigations of the biosynthetic and metabolic pathways and the
regulatory mechanisms that control mycotoxin production in S. chartarum. The use of
AMM will also allow us to determine the impact of other nutritional components, for
example, amino acids and salts, in future experiments.

MATERIALS AND METHODS

Fungal strains and culture conditions. In this study, three well-characterized and highly effective
MT- and STLAC-producing strains of S. chartarum genotype S were analyzed (9, 54), two reference strains
(ATCC 34916 and IBT 40293) and one field strain (DSM 114129) that were isolated from animal feed, building
material, and culinary herbs, respectively. S. chartarum ATCC 34916 was purchased from ATCC (Manassas,
VA, USA), S. chartarum IBT 40293 was kindly provided by the BioCentrum of the Technical University of
Denmark (DTU, Lyngby, Denmark), and S. chartarum DSM 114129 was obtained from the Leibniz-Institute
DSMZ, German Collection of Microorganisms and Cell Cultures (DSMZ, Braunschweig, Germany).

The fungal strains were preserved long term in sterile 80% glycerol and maintained at —80°C. Working cul-
tures were grown as three-point cultures on potato dextrose agar (VWR Chemicals, Darmstadt, Germany) for
21 days at 25°C and a water activity (a,,) of 0.98 in the dark. The cultures were checked microscopically for their
identity. Five single-spore isolates per strain (£five biological replicates) were prepared as described previously
(57) to ensure that the used strains were pure and to confirm the species, chemotype, and genotype. The re-
spective species identifications were confirmed for all strains by matrix-assisted laser desorption ionization-time
of flight mass spectrometry (MALDI-TOF MS) (87). Since S. chartarum strains cannot be further differentiated
into chemotypes by this method, the production of macrocyclic trichothecenes was analyzed by high-perform-
ance liquid chromatography (HPLC) (57) to verify them as chemotype S. Additionally, the genotype of the sin-
gle-spore isolates was confirmed as S. chartarum genotype S by triplex PCR according to Ulrich et al. (10).

Spore suspensions of each strain were prepared from single-spore isolates as described previously
(57). Afterward, 10 uL of spore suspension was applied by three-point inoculation on the respective
agar plates with the indicated additives (three technical replicates). The plates were analyzed after an
incubation period of 21 days at 25°C in the dark. The a, was kept constant at 0.98. The colony areas
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TABLE 1 Preparation of Aspergillus minimal medium and modifications
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Stock solutions

1. Salt mix (20x stock) Dissolve the listed salts in 800 mL of distilled water, bring the final volume to

1,000 mL and autoclave.
Nitrogen source

KCI (potassium chloride) 10449
KH,PO, (potassium dihydrogen phosphate) 1639
K,HPO, (dipotassium hydrogen phosphate) 2099
2. MgSO, solution (200 % stock) Dissolve in distilled water, bring the final volume to 500 mL, and autoclave.
MgSO, e 7H,0 (magnesium sulfate heptahydrate) 52049
3. Hunter’s trace element solution (1,000 x stock) Solution 1
Dissolve the listed salts in 80 mL of distilled water in the following order:
FeSO, e 7H,0 (ferrous sulfate heptahydrate) 109
EDTA 1009
Adjust the pH with KOH pellets until a golden yellow solution is obtained (pH ~
5.5).
Solution 2
Dissolve the listed salts in 80 mL of distilled water in the following order:
ZnS0O, e 7H,0 (zinc sulfate heptahydrate) 4409
H3BO; (boric acid) 2209
MnCl, e 4H,0 (manganese chloride tetrahydrate) 1.009g
CoCl, e 6H,0 (cobalt chloride hexahydrate) 0329
CuSO, e 5H,0 (copper sulfate pentahydrate) 0329
(NH,)s Mo,0,, @ 4H,0 0.22¢g
(ammoniumheptamolybdate tetrahydrate)
Combine solutions 1 and 2 and adjust the pH to 6.5 using KOH pellets first and
then KOH solutions of decreasing concentration. Bring the final volume to
200 mL with distilled water.
Aspergillus minimal medium®
Salt mix (20x stock) 50.0 mL
MgSO, solution (200x stock) 5.0 mL
Carbon source®
Hunter’s trace element solution 1.0 mL

The pH was adjusted to 5.6 and the final volume to 1,000 mL using distilled
water. For solid media, add agar (20 g/L) and autoclave for 20 min at 121°C.

aNaNO,, NH,NO,, or NH,Cl were used at concentrations corresponding to total nitrogen concentrations of 1, 5, 10, 25, 50, 250, or 500 mg/L.

bAccording to Hill and Kafer (58).

Glucose, fructose, maltose, potato starch, wheat starch, or cellulose was used as the carbon source, and the carbon concentrations were uniformly set to 4 g C/L.

(cm?) were determined for three colonies of three independent agar plates (technical replicates), and
the average values were calculated.

The nutrition medium used was Aspergillus minimal medium (AMM) (58); the composition and modi-
fications are shown in Table 1. AMM contains glucose (10 g/L £ 4 g C/L) as the carbon source and
NaNO;, (6 g/L £ 988.8 mg N/L) as the nitrogen source. To investigate the impact of the nitrogen source,
NaNO, was replaced in some experiments with NH,NO, or NH,Cl at the indicated concentrations. The
amount of the three tested nitrogen sources was adjusted to total concentrations of 1, 5, 10, 25, 50, 250,
or 500 mg N/L. In addition, samples without nitrogen addition were tested. All these media contained
10 g/L glucose as the sole carbon source.

To investigate the influence of the carbon source, glucose was replaced by fructose, maltose, potato
starch, wheat starch, or cellulose. In all samples, the carbon concentration was uniformly set to 4 g C/L.
Thus, concentrations of 10.0 g/L fructose, 9.5 g/L maltose, 9.0 g/L potato starch, 9.0 g/L wheat starch,
and 9.0 g/L cellulose were used. NaNO, (250 mg N/L) was uniformly added as the sole nitrogen source.
In addition, strain ATCC 34916 was also tested with NaNO, at a concentration of 25 mg N/L and NH,NO,
and NH,Cl at a concentration of 25 and 250 mg N/L to rule out a variable impact of this nitrogen source
in combination with different carbon sources.

Ingredients for preparation of AMM are shown in Table 1, and NaNO, and NH,Cl were purchased
from Carl Roth GmbH and Co. KG (=99% pro analysis [p.a.]; Karlsruhe, Germany). NH,NO, was purchased
from Sigma-Aldrich (=99% p.a.; St. Louis, MO, USA). Fructose and wheat starch were purchased from
Merck Millipore (for biochemistry; Burlington, MA, USA), and maltose, potato starch, and cellulose were
purchased from Sigma-Aldrich (=99% p.a.; St. Louis, MO, USA). All media were adjusted to pH 5.6 and
sterilized by autoclaving at 121°C for 20 min before use.

Sample preparation for mycotoxin analysis by LC-MS/MS. For toxin extraction and purification,
each strain was cultured on AMM in triplicate, as described above. Cultures were stored at —20°C until
extraction. For toxin extraction, the content of a whole plate was transferred to a mixing bag
(Stomacher 80 Biomaster bags, BA6040/STR/DBL strainer double bags, Seward Limited, Worthing, UK).
Then, 50 mL of acetonitrile/water (84/16 [vol/vol]) was added (acetonitrile >99.9% and water; HiPerSolv
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TABLE 2 MRM transitions and substance-specific parameters for the identification of seven
macrocyclic trichothecenes and stachybotrylactam by LC-MS/MS

Q1 mass Q3 mass CXP? Dwell

Analyte (Da) (Da) DP? (V) EP?(V) CE%(eV) (V) time (ms)

Roridin E 532.36 361.30 71 10 12 26 60
113.00 35 22

Roridin L-2 54837 249.20 46 10 21 16 60
283.10 17 20

Verrucarin A 520.30 249.10 71 10 25 14 40
457.30 19 26

Verrucarin J 502.30 343.20 71 10 25 20 40
249.20 29 14

Satratoxin G 562.28 249.10 56 10 19 16 60
231.10 27 16

Satratoxin H 546.38 511.30 56 10 15 38 60
245.00 27 16

Satratoxin F 560.30 249.10 71 10 23 14 40
231.20 27 14

Stachybotrylactam  386.28 178.00 126 10 49 10 60
150.20 61 30

aDP, declustering potential; EP, entrance potential; CE, collision energy; CXP, cell exit potential.

CHROMANORM for HPLC, VWR International GmbH, Darmstadt, Germany), and bags were treated for
5 min in a bag mixer (Stomacher 80 microBiomaster, Seward Limited, Worthing, UK). Subsequently, sam-
ple extracts were filtered through a paper filter (Whatman, 595.5, diameter of 185 mm, Maidstone, UK).

Afterward, 3 mL of filtered extract was diluted with 12 mL of water (1:5), and 10 mL of the aqueous toxin
extract was purified using solid-phase extraction (SPE) cartridges (Strata-X 33-um polymeric reversed-phase
500 mg/6 mL, Phenomenex, Aschaffenburg, Germany) as follows: (i) conditioning: 5 mL of methanol
(ROTIPURAN >99.9%; Carl Roth GmbH and Co. KG, Karlsruhe, Germany), (ii) equilibration: 5 mL of water
(HiPerSolv CHROMANORM for HPLC, VWR International GmbH, Darmstadt, Germany), (iii) loading: 10 mL of
diluted aqueous toxin extract, (iv) washing: 10 mL of methanol/water (30/70 [vol/vol]), and (v) elution: 10 mL
of methanol (ROTIPURAN >99.9%; Carl Roth GmbH and Co. KG, Karlsruhe, Germany).

The fractions eluted with methanol were evaporated to dryness under a gentle flow of nitrogen and
then sent from Ludwig Maximilian University (LMU; Munich, Germany) to Kazimierz Wielki University
(Bydgoszcz, Poland) for LC-MS/MS measurements.

The evaporated samples were dissolved in 1 mL of acetonitrile/water (30/70 [vol/vol]) by shaking
them for 15 min on a laboratory shaker (2,000 rpm; Multi Reax, Heidolph Instruments, Schwabach,
Germany). As a final step, the toxin extracts were filtered through a polyvinylidene difluoride (PVDF) sy-
ringe filter (0.20 um, @ 13 mm, Macherey-Nagel GmbH and Co. KG, Diiren, Germany) and transferred to
a 1.5-mL glass thread vial with a cap (VWR International GmbH, Darmstadt, Germany).

LC-MS/MS measurement and method performance. LC-MS/MS analysis of all samples was per-
formed using a Shimadzu LC-30AD HPLC equipped with a degassing unit (DGU-20AS), a column oven (CTO-
20AC), and an autosampler (SIL-30AC; Duisburg, Germany) and linked to an API 4000 triple quadrupole mass
spectrometer (Sciex, Darmstadt, Germany). Analyst 1.6.2 software (Sciex, Darmstadt, Germany) was used for
data acquisition and SCIEX OS software 3.0 (Sciex, Darmstadt, Germany) for data analysis.

Chromatography was performed using a Gemini C,; 110-A reversed-phase LC column (150 x 4.6 mm,
5 uwm, Phenomenex, Aschaffenburg, Germany) attached to a guard column (SecurityGuard cartridge, Gemini
C,g 4 x 3.0 mm inside diameter [i.d.], Phenomenex, Aschaffenburg, Germany). The column oven temperature
was set to 30°C, and the injection volume was 20 L. The binary gradient consisting of eluent A (water) and
eluent B (methanol; both containing 5 mmol/L ammonium formate and 0.1% formic acid) with a flow rate of
0.75 mL/min was applied as follows: 0 min 10% B, 2 min 10% B, 14 min 97% B, 16 min 97% B, and 16 min
10% B. The column was equilibrated for 4 min under starting conditions before each run. LC-MS-grade water
and methanol were purchased from Merck Millipore (Burlington, MA, USA), and LC-MS-grade formic acid
and high-purity ammonium formate were purchased from Sigma-Aldrich (St. Louis, MO, USA).

Mass spectrometric measurements were performed using setting parameters as follows: ion spray
voltage (electrospray ionization [ESI+]), 5,000 V; temperature, 550°C; nebulizer gas, 50 Ib/in? heating
gas, 50 Ib/in? curtain gas, 25 Ib/in? and collision gas (nitrogen, CAD), level 7.

For analyte tuning and qualitative determination, the compounds were identified in multiple reaction
monitoring (MRM) mode. Reference standards for roridin E (RE), roridin L-2 (RL-2), satratoxin G (SG), satratoxin
H (SH), and stachybotrylactam (STLAC) were purchased from Cayman Chemical (Ann Arbor, MI, USA).
Verrucarin J (VJ) and satratoxin F (SF) were purified from rice cultures (using strain ATCC 34916), as described
previously (86), and were identified by comparison with substance-specific parameters for identification by
LC-MS/MS as described by Ulrich et al. (10). Although verrucarin A (VA) was described to be not produced by
Stachybotrys species (54, 59), the samples were also analyzed for this mycotoxin. Since no reference stand-
ards for VA were commercially available, identification was performed as for VJ and SF. The determined
MRM transitions and substance-specific parameters for all compounds used are shown in Table 2.

Quantification of RE, RL-2, SG, SH, and STLAC was done by a six-point matrix calibration in triplicate
for each point (linear regression). Since no reference standards for VA, VJ, and SF were commercially
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TABLE 3 Limit of detection and limit of quantification

Aspergillus minimal medium?

Target analyte LOD (ng/mL) LOQ (ng/mL)
Roridin E 1.35 4.50
Roridin L-2 0.87 2.90
Satratoxin G 0.33 1.11
Satratoxin H 0.64 2.14
Stachybotrylactam 0.53 1.76

aWith glucose (10 g/L) as the carbon source and NaNO, (25 mg N/L) as the nitrogen source.

available, they were semiquantitatively determined as equivalents of RE and SG (59). The determined
retention times for RE, RL-2, VJ, SG, SH, SF, and STLAC were 14.83 min, 12.66 min, 14.72 min, 13.06 min,
13.30 min, 13.61 min, and 15.28 min, respectively.

To determine matrix suppression effects, solvent and matrix calibrations were done. The matrix
effect of AMM was 65% for RE, 40% for RL-2, 63% for SG, 29% for SH, and 25% for STLAC.

The method'’s precision was defined by measuring two different concentration levels (20 and
100 ng/mL) multiple times (n = 10) and comparing the results with the target value. The precision was
between 5.9% and 8.8% for RE, 7.2% and 8.9% for RL-2, 4.1% and 6.7% for SG, 5.0% and 6.6% for SH, and
1.8% and 3.1% for STLAC.

The recovery rate of the extraction method was determined, and the limit of detection (LOD) and
limit of quantification (LOQ) were defined. A signal-to-noise (S/N) ratio of 3 was used for LODs, and a sig-
nal-to-noise ratio (S/N) of 10 was used for LOQs. The determined LODs and LOQs are shown in Table 3.

Statistical analysis. Statistical analyses were conducted using the software OriginPro 2021b (64-bit)
SR2 (version 9.8.5.212). Comparisons of colony areas and mycotoxin levels observed under various con-
ditions were evaluated for significance by unpaired t test (significance level set to a P value of <0.05),
assuming equal variances for colony areas and unequal variances for mycotoxin levels. Normal distribu-
tion was assessed with the Shapiro-Wilk test.
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