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Abstract

Penitrem A, an indole-diterpenoid neurotoxin, is produced by several species of Penicillium
on cereal grains, meat, dairy products, and fruits. Penicillium crustosum is a well-known
penitrem A producer, but much is unknown about physiological characteristics of P. crusto-
sum. In this study, we isolated penitrem A-producing P. crustosum OM1 from pears, and
investigated the influence of temperature, pH, and relative humidity [RH] on its growth
and penitrem A production. The fungal species exhibited the highest growth at 25 °C and
pH 4.5 on mYES4 under RH 98%, whereas it produced the highest level of penitrem A at
22 °C and pH 6.5 on the same media under RH 98%. Furthermore, RT-qPCR analysis of
six penitrem A biosynthetic genes (ptmB, ptm], ptmK, ptmO, ptmS, and ptmT) expression in
P. crustosum OM1 showed that the four penitrem A biosynthetic genes (ptm], ptmK, ptmO,
and ptmS) were up-regulated in mYES4 (penitrem A conducive medium), whereas they
were not in mMEB (penitrem A non-conducive medium). Our results demonstrated that
the three key environmental factors significantly affected the growth of P. crustosum OM1
and its penitrem A production. These findings could help find efficient methods to prevent
penitrem A contamination from fresh fruits including pears.

Keywords: penitrem A; Penicillium crustosum OM1; pH; relative humidity; temperature

1. Introduction

My-cotoxins are toxic metabolites produced by various filamentous fungi such as
Penicillium spp. and Aspergillus spp. on agricultural commodities such as cereal grains,
fruits, and vegetables during pre-harvest and post-harvest storage. To date, more than
300 different mycotoxins have been reported [1]. As most mycotoxins are heat resistant,
it is difficult to remove them from food materials during food processing. Thus, when
consumed, they can cause diverse toxic health effects in several target organs such as liver,
kidney, and immune or nervous systems in humans and animals [2].

Of the mycotoxins, penitrems are one group of emerging mycotoxins, which belong to
indole diterpenes, found in food products including moldy cream cheese and chestnuts [3,4].
Penitrem A is a well-studied neurotoxin produced by certain species of Penicillium among
seven penitrems (A-G) [5,6]. It has been reported that it was involved in intoxication in
humans and animals after ingestion of food products including moldy cheese, walnuts,
bread, rice, and canned soup [7-11]. It can cause vomiting, mydriasis, polypnea, ataxia,
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tremors, convulsion, and muscle incoordination [4,11]. The penitrem A toxicity is believed
to result from the increased release of neurotransmitters, including Y-aminobutyric acid
(GABA), glutamate, and aspartate, from brain cells, and/or inhibition of CaZ*-activated K*
channels in smooth muscle cells [12-15]. Recently, several previous studies established the
penitrem A biosynthetic pathway [16-18]. Penitrem A is produced via complex reactions
starting with indole-3-glycerol phosphate by 20 biosynthetic genes in the penitrem A
biosynthetic gene cluster.

Another mycotoxin, patulin, is produced by some species of Penicillium and Aspergillus
on mainly fruits including apples and pears [19]. Since patulin can cause several toxicities
such as neurotoxicity, immunotoxicity, genotoxicity, and carcinogenicity in humans, it is
classified as a Group 3 carcinogen by the International Agency for Research on Cancer
(IARC) [19,20].

On the other hand, it has been documented that penitrem A is produced by certain
species of Penicillium sp. such as Penicillium crustosum, Penicillium glandicola, Penicillium flav-
igenum, Penicillium antarcticum, and Penicillium carneum [17,21]. Of penitrem A-producing
fungi, P. crustosum is ubiquitous in soil and known to be the most frequently found in food
products and the main producer of the mycotoxin [5]. P. crustosum has been primarily
isolated from meat, cereal grains, nuts, dairy products, fruits, and vegetables [3,22-25].
Some strains of them were not able to produce penitrem A on synthetic media due to
strain-dependent variability although P. crustosum isolates from fruits such as lemon, grape,
and mangosteen produced the mycotoxin [3,22,24,26]. Additionally, several environmental
factors such as temperature, pH, and relative humidity (RH) can influence both fungal
growth and mycotoxin production on food products [27-29]. It has been known that differ-
ent fungal species have different optimum temperatures and limit RH for their growth [27].
Also, a Penicillium expansum strain, a patulin-producing isolate, produced the highest level
of patulin at 16 °C and pH 4.0, whereas a patulin-producing Penicillium paneum OM1
produced the highest amount of patulin at 20 °C and pH 4.5 [28,29]. In addition, the
P. expansum strain was not able to produce patulin below RH 99%, while the P. paneum
OM1 was able to produce patulin even under RH 92% [28,29]. Much is unknown about the
environmental parameters for penitrem A production by P. crustosum. Thus, in the current
study, we isolated penitrem A-producing P. crustosum OM1 from pears, and investigated
the optimal temperature, pH, and RH conditions for its growth and penitrem A production
after incubation under different culture conditions. Also, we evaluated the relative gene
expression levels of six major penitrem A biosynthetic genes (ptmB, ptm], ptmK, ptmO, ptmsS,
and ptmT) in P. crustosum OM1 under penitrem A supportive and non-supportive synthetic
media. Our findings in the present study could be utilized for development of efficient
strategies to control fungal growth and penitrem A contamination on fresh fruits such
as pears.

2. Materials and Methods
2.1. Chemicals and Reagents

Penitrem A standard (>95.0% purity) was purchased from Enzo Life Sciences Inc.
(Farmingdale, NY, USA), and patulin standard (>98.0% purity), acetic acid (>98.0%, crys-
talline), trifluoroacetic acid (>99.0% purity), Tween 80, proteinase K, disodium ethylene-
diaminetetraacetic acid (NaEDTA), and ethanol were obtained from Sigma-Aldrich
Co., (St. Louis, MO, USA). Ethyl acetate was purchased from Daejung chemical Co.,
(Seoul, Republic of Korea), and sodium carbonate (Na;COj3) and methanol (>99.99%
purity) were from Samchun chemical Co., (Seoul, Republic of Korea). Acetonitrile (ACN;
>98.0% purity) was obtained from J. T. Baker (Avantor Performance Materials Inc., Rad-
nor, PA, USA), and sodium acetate, anhydrous sodium sulfate (Nap;SQOy), potassium
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sulfate (K,504), and potassium nitrate (KNO3) were from Junsei chemical Co., (Tokyo,
Japan). Phenol/chloroform/isoamyl alcohol (25:24:1) was purchased from Biochemicals
Inc. (Gyeonggi, Republic of Korea), and sodium dodecyl sulfate (SDS), tris base, and
2-mercaptoethanol were from Bio-Rad (Hercules, CA, USA).

2.2. Isolation of Fungal Strains from Pears

Fresh pears (cultivar Soojeong) were used to search for patulin- or penitrem A-
producing fungal strains after harvest at Asan Agricultural Technology Service Center
(ATST; Asan, Chungcheongnam, Republic of Korea) in the spring of 2023. After preparation
of microbial cell suspension from surface of the collected pears by the cotton swab method
as described previously [29], the suspension was inoculated onto potato dextrose agar
(PDA; MB Cell, Seoul, Republic of Korea) plates containing tetracycline and chlorampheni-
col (1 mg of tetracycline and 1 mg of chloramphenicol in 200 mL of PDA) and incubated at
30 °C for 4 days. For isolation of pure fungal strains, each fungal isolate was transferred
onto a new PDA plate and incubated at 30 °C for 4 days. After spore preparation with
0.01% Tween 80 solution, diluted spore suspension was inoculated onto new PDA plates,
which was repeated three times.

2.3. Morphological and Genetic Identification of Fungal Isolates and Phylogenetic Analysis

For microscopic observation of morphological structures, 2 x 10* fungal spores were
center-inoculated onto each PDA or modified malt extract agar (mMEA; 2% malt extract,
2% dextrose, 0.1% peptone, 0.0005% CuSO4-7H,0) plate and incubated at 30 °C for 5 days
after spore preparation with 0.01% Tween 80 solution. The morphological structure of
each fungal isolate was then observed using a lactic acid slide mount under a microscope
(Olympus CHK2-F-GS, Olympus Co., Ltd., Tokyo, Japan).

For molecular identification, fungal isolates were analyzed based on sequences of 3 DNA
regions (internal transcribed spacer [ITS], 3-tubulin [BenA], and calmodulin [CaM]) [30-32].
Briefly, approximately 107 of fungal spores were inoculated into 100 mL of potato dextrose broth
(PDB; MB Cell, Seoul, Republic of Korea) and incubated at 30 °C for 5 days with shaking at
150 rpm for genomic DNA isolation. Genomic DNA was extracted from fungal mycelia by
a procedure of Steven B. Lee and John W. Taylor with minor modifications [33] as described
previously [29]. Next, the 3 regions (ITS, BenA, and CaM) of the isolated genomic DNA were am-
plified by polymerase chain reaction (PCR) along with a set of 2 specific primers for each region
to identify fungal species as described previously [30-32,34]. The primer sequences are as follows:
ITS1 (5'-TCCGTAGGTGAACCTGCGG-3/, forward) and ITS4 (5-TCCTCCGCTTATTGATATGC-
3/, reverse) for ITS region, Bt2a (5-GGTAACCAAATCGGTGCTGCTTTC-3, forward) and
Bt2b (5'-ACCCTCAGTGTAGTGACCCTTGGC-3/, reverse) for BenA region, and Cmd5 (5'-
CCGAGTACAAGGAGGCCTTC-3, forward) and Cmdé6 (5'-CCGATAGAGGTCATAACGTGG-
3/, reverse) for CaM region. After the PCR products were run on 1.2% (w/v) agarose gels
by electrophoresis, they were purified using AccuPep PCR/Gel Purification Kit (Bioneer,
Daejeon, Republic of Korea), and sequenced by Biofact Co., (Daejeon, Republic of Korea).
The fungal isolates were then identified by the local similarity between DNA sequences
of the PCR products and fungal strains, which were retrieved from GenBank in National
Center for Biotechnology Information (NCBI).

The phylogenetic tree was constructed using the MEGA program (v. 11), based on the
neighbor-joining (NJ) method, along with DNA sequences of identified fungal species [35].

2.4. Fungal Culture Conditions

Approximately 10° fungal spores were inoculated into 5 mL of PDB and incubated at
30 °C and 120 rpm for 5 days to screen for patulin- or penitrem A-producing fungal strains
after spore preparation with 0.01% Tween 80 solution as described above.
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For fungal culture on modified yeast extract sucrose (mYES; 2% yeast extract,
4 or 15% sucrose, 0.1% peptone, 0.1% MgSO4-7H,0, 0.0005% CuSO4-7H,0O) agar plates con-
taining different sucrose concentrations, after mYES plates were covered with a sterilized
cellophane disk (GelAir Cellophane Support; Bio-Rad, Hercules, CA, USA), 2 x 10% spores
were center-inoculated onto each plate and incubated at 22 °C for 16 days.

For fungal culture on PDA, mYES4 (4% sucrose), mMEA, and modified Czapek yeast
agar (mCYA; 4.9% Czapek Dox, 0.5% yeast extract, 0.0005% CuSQOy4-7H,0) plates, fungal
spores (2 x 10*) were center-inoculated onto each agar plate as described above. The agar
plates were then incubated for 16 days under 5 different temperature conditions (15, 20, 22,
25, and 30 °C).

For fungal culture under 4 different pH conditions (4.5, 6.5, 7.5, and 8.5), mYES4 plates
were prepared by adjustment of the media pH (pH 6.8, unadjusted pH) using HC] or NaOH.
The mYES4 plates were then incubated at 22 °C for 16 days after inoculation as described
above. Throughout this study, 0.0005% CuSO4-7H,O was added to prepare mYES4, mMEA,
and mCYA according to a report on its stimulation of penitrem A production by P. crustosum
CBS 483.75 [5].

For fungal culture on pear puree agar medium (PPAM), after preparation of PPAM
plates (pH 6.5) containing homogenized pears (cultivar Soojeong) by adjustment of the
media pH (pH 5.0, unadjusted pH), 2 x 10* spores were center-inoculated onto each PPAM
plate as described above. The PPAM plates were then incubated at 22 °C for 16 days. For
fungal culture under different RH conditions, after RH of 4 containers was adjusted to
approximately 94 or 98% using saturated salt solutions (KNOj3 for 94% RH and K;SOy for
98% RH at 22 °C) [36,37], PPAM (pH 6.5) and mYES4 (pH 6.5) plates were placed in the
covered containers (20 cm x 15 cm x 8 cm; Daiso, Seoul, Republic of Korea; 6 PPAM plates
in one container) and incubated at 22 °C for 10 days.

For microscopic observation of morphological structures, fungal spores (2 x 10%) were
center-inoculated onto each PDA, PPAM, mMEA, mYES4, and mCYA plate and incubated
as described above. The morphological structures were then observed using lactic acid
slide mounts under a microscope (Olympus IX 71, Olympus Co., Ltd., Tokyo, Japan).

For liquid culture, fungal spores (10°) were inoculated into 100 mL of mYES4 (pH 6.8),
mMEB (pH 6.4), or PDB (pH 5.0), and incubated at 22 °C for 8 days under static or agitation
conditions at 160 rpm.

For relative expression analysis of penitrem A biosynthetic genes by RT-qPCR, fungal
spores (10°) were inoculated into 100 mL of mYES4 or mMEB liquid medium and incubated
at 22 °C for 9 days under static (for mYES4) or agitation (for mMEB) conditions at 160 rpm.

2.5. Measurement of Fungal Growth Rates

Fungal growth rates were assessed by measuring the dry weight of mycelia and the
diameter of colonies grown on PPAM and mYES plates. The diameter of the colony was
analyzed by measuring the 2 diameters of the colony at right angles to each other [28].
Myecelial dry weight was determined after the mycelia grown on PPAM and mYES were
completely dried at 90° C. It was also measured with colonies grown on mMEA, mCYA,
and PDA plates, and whole mycelia grown in mYES4, PDB, and mMEB.

2.6. Patulin or Penitrem A Standard Solution

Patulin standard solutions for high performance liquid chromatography (HPLC)
analysis were prepared as described previously [29].

A penitrem A stock solution (1 mg/mL) was prepared by dissolving 1 mg of penitrem
A powder in 1 mL of methanol and stored at —20 °C. A series of penitrem A standard
solutions (0.1, 0.5, 1.0, 2.5, 5.0, and 10.0 pg/mL) were prepared freshly by dilutions of the
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stock solution with methanol. Then, after 1 mL of each standard solution was evaporated
to dryness under nitrogen at 45 °C, the residue was dissolved in 1 mL of 70% ACN
(ACN:DW =70:30, v/v).

2.7. Patulin or Penitrem A Extraction

Patulin extraction was performed using the AOAC official method 995.10 with minor
modifications [38] as described previously [29].

Penitrem A was extracted according to Moldes-Anaya and collaborators” method with
slight modifications [39]. Briefly, for penitrem A extraction from liquid or solid culture,
each culture was extracted twice with 90% ACN (ACN:DW = 90:10, v/v) by shaking for
1 h using a Wrist Action Shaker (Burrell Scientific, Pittsburgh, PA, USA); for penitrem
A extraction from liquid culture, after each culture was filtered through a filter paper
[Whatman, Maidstone, UK], the filtered mycelium was used for the extraction because
previous studies showed that penitrem A is an intracellular metabolite and accumulates
within fungal mycelia [97-99%] rather than liquid culture media [22,40,41]. The extract
was then filtered through a filter paper (GF/A; Whatman, Maidstone, UK). After it was
dried under nitrogen at 45 °C. The residue was dissolved in 70% ACN (ACN:DW = 70:30,
v/7v) and filtered through a 0.2 um polyvinylidone fluoride (PVDF) syringe filter (Hyundai
Micro Co., Seoul, Republic of Korea).

2.8. HPLC Analysis

Patulin was analyzed using an HPLC system (LC-20AT, Shimadzu; Tokyo, Japan)
equipped with UV detector (UVD; SPD-10A, Shimadzu; Tokyo, Japan) system as described
previously [29].

Penitrem A was quantified through a ZORBAX Eclips plus C18 column (4.6 mm x 250 mm,
5 um particle size, Agilent; Santa Clara, CA, USA) by the above same HPLC-UVD system at
233 nm. The column oven temperature was set at 40 °C, and the injection volume of samples
was 10 pL. The mobile phase consisted of solvent A (DW containing 0.05% trifluoroacetic
acid [TFA]) and solvent B (ACN containing 0.05% TFA), and was pumped into the HPLC
system at a constant flow rate of 4 mL/min. A gradient elution program was applied as
follows: after B solution rapidly increased to 5% from 0 min to 0.01 min, it was held on 5%
from 0.01 min to 5 min. Then, it linearly increased from 5% at 5 min to 100% at 25 min. After
it was maintained on 100% from 25 min to 30 min, the 100% B solution rapidly decreased
to 5% at 31 min. The 5% B solution was maintained for 2 min for re-equilibration of the
column, giving a total run time of 33 min.

The linearity of a series of patulin or penitrem A concentrations in the HPLC analysis
was evaluated by a calibration curve using 5 levels of patulin or 6 levels of penitrem A
standard solutions (0.1, 0.2, 0.5, 1.0, and 2.0 ug/mL for patulin; 0.1, 0.5, 1.0, 2.5, 5.0, and
10.0 ug/mL for penitrem A). The calibration curve for each toxin was constructed by
plotting the peak areas (y axis) versus concentrations of each toxin (x axis) in the HPLC-
UVD analysis. The linearity was assessed by linear regression analysis and expressed as a
coefficient of determination (r?). The r? value of the patulin calibration curve was 0.999,
while that of the penitrem A calibration curve was 0.998 (Figure S1).

The sensitivity of the HPLC-UVD method was determined by a limit of detection
(LOD) and limit of quantification (LOQ). They were calculated using the slope (S) of the
calibration curve and the standard deviation (SD) of the response, which were obtained
from the above linearity assessment, as follows:

3.3 xSD

LOD = S



J. Fungi 2025, 11, 741

6 of 23

10 x SD
S

The LOD and LOQ for patulin were 0.006 and 0.018 pg/mL, whereas those for peni-
trem A were 0.005 and 0.014 pg/mL, respectively.

LOD =

2.9. LC/MS/MS Analysis

The identity of penitrem A, which was extracted from liquid or solid culture, was
confirmed by liquid chromatography—tandem mass spectrometry (LC/MS/MS). It was
performed using an Agilent 1290 Infinity UHPLC system (Santa Clara, CA, USA), which
was coupled to an Agilent 6545XT LC/Quadrupole Time-of-Flight (Q-TOF) LC/MS (Santa
Clara, CA, USA) equipped with a dual-spray Agilent Jet Stream electrospray ionization
source. Separation of analytes was carried out on an Agilent ZORBAX Eclipse Plus C18
column (100 mm x 2.1 mm, 1.8 um particle size) (Santa Clara, CA, USA). The mobile
phase consisted of solvent A (100% pure water containing 0.1% formic acid) and solvent B
(100% methanol) with a flow rate of 0.25 mL/min. The column oven temperature was set
at 40 °C and the injection volume of samples was 5 pL. A gradient elution program was
applied as follows: after B solution increased to 5% from 0 min to 5 min, it continuously
increased from 5% at 5 min to 95% at 15 min. Then, it was maintained on 95% from 15 min
to 17 min. Subsequently, the 95% B solution decreased rapidly from 95% at 17 min to 5% at
18 min, and the 5% B solution was maintained for 1 min for re-equilibration of the column,
giving a total run time of 19 min.

The general MS parameters in the positive mode were optimized and finally set as
follows: capillary voltage in the positive mode, 3500 V; nozzle voltage in the positive
mode, 300 V; drying gas temperature, 325 °C; drying gas flow rate, 6 L/min; nebulizer
gas pressure, 45 psi; sheath gas temperature, 350 °C; sheath gas flow rate, 11 L/min. The
peak spectrum was acquired using the Find by Formula data-mining algorithm. Agilent
MassHunter Qualitative Analysis Software (rev. 10.0; Santa Clara, CA, USA) was used to
process data.

2.10. Relative Gene Expression Analysis by RT-gPCR

After the fungal strain was cultured in mYES4 without shaking or mMEB with shaking
and harvested as described above, the mycelia were promptly frozen in liquid nitrogen to
extract total RNA. In addition, after penitrem A was extracted from mycelia, the levels of
penitrem A in the extract were quantified by HPLC analysis as described above.

Total RNA extraction was performed with mycelia using RNeasy Mini Kit (QIAGEN,
Hilden, Germany) following an instruction provided by the manufacturer. The RNA quality
was assessed by Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA).

Specific primer sets of penitrem A biosynthetic genes were designed using Primer3Plus
on the basis of the genome sequence of P. crustosum OM1 (Table 1) [42].

The specificity of the primer sequences was evaluated using the Primer-BLAST at
NCBI (https:/ /www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi; 9 May 2024) [43,44]
The B-tubulin gene of P. crustosum IMI 091917 (GenBank accession number AF003538.1)
was used to design a set of specific primer sequences for an internal control [45].

The cDNA synthesis was performed using PrimerScript RT Reagent Kit with gDNA
Eraser (Perfect Real Time) from TaKaRa (Takara Bio Inc., Shiga, Japan) according to the
manufacturer’s instructions as described previously [29].

For RT-qPCR amplification, TB Green Premix Ex Taq II (Tli RNaseH Plus) ROX plus
Kit (Takara Bio Inc., Shiga, Japan) was used, and the reactions were conducted following a
procedure provided by the manufacturer as described previously [29]. RT-qPCR reactions
were carried out at 95 °C for 5 min (an initial denaturation step), which was followed by
40 cycles of denaturation at 95 °C for 10 s, annealing at 58 °C for 30 s, and extension at 72 °C
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for 5 s [45]. After the final amplification cycle, a dissociation curve analysis of the PCR
products was performed by a 0.5 °C increase per cycle from 60 to 95 °C to verify formation
of a single PCR product. The data were analyzed using CFX Maestro software (v. 4.1;
Bio-Rad, Hercules, CA, USA) and the relative gene expression level was calculated by the
2-AACT method (comparative CT method) [46]. The 3-tubulin gene was used as an internal
control for normalization. The RT-qPCR analysis was performed with 3 independent
biological samples, and 2 replicates were analyzed for each biological sample.

Table 1. Primer sequences for RT-qPCR analysis of 6 penitrem A biosynthetic genes.

Gene Orientation Primer Sequence (5" — 3)
ptmB Forward GTCCTGCACTGTGGCTTTTG
Reverse CTCCACAAAACCAGAGGGCT
ptm] Forward ACTCCAGTCTGCACCCATTG
Reverse TCACGCAGAGACTCAGGAGA
ptmK Forward CTGACCCAGCAGATCAGACG
Reverse CGTGGTGCCCAATAGACCAT
ptmO Forward CCGCAAAACACGAGAAGAGC
Reverse TGGTTCAATGTCGGCGTGTA
ptmS Forward CCCAAGGGCACTACTTTGGT
Reverse AAAGAGGACGATTGCTGCGA
ptmT Forward GGAATCATGTCGGGCATTGC
Reverse TGAAGACCACAGTGCCGATC
B-tubulin Forward GTCCAACGACAGGAAACCGA
Reverse CAGGCTCCAAATCGACGAGA

2.11. Statistical Analysis

Statistical analyses were performed by a one-way analysis of variance (ANOVA), which
was followed by Duncan’s post hoc test. Data were expressed as the mean + SD using SPSS
26.0 (SPSS Inc., Chicago, IL, USA). A p value < 0.05 was considered statistically different.

3. Results

3.1. Isolation of Fungi from Pears, Identification of the Isolated Fungi, and Penitrem A Production
by the Isolated Fungi

In total, 381 fungi were isolated from the surface of five pears. The fungal isolates
were initially assigned to 16 groups based on their morphological characteristics such as
conidiophores and conidiospores under the microscope, and the color and shape of the
colony grown on PDA, mYES4, and mMEA agar plates. Then, we selected 17 fungal isolates
from the 16 groups, and they were identified genetically based on sequences of ITS, BenA,
and CaM regions on fungal DNA. When the sequences in the PCR products were compared
with those of reference strains in the GenBank database at the NCBI website using Basic
Local Alignment Search Tool (BLAST), the BLAST-based analysis showed high sequence
similarity (98-100%) between the nucleotide sequences of the fungal isolates and those of
the reference strains. The phylogenetic tree based on ITS sequences from 17 fungal isolates
is shown in Figure 1. This result implies that pears were colonized by various fungi.

The 17 fungal isolates were classified into eight genera except one unknown genus
(Fungal sp. isolate B21): Neurospora (four species), Penicillium (three species), Aspergillus
(three species), Fusarium (two species), Chaetomium (one species), Alternaria (one species),
Mucor (one species), and Akanthomyces (one species). Thus, when a total of 381 fungal iso-
lates were assigned to the eight genera, Neurospora was the most prevalent genus (135 CFU
and 35.43%) among the eight genera, which was followed by Chaetomium (84 CFU and
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22.05%), Aspergillus (46 CFU and 12.07%), Penicillium (44 CFU and 11.55%), Mucor (37 CFU
and 9.71%), Fusarium (17 CFU and 4.46%), Akanthomyces (10 CFU and 2.62%), and Alternaria
(8 CFU and 0.78%). When the 16 fungal isolates were further categorized, they belonged
to five orders (Neurospora and Chaetomium in Sordariales, Penicillium and Aspergillus in
Eurotiales, Fusarium and Akanthomyces in Hypocreales, Alternaria in Pleosporales, and
Mucor in Mucorales).

os Neurospora crassa culture CBS:259.47 (MH856247.1)

53| | Neurospora sitophila strain WMF13-2-qm (MW689650.1)

46 Neurospora tetrasperma strain LZ14-24-2 (MT898703.1)

00
Neurospora p strain WMF219-qm (MW689657.1)

95 { Chaetomium globosum isolate WY2 (M2323883.1)

h lecanii clone TR-81-003 (MN588128.1)

46 Fusarium proli isolate TY190-26 (MT090018.1)
100 Fusarium solani isolate F5 (MG711899.1)

Penicillium citrinum isolate RM101 (KU613360.1)

Penicillium crustosum strain DQ-30 (KY022755.1)

66

99

86 Penicillium fellutanum strain S6-Y-2-10 (KP216922.1)

Aspergillus niger strain ND44 (MG659638.1)
Aspergillus aculeatinus isolate SRG2 (MK748310.1)

100 Aspergillus aculeatus isolate A35 (MW186675.1)

Fungal sp. isolate B2 | (2-3 c) (MW603384.1)

Alternaria solani 6 genes (LC339938.1)

Mucor circinelloides isolate F5 (OK668191.1)

0.10

Figure 1. Phylogenetic relationship based on sequences of the ITS rDNA region from fungi isolated
from pears. The trees were constructed using the neighbor-joining (NJ) method.

Then, we initially selected six isolates, which belong to Penicillium spp. and Aspergillus
spp. and may produce patulin, and screened them for patulin production by HPLC analysis.
However, none of the six fungal isolates produced patulin (Table S1). Thus, we screened
three Penicillium spp. for production of other Penicillium associated mycotoxins such as
penitrem A by HPLC analysis because it is one of the emerging mycotoxins found in food
products. Of the three Penicillium spp., the P. crustosum isolate (P2) was able to produce
a moderate level of penitrem A (0.62 £ 0.01 pg/mL) (Figure 2). We then designated the
P. crustosum isolate (P2) as P. crustosurmn OM1. The morphology of P. crustosum OM1 on
five types of media (PPAM, PDA, mYES4, mMEA, and mCYA) is shown in Figure S2.

We performed LC/MS/MS analysis to confirm the identity of penitrem A produced
by P. crustosum OM1. The penitrem A standard was eluted at 15.982 min, and penitrem A
in the fungal culture extracts was eluted at 15.933 min (Figure S3A,C). The mass-to-charge
(m/z) ratio of the most abundant product ion [M+H]" associated with the peak in the
penitrem A standard was 634.2943 and the m/z ratio of the major product ion associated
with the peak in the fungal culture extracts was 634.2934, and the MS profiles were well
matched with each other (Figure S3B,D). These results confirmed the identity of penitrem
A produced by P. crustosum OM1, which was detected by HPLC-UVD as described above.
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Figure 2. HPLC chromatograms of penitrem A. Chromatograms of (A) penitrem A standard solution
(100 ug/mL) and (B) culture extracts of isolate P2. The retention time of the penitrem A peak was
19.7 min.

3.2. Effects of Different Sucrose Contents on Penitrem A Production by P. crustosum OM1

Most fungi utilize sugar as a primary carbon source for their growth and mycotoxin
production. The levels of sugar are also important factors for the mycotoxin production.
Thus, we cultured P. crustosum OM1 on mYES agar plates containing two different sucrose
concentrations (4 or 15%) at 22 °C to compare levels of penitrem A production by the
fungal strain. The growth rate on mYES15 was higher than that on mYES4 as expected
(Figure S4A). The fungal growth on mYES15 increased consistently until 16 days of incu-
bation, whereas that on mYES4 increased slowly and reached a maximum after 16 days.
Myecelial dry weight on mYES15 (1177.97 + 22.27 mg) was approximately 2.5-fold higher
than that on mYES4 (472.77 & 22.01 mg) after 16 days of incubation. In contrast, the fungi
produced a higher amount of penitrem A on mYES4 than mYES15 (Figure S4B). After 8 days
of incubation, there were significant increases in penitrem A production on both media.
The penitrem A production on mYES4 (3.41 & 0.17 ug/mg dry weight) was approximately
2-fold higher than that on mYES15 (1.74 + 0.01 ug/mg dry weight) after 16 days. These
results indicate that the lower sucrose content (4%) was more favorable than the high
sucrose content (15%) for the production of penitrem A by P. crustosumm OM1 on mYES.
Thus, we chose mYES4 instead of mYES15 for further experiments.

3.3. Influence of Temperature and Culture Media on the Growth of P. crustosum OM1 and Its
Penitrem A Production

To investigate the effects of temperature and culture media on the growth of P. crusto-
sum OM1, we cultured the fungal strain on four different agar plates (PDA, mYES4, mMEA,
and mCYA) under five different temperature conditions (15, 20, 22, 25, and 30 °C). The
fungal growth showed similar patterns between PDA and mMEA (Figure 3A,B), and be-
tween mCYA and mYES4 (Figure 3C,D). The growth on both PDA and mMEA approached
a plateau under all five temperature conditions after 8 days of incubation (Figure 3A,B).
The growth rate on PDA was slightly higher (4%) than that on mMEA (173.27 & 14.25 mg
dry weight on PDA, 138.77 4+ 15.62 mg dry weight on mMEA on the 8th day at 25 °C).
However, the growth rates on mCYA and mYES4 were higher than those on PDA and
mMEA. The growth on both mCYA and mYES4 was retarded at 30 °C, but was highest
after 16 days of incubation under all temperature conditions except those on mCYA at
20 and 30 °C (Figure 3C,D). Although the growth on mCYA was highest at 20 °C after
8 days (406.23 £ 77.37 mg dry weight), it did not show a statistically significant difference
relative to that at 25 °C after 16 days (380.80 £ 12.03 mg dry weight). Overall, of four differ-
ent media, the fungal strain exhibited the highest growth rate on mYES4 after 16 days of
incubation at 25 °C (500.97 £ 1.96 mg dry weight). These results imply that the optimum
temperature for the growth of P. crustosum OM1 on four different types of media is 25 °C.
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Figure 3. Growth of P. crustosum OM1 on 4 different agar plates (PDA, mYES4, mMEA, and mCYA) at
5 different temperatures (15, 20, 22, 25, and 30 °C). (A) Mycelial dry weight on PDA, (B) mycelial dry
weight on mMEA, (C) mycelial dry weight on mCYA, and (D) mycelial dry weight on mYES4. The dry
weight of mycelia was measured in triplicate. Data are expressed as the mean =+ standard deviation.

Next, we investigated the levels of penitrem A produced by P. crustosum OM1 on
four different agar plates (PDA, mYES4, mMEA, and mCYA) under five different tem-
perature conditions (15, 20, 22, 25, and 30 °C). The levels of penitrem A on both PDA
and mMEA reached a plateau at under five temperature conditions after 8 days of in-
cubation, which were similar to its growth patterns on the same media described above
(Figure 4A,B). The penitrem A production on PDA was slightly better (12%) than that on
mMEA (0.64 £ 0.01 pg/mg dry weight on PDA, 0.59 £ 0.01 pg/mg dry weight on mMEA
on 16th day at 22 °C). Again, similarly to the growth patterns, the fungal strain produced
higher levels of penitrem A on mCYA or mYES4 than on PDA or mMEA. In addition, the
penitrem A production on both mCYA and mYES4 was highest after 16 days of incubation
under all five temperature conditions (Figure 4C,D). The production on mYES4 at 20 °C
(3.79 £ 0.09 ng/mg dry weight) was approximately 2.2-fold higher than that on mCYA
at 22 °C (1.73 £ 0.03 ug/mg dry weight) after 16 days of incubation. Overall, the fungal
strain showed high levels of penitrem A production under the temperature conditions
between 20 and 25 °C after 16 days of incubation on all four different types of media. It
produced the highest amounts of penitrem A on three different media (PDA, mMEA, and
mCYA) at 22 °C, while it produced the highest amounts of penitrem A on mYES4 at 20 °C
after 16 days. However, there was no statistically significant difference between the levels
of penitrem A at 20 and 22 °C (3.79 £ 0.09 pg/mg dry weight and 3.41 £+ 0.27 pg/mg
dry weight, respectively). Thus, we chose 22 °C as an incubation temperature for further
experiments. Also, we selected mYES4 medium as a culture medium, on which the fungal
strain produced the highest amount of penitrem A.



J. Fungi 2025, 11, 741

11 of 23

-+ 15%C

~
=
]

H g -+ 15°C
- =]
®% -+ 20°%C s 9
£2 154 £2 157 et
53 n°c S nec
£° o g2
S L10q * 25°C m > 25
<u “+ 30°C < o
EE J c EL -+ 30°C
£ 3057 Z2os
-l z <
o 9
& &
0.0 T T T T 0.0 T T T T
0 4 8 12 16 0 4 8 12 16
Time (day) Time (day)
(A) (B)
504 =
H -+ 15%C = L o+ 15°C
g %4.0- + 20°C "é g 4.0 - 20°C
g3 2% R 2°C
2 % 304 o 2 30
s + 25°C Se { + 25°C
v < 1> .; /
< 50204 +30°%C < 50 2.0 . -+ 30°C
g€ EE
) )
£ 210 = 2104
] g
& g
0.0 T T T T 0. T T T T
0 4 8 12 16 0 4 8 12 16
Time (day) Time (day)
© (D)

Figure 4. Penitrem A production by P. crustosum OMI1 on 4 different agar plates (PDA, mYES4, mMEA,
and mCYA) at 5 different temperatures (15, 20, 22, 25, and 30 °C). (A) Penitrem A level on PDA,
(B) penitrem A level on mMEA, (C) penitrem A level on mCYA, and (D) penitrem A level on mYES4. The
levels of penitrem A were measured in triplicate. Data are expressed as the mean =+ standard deviation.

3.4. Influence of pH on the Growth of P. crustosum OM1 and Its Penitrem A Production

It is known that environmental pH affects fungal growth and mycotoxin production
due to the change in gene expression by pH regulatory systems and inhibition of intra-
cellular enzyme activity [47—49]. Thus, to investigate the effect of pH on the growth of
P. crustosum OM1 and its penitrem A production, we cultured the fungal strain on mYES4
agar plates under four different pH conditions (pH 4.5, 6.5, 7.5, and 8.5) at 22 °C. The fungal
growth exhibited a typical increasing tendency under all four pH conditions (Figure 5A).
The growth was highest at pH 4.5 (521.27 & 5.39 mg/dry weight), followed by pH 8.5, 6.5,
and 7.5 after 16 days of incubation. In contrast, the levels of penitrem A were higher at
neutral pH (pH 6.5 and 7.5) than acidic or alkaline pH (pH 4.5 and 8.5) (Figure 5B). The
fungal strain produced the highest level of penitrem A at pH 6.5 (3.41 £ 0.17 ug/mg dry
weight), while it produced the lowest level of penitrem A at pH 4.5 (2.28 + 0.09 pg/mg dry
weight) after 16 days. These data imply that the optimum pH for the growth of P. crustosum
OM1 on mYES4 at 22 °C is pH 4.5, whereas that for its penitrem A production on the same
media at 22 °C is pH 6.5.
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Figure 5. Growth of P. crustosumm OM1 and its penitrem A production on mYES4 agar plates at
4 different pH (pH 4.5, 6.5, 7.5, and 8.5) and 22 °C. (A) Mycelial dry weight and (B) level of penitrem
A. The levels of penitrem A and dry weight of mycelia were measured in triplicate. Data are expressed
as the mean =+ standard deviation.
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3.5. Growth of P. crustosum OM1 and Its Penitrem A Production on PPAM

Since P. crustosum OM1 was isolated from pears, it was necessary to assess its penitrem
A production ability on PPAM, which is a simulated natural environment using pears. Thus,
we evaluated the growth of P. crustosum OM1 and the amounts of penitrem A produced
by the fungal strain on PPAM agar plates (pH 6.5) at 22° C. Fungal growth based on
colony diameter increased steadily until the 16th day of incubation (81.00 &+ 1.41 mm
colony diameter), while that based on mycelial dry weight was highest on the 8th day
(193.23 £ 12.85 mg dry weight), and thereafter it decreased slowly (Figure S5A). On the
other hand, the fungal strain produced the highest amount of penitrem A on PPAM after
16 days of incubation (0.15 £ 0.01 pg mg/dry weight), but the level on the 12th day did not
increase compared to that on the 8th day (Figure S5B), which was slightly different from
that on mYES4 as shown in Figure 5A. As expected, the pH of PPAM gradually decreased
over 16 days, but it seemed that the pH on the 16th day (3.76 4= 0.02) did not reach the level
(below pH 3, see below) required for degradation of penitrem A (Figure S5B).

3.6. Influence of RH on the Growth of P. crustosum OM1 and Its Penitrem A Production on PPAM
and mYES4

RH is another environmental parameter that affects fungal growth and mycotoxin
production. Thus, we cultured P. crustosum OM1 on PPAM (pH 6.5) or mYES4 (pH 6.5) agar
plates under two different RH (94 and 98%) conditions at 22 °C for 10 days. The pattern
of the fungal colony diameters was similar to that of the mycelial dry weight on the same
media under both RH conditions over 10 days (Figure 6A-D). Although the fungus showed
similar colony diameters on PPAM and YES after 10 days of incubation, the mycelial dry
weight on mYES4 (403.10 £ 2.67 mg under RH 94%, 460.07 + 10.20 mg under RH 98%)
was approximately 2-fold higher than that on PPAM (174.27 + 14.27 mg under RH 94%,
286.83 £ 19.05 mg under RH 98%) (Figure 6B,D) as shown in Figure 5A and Figure S5A.
We observed that the fungal strain grew more sparsely on PPAM than on mYES4, and this
may be the reason for the difference (Figure S2A,C). However, the fungal strain produced
similar amounts of dry weight on the same media under RH 94 and 98% after 10 days of
incubation (Figure 6D), which is in agreement with the data based on colony diameters
(Figure 6B). In contrast, the fungi produced the higher amount of penitrem A on mYES4
under RH 98% (1.41 £ 0.03 pg/mg dry weight) than that on the same media under RH
94% (1.15 & 0.07 pg/mg dry weight) after 10 days of incubation (Figure 6F). However, the
fungal strain produced very low levels of penitrem A on PPAM under both RH 94 and 98%
(0.03 £ 0.02 pg/mg dry weight and 0.03 &£ 0.01 ug/mg dry weight, respectively) compared
to those on mYES4 under the same RH. These levels of penitrem A are consistent with the
above results shown in Figure 5B and Figure S5B. Thus, as expected, these data imply that
the higher percentage of RH (98%) was more favorable than the lower RH (94%) condition
for the production of penitrem A by P. crustosum OM1.

Considering the above results, our data demonstrated that the three key environmental
factors such as temperature, pH, and RH significantly affected the growth of P. crustosum
OM1 and its penitrem A production.
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Figure 6. Growth of P. crustosum OM1 and its penitrem A production on PPAM (pH 6.5) or mYES4
(pH 6.5) agar plates under 2 different RH (94 and 98%) conditions at 22 °C. (A,B) Colony diameter after
5- and 10-day incubation, (C,D) mycelial dry weight after 5- and 10-day incubation, and (E,F) levels
of penitrem A after 5- and 10-day incubation. The levels of penitrem A dry weight of mycelia, and
colony diameter were measured in triplicate. Data are expressed as the mean + standard deviation.
Different letters indicate statistically significant differences (p < 0.05).

3.7. Growth of P. crustosum OM1 and Its Penitrem A Production in Liquid Media

As described above, our data showed that P. crustosum OM1 produced the highest,
middle, and lowest levels of penitrem A on mYES4, PDA, and mMEA agar plates, respec-
tively. Thus, to compare levels of penitrem A produced by P. crustosum OM1 in liquid
media, the fungal strain was cultured in three different types of liquid media (mYES4,
PDB, and mMEB) under static or agitation conditions because mycotoxins such as patulin
are produced at higher levels by Penicillium spp. under static conditions than agitation
conditions [50]. Since previous studies reported that 97-99% of total penitrem A was
detected in mycelia of P. crustosum instead of culture broth [22,40,41], we initially compared
levels of penitrem A in mycelia of P. crustosum OM1 with those in its culture filtrate after
7 days of incubation under static conditions at 22 °C. As shown in Table S2, more than 95%
of total penitrem A was detected in the mycelia when it was cultured in all three types
of media. Thus, we extracted penitrem A from mycelia to analyze the mycotoxin. After
the penitrem A was not detected until 3—4 days, the level increased in mYES4 under both
conditions (Figure 7A,B). It reached the highest level (24.95 £ 0.01 ng/mg dry weight)
in mYES4 under agitation conditions on the 5th day, while it reached the highest level
(516.84 + 14.50 ng/mg dry weight) in mYES4 under static condition on the 6th day. It
indicates that the level of penitrem A in mYES4 under static conditions was 20-fold higher
than that in mYES4 under agitation conditions. The myecelial dry weight showed a similar
pattern to each other under both culture conditions although the dry weight in mYES4
with agitation increased more rapidly than that in mYES4 without agitation (Figure 7A,B).
Interestingly, after the pH in mYES4 with shaking dropped from 6.8 to 5.3 until 3 days of
incubation, it increased consistently to pH 7.5 on the 8th day. This result is similar to that
from one previous study, in which pH was dropped from 7 to 4.5 until 3 days, which was
followed by an increase to near neutral pH on the 6th day when a P. crustosum strain was
cultured in CYB with shaking at 22 °C [25]. Also, P. crustosum OM1 produced the highest
amount of penitrem A (73.30 £ 0.46 ng/mg dry weight) in PDB with agitation on 4th day,
while it produced the highest amount of penitrem A (247.04 £ 66.37 ng/mg dry weight) in
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PDB without agitation on the 6th day (Figure 7C,D). The level of penitrem A production
was 3.4-fold higher in PDB under static conditions than in PDB under agitation conditions.
The mycelial dry weight was highest on the 8th day under both culture conditions, but the
dry weight in PDB with agitation (389.2 £ 8.55 mg) exhibited a 1.6-fold higher level than
that in PDB without agitation (240.95 £ 3.89 mg) on the same day (Figure 7C,D). In addition,
the highest amount of penitrem A produced by the fungal strain in mMEB during 8 days
of culture was similar to each other under both culture conditions (23.98 & 1.09 ng/mg
dry weight in mMEB with shaking on the 5th day, 26.72 £ 1.66 ng/mg dry weight in
mMEB without shaking on the 7th day) (Figure 7E,F). The mycelial dry weight also ex-
hibited a similar pattern to each other under both culture conditions, but the dry weight
in mMEB with agitation (287.35 £ 21.28 mg on the 7th day) was 2-fold higher than that
in mMEB without agitation (128.45 + 6.58 mg on the 8th day) (Figure 7E,F). The pH in
PDB and mMEB decreased until 3-3.5 and it was maintained under both culture conditions
(Figure 7C-F). Thus, the fungus produced the highest level of penitrem A in mYES4 under
static conditions, whereas it produced the lowest level of penitrem A in mMEB under
agitation conditions. Overall, our results demonstrated that level of penitrem A produced
by P. crustosum OM1 was highest in mYES4 under static conditions, whereas the level was
lowest in mMEB under agitation conditions among the three types of media (mYES4, PDB,
and mMEB) (Figure 7). Also, the data exhibited that its dry weight was highest in mYES4
with agitation among the three types of media.
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Figure 7. Growth of P. crustosum OM1 and its penitrem A production in 3 different liquid media
(mYES4, PDB, and mMEB) at 22 °C with or without shaking. (A) mYES4 with shaking, (B) mYES4
without shaking, (C) PDB with shaking, (D) PDB without shaking, (E) mMEB with shaking, and
(F) mMEB without shaking. The levels of penitrem A and dry weight of mycelia, and pH were
measured in triplicate. Data are expressed as the mean =+ standard deviation.

3.8. Relative Gene Expression Analysis by RI-gPCR

The relative expression levels of six penitrem A biosynthetic genes (ptmB, ptm], ptmK,
ptmO, ptmS, and ptmT) in the penitrem A gene cluster were analyzed by RT-qPCR when
P. crustosum OM1 was cultured in mYES4 (penitrem A conducive medium) or mMEB
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(penitrem A non-conducive medium). Of the six genes, the relative expression levels of
four penitrem A biosynthetic genes (ptm], ptmK, ptmO, and ptmS) increased in mYES4 on the
3rd day, and thereafter the levels gradually decreased until 9 days of incubation or remained
relatively constant after the 6th day (Figure 8B-E). However, the relative expression levels
of the four genes remained low in mMEB over 9 days. In contrast, although the relative
expression levels of ptmB increased slightly in mYES4 after 9 days of incubation, they
remained relatively constant in both mYES4 and mMEB during cultures (Figure 8A). Also,
ptmT exhibited similar expression patterns to ptmB in both mYES4 and mMEB although
the relative expression level of ptmT was lower in mMEB than in mYES4 on the 9th day
(Figure 8A,F).
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Figure 8. Time course of relative expression of putative penitrem A biosynthetic genes in P. crustosum
OM1 and levels of its penitrem A production in mYES4 (penitrem A conducive) or mMEB (penitrem
A non-conducive) medium. Relative expression levels of (A) ptmB, (B) ptm], (C) ptmK, (D) ptmO,
(E) ptmS, (F) ptmT, and (G) penitrem A levels in mYES4 or mMEB. The expression levels of 6 genes
and levels of penitrem A were measured in triplicate. The expression levels were normalized to that
of B-tubulin gene. Data are expressed as the mean =+ standard deviation. Different letters indicate

statistically significant differences (p < 0.05).

HPLC analyses showed that P. crustosum OM1 produced low levels of penitrem A in
mMEB (15.69 £ 1.52 ng/mg dry weight on the 6th day), while it produced significantly
increased levels of penitrem A in mYES4 (516.84 + 14.50 ng/mg dry weight on the 6th day)
although the level of penitrem A in mYES4 decreased to approximately 40% on the 9th day
(212.66 £ 8.79 ng/mg dry weight) (Figure 8G), which is in agreement with the data shown
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in Figure 7. These results are also consistent with those of RT-qPCR analysis described
above, indicating that the four penitrem A biosynthetic genes were up-regulated in mYES4
(penitrem A conducive medium), whereas they were not up-regulated in mMEB (penitrem
A non-conducive medium).

4. Discussion

A number of studies documented that environmental conditions such as temperature,
pH, RH, and water activity (aw; the degree of water available for microbes to use) influence
fungal growth and mycotoxin production in food [51,52]. We initially attempted to isolate
patulin-producing fungal strains from pears, but were not able to isolate patulin producers.
Hence, we focused on another mycotoxin penitrem A-producing fungal strain.

Penitrem A, an emerging neurotoxin, is found in food such as cereal grains, meat
and dairy products, and fruits [3,24]. Penitrem A intoxication has been associated with
ingestion of cereal grains, nuts, and dairy products in humans and animals [7,8,10,11].
Few studies have reported on environmental conditions for penitrem A production by
P. crustosum. Thus, in the current study, we isolated P. crustosum OM1 from pears, tested it
for penitrem A production, and investigated the impacts of the three major physicochemical
parameters (temperature, pH, and RH) on the growth of P. crustosum OM1 and its penitrem
A production.

Our results showed that 16 fungal strains, which were isolated from pears, belong
to Neurospora, Penicillium, Aspergillus, Fusarium, Chaetomium, Alternaria, Mucor, and Akan-
thomyces genera. This taxonomic classification is in line with the results on fungal strains
isolated from pears in other studies [53-55]. A previous study described that the most
common causative pathogens isolated from Asian pears (cultivars, Zaosu and Yali) in China
were Penicillium spp., Alternaria spp., Botrytis spp., and Mucor spp. [53]. Another previous
study from Malta documented that common fungal pathogens found on several different
pear cultivars were Penicillium spp., Aspergillus spp., Botrytis spp., Mucor spp., Alternaria
spp., Rhizopus spp., Phialophora spp., Cladosporium spp., and Neofabrea spp. [54]. However,
these results showed a slight difference from our data. The discrepancy may have resulted
from different pear varieties, geographical location, or climate.

In this study, when we analyzed the identity of penitrem A produced by P. crustosum
OM1 using LC/MS/MS, we found another substance in the fungal culture extracts, which
was eluted at 14.634 min (Figure S3E). The m/z ratio of the most abundant product ion
[M+H]* associated with the substance peak was 390.1928, and its molecular formula was
CpHp3N50, (Figure S3F). We assume that the substance is roquefortine C because it
matched well with roquefortine C (98% score) in METLIN PCDL database, which was
connected to Agilent LC/Q-TOF, and it was reported to be produced by P. crustosum in
previous studies [24-26,40,56]. Sonjak and co-workers described that all 121 P. crustosum
strains, which were isolated from Arctic and non-Arctic regions, produced roquefortine
C along with penitrem A, and concluded that P. crustosum produces both metabolites
concurrently [24], which is in agreement with our results.

Our data showed that P. crustosum OM1 produced 2-fold higher amounts of penitrem
A on mYES containing low sucrose (4%) than that containing high sucrose (15%). It
is in line with other previous studies [22,41]. El-Banna and colleagues reported that
the level of penitrem A in a P. crustosum strain decreased by approximately 50% in SPS
medium containing 16% sucrose relative to the same medium containing 2% sucrose under
static conditions [22]. Another study documented that one P. crustosum strain (formerly
misidentified as P. commune but re-identified by Frisvad [57]) produced approximately
5-fold higher levels of penitrem A in YES4 than in YES15 when it was cultured under static
conditions at room temperature [41].
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Our results also exhibited high levels of penitrem A production under the temperature
conditions between 20 and 25 °C on all four different types of media (mYES4, PDA, mMEA,
and mCYA). It is consistent with the results from other previous studies [5,22,26,41]. Kalin-
ina and co-workers reported that penitrem A production by P. crustosum CBS 483.75 was
highest at 22 °C on CYA after 14 days of incubation, followed by 24 and 20 °C [5]. El-Banna
and collaborators showed the optimum temperature for penitrem A production at 25 °C
after 3-week culture of one P. crustosum strain on SPS medium under static conditions [22].
Another study obtained similar results to those from El-Banna and collaborators, and the
authors described that the optimum temperature for penitrem A production was 25 °C
when they cultured a P. crustosum strain on rice under three temperature conditions (10, 15,
and 25 °C) [26]. Also, Wagerner and colleagues documented that the optimum temperature
for penitrem A production on YES4 by one P. crustosum strain (misidentified as P. commune)
was 20 °C under static conditions after 4 weeks incubation [41].

In addition, our data showed that P. crustosumn OM1 produced higher amounts of
penitrem A on mCYA or mYES4 than on PDA or mMEA and that it produced much
higher levels on mYES4 than on mCYA at 22 °C. The former is similar to those from
previous studies [5,22,41]. Kalinina and co-workers described that P. crustosum CBS 483.75
produced higher levels of penitrem A on CYA and YES than on MEA and PDA at 25 °C after
14 days although we used slightly modified composition in three media (mCYA, mMEA,
and mYES) [5]. However, in their study, higher amounts of penitrem A were produced
by the strain on CYA than on YES, which is different from higher levels of penitrem A
production by P. crustosum OM1 on mYES than on mCYA in our study. This discrepancy
may have resulted from the use of a different P. crustosum strain or the slightly different
media composition in their study (YES containing 3% glucose). Also, in El-Banna and
Leistner’s study, higher levels of penitrem A were produced by a P. crustosum strain on
CYB than on MEB at 25 °C under static conditions although they used slightly different
compositions in both media (CYB containing 2% yeast extract, MEB containing only malt
extract) from those in our media (mCYA, mMEA) [22]. In another study, one P. crustosum
strain (misidentified as P. commune) produced a 1.4-fold higher level of penitrem A in YES4
than in CYB containing 2% yeast extract under static conditions at room temperature [41].
It has been documented that YES media containing sucrose are generally favorable for
production of secondary metabolites including mycotoxins by Penicillium spp. relative
to the media containing the other carbon sources [58]. Kumar and colleagues reported
that Penicillium expansum produced a higher level of patulin, a mycotoxin, on solid media
containing sucrose than glucose or fructose and that as sucrose concentrations were higher,
the levels of patulin production were reduced due to decreased expression levels of LaeA, a
global transcription factor of secondary metabolism [59]. Thus, these might be the reasons
why our study showed higher penitrem A production by P. crustosum OM1 on mYES4
than on mYES15 and on mYES4 than on mMEA (2% glucose) and PDA (2% glucose). Also,
in our study, higher penitrem A production on mYES4 (2% yeast extract) than on mCYA
(3% sucrose, 0.5% yeast extract) might have been due to the effect of yeast extract because
it is rich in a variety of trace elements such as vitamins and minerals that can be used as
cofactors of many enzymes [60] and it was reported that an addition of yeast extract to
synthetic media is crucial for penitrem A production by P. crustosum [5]. In addition, when
we analyzed fungal growth based on mycelial dry weight on PPAM (pH 6.5) and mYES4
(pH 6.5), the growth on PPAM was slightly different from that on mYES4. The dry weight
on PPAM after 16 days of incubation (162.50 & 4.46 mg dry weight) was approximately 3-
fold lower than that on mYES4 after the same period of incubation (462.77 & 22.01 mg/dry
weight). We assume that the decreased dry weight on PPAM was due to insufficient
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nutrients on the media (insufficient growth factors from no peptone or yeast extract in pear
puree [61]) compared to mYES4.

Several previous studies have shown that neutral pH conditions were more supportive
of penitrem A production by P. crustosum than acidic or alkaline conditions [5,22], although
the fungus had generally optimal growth between pH 4.5 and 9 [62]. El-Banna and Leistner
described that a P. crustosum strain produced higher amounts of penitrem A on SPS medium
at near neutral pH (pH 5.7-6.0) than acidic or alkaline pH [22]. Another study reported
that the highest amount of penitrem A was produced by P. crustosum CBS 483.75 at pH 6
among pH 3, 6, and 9 on CYA after 21 days [5]. These data are in agreement with those
from our study. In the current study we showed that the optimum pH for penitrem A
production by P. crustosum OM1 on mYES4 at 22 °C was pH 6.5 although the fungal strain
grew well in broad pH ranges between pH 4.5 and 8.5 on the same media at 22 °C, which
is in line with the results from Pitt’s study [62]. Considering the above data, our results
demonstrated that environmental temperature and pH have a significant influence on the
growth of P. crustosum OM1 and its penitrem A production.

Another environmental parameter RH also affects fungal growth and mycotoxin pro-
duction [41,63]. Rundberget and collaborators described that a,, is an important parameter
that influences penitrem production and that penitrem A production decreases rapidly
below ay, 0.99 [26]. In our study, P. crustosum OM1 grew well and produced high amounts
of penitrem A on mYES4 under RH 94%, which were similar to those under RH 98%, while
it produced very low levels of penitrem A on PPAM under both RH 94 and 98% although
its growth was comparable to those on mYES4 as described above. Wagener and colleagues
reported that one P. crustosum strain (misidentified as P. commune) produced much lower
amounts of penitrem A on cottonseed under RH 95% than under RH 99% [41]. Another
study documented that below ay, 0.958, they detected growth of P. crustosum CBS 483.75
but did not detect any penitrems, including penitrem A on CYA after 21 days [5], which
slightly differed from those of our study. This may have been due to the use of different
media. Our results also showed that the levels of penitrem A on PPAM did not increase on
the 10th day compared to the 5th day and were very low at 22 °C under both RH 94 and
98% conditions. Thus, it is not likely that penitrem A production by P. crustosum OM1 on
pears occurs during storage at lower temperature than 22 °C such as 4 °C. Overall, our data
demonstrated that the three key physicochemical parameters such as temperature, pH, and
RH strongly influenced the growth of P. crustosum OM1 and its penitrem A production.

On the other hand, Rundberget and co-workers documented that 10-15% of penitrem
A was converted to thonitrem A (its structurally related analog) at pH 2-3 after 24 h
incubation since penitrems are unstable at low pH [26]. In our study, the pH in PDB
and mMEB decreased until 3-3.5 and it was maintained under both agitation and static
conditions. In particular, the pH in mMEB under the agitation condition was maintained at
near pH 3 after 3 days of incubation, and the level of penitrem A on the 8th day decreased
by approximately 4-fold relative to that on the 5th day. The penitrem A in mMEB may
have been converted to another metabolite such as thonitrem A during the culture at pH 3.
These results suggest that acidic conditions are not favorable for penitrem A production
by P. crustosum OM1. Also, Sumarah and colleagues showed that penitrem A production
started with the maximum rate after carbon sources such as glucose or fructose, which
was converted from sucrose, are depleted in CYB culture of one P. crustosum strain [25]. It
is in line with our study, in which P. crustosum OM1 started to produce penitrem A after
2-3 days of incubation. As expected, our data showed that P. crustosum OM1 produced the
highest level of penitrem A in mYES4 under static conditions, whereas it had the highest
level of dry weight in mYES4 under agitation conditions among three types of media
(mYES4, PDB, and mMEB). It seems that mYES4 containing sucrose supported penitrem A



J. Fungi 2025, 11, 741

19 of 23

production by P. crustosum OM1 as described above and that the increased fungal cell mass
but not penitrem A production was facilitated by increased oxygen supply under agitation
conditions [64,65].

Lastly, RI-qPCR analysis showed that the relative expression levels of four penitrem A
biosynthetic genes (ptm], ptmK, ptmO, and ptmS) in P. crustosum OM1 increased in mYES4
(penitrem A conducive) on the 3rd day, and thereafter the levels gradually decreased until
9 days of incubation or remained relatively constant after the 6th day. However, they were
maintained very low in mMEB (penitrem A non-conducive) compared to those in mYES4.
Moreover, HPLC analyses showed that the fungal strain produced remarkably increased
levels of penitrem A in mYES4, whereas it produced small amounts of penitrem A in mMEB.
These results indicate that the relative expression of the four penitrem A biosynthetic genes
(ptm], ptmK, ptmO, and ptmS) were up-regulated in mYES4 medium, while they were not
up-regulated in mMEB medium. It strengthens the fact that mYES4 containing sucrose
supports more penitrem A production than mMEB containing glucose as described above.
Also, the HPLC analysis results demonstrated that the level of penitrem A decreased
in mYES4 after 6 days of incubation, which is consistent with the decreased expression
levels of ptm], ptmK, and ptmO, and the results from one previous study [40]. Mantle and
collaborators described that the level of penitrem A was reduced after 8 days of incubation
when they cultured a P. crustosum strain in CYB under static conditions at 27 °C [40].
However, intriguingly, in this study as described above, the levels of penitrem A in mYES4
agar plates increased continuously even after 6 days. These results might indicate different
patterns of gene expression between cultures in the liquid and solid media due to more
rapid diffusion of H* to lower pH in liquid media. In addition, the relative expression levels
of ptmB or ptmT in mYES4 were similar to those in mMEB during 9 days of culture. Several
previous studies established the penitrem A biosynthetic pathway [16,18]. Based on the
penitrem A biosynthetic pathway, our results indicate that ptmS, which encodes NmrA-like
family transcription factor, is constitutively expressed in mYES4 to induce the expression
of the three penitrem A biosynthetic genes (ptm], ptmK, and ptmO) during penitrem A
biosynthesis, whereas ptmB (encodes indole-diterpene cyclases) or ptmT (encodes major
facilitator superfamily transporters) exhibited relatively constant expression in both mYES4
and mMEB.

5. Conclusions

In the current study, we evaluated the influence of three major physicochemical
parameters (temperature, pH, and RH) on the growth of P. crustosum OM1 isolated from
pears and its penitrem A production. Our results demonstrated that the environmental
factors had a significant impact on the penitrem A production by the fungal strain and
its growth. It showed that the highest growth rate of P. crustosum OM1 was produced at
25 °C and pH 4.5 on mYES4 under RH 98%, whereas the highest level of penitrem A was
produced at 22 °C and pH 6.5 on the same media under RH 98%. In addition, the fungal
strain produced very low levels of penitrem A on PPAM at 22 °C under both RH 94 and
98% compared to those on mYES4 under the same RH. These data suggest that penitrem A
production on pears will be controlled by storage below 22 °C and RH 94%. In addition,
the relative expression levels of ptm], ptmK, ptmO, and ptmS were up-regulated in mYES4
medium, whereas they were not up-regulated in mMEB medium. These results will also
help understand the physiological characteristics of P. crustosum OM1 on media containing
different carbon sources. In conclusion, our study will provide new insights into finding
environmental conditions to eliminate the occurrence of penitrem A contamination by
P. crustosum on fresh fruits such as pears during storage.



J. Fungi 2025, 11, 741 20 of 23

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/jof11100741/s1; Figure S1: Calibration curve of (A) patulin and
(B) penitrem A standard solutions for quantification by HPLC; Figure S2: Morphology of P. crustosum
OM1 on 5 different culture media; Figure S3: Extracted ion chromatograms (EIC) and mass (MS)
spectra of penitrem A and roquefortine C; Figure S4: Growth of P. crustosum and the levels of penitrem
A produced by the fungal strain on mYES agar plates containing 2 different sucrose concentrations
(4 or 15%); Figure S5: Growth of P. crustosum OM1 and its penitrem A production on PPAM (pH 6.5)
agar plates at 22 °C; Table S1: Levels of penitrem A or patulin produced by fungal isolates and their
scientific names identified by BLAST-based analysis; Table S2: Percentages of penitrem A detected in
2 different parts of P. crustosum OMI1 after culture in 3 different liquid media for 7 days.

Author Contributions: Conceptualization and design, S.-Y.H. and A.-S.0.; experimental performance,
S5.G. and G.-M.].; data analysis, S.G., G.-M.]., S.-Y.H. and A.-5.0.; manuscript writing, S.-Y.H. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the research program (Development of data application
technology for postharvest management of the agricultural and livestock products) from Rural
Development Administration, Republic of Korea, grant number RS-2022-RD010281.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All data generated or analyzed during this study are included in this
published article and supplementary material.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

GABA  Y-aminobutyric acid

ITS Internal transcribed spacer
PPAM  Pear puree agar medium
RH Relative humidity
References
1. Binder, EIM,; Tan, L.M.; Chin, L.J.; Hand], ].; Richard, J. Worldwide occurrence of mycotoxins in commodities, feeds and feed
ingredients. Anim. Feed. Sci. Technol. 2007, 137, 265-282. [CrossRef]
2. Boysen, S.R.; Rozanski, E.A.; Chan, D.L.; Grobe, T.L.; Fallon, M.J.; Rush, J.E. Tremorgenic mycotoxicosis in four dogs from a
single household. |. Am. Vet. Med. Assoc. 2002, 221, 1441-1444. [CrossRef]
3. Prencipe, S.; Siciliano, I; Gatti, C.; Garibaldi, A.; Gullino, M.L.; Botta, R.; Spadaro, D. Several species of Penicillium isolated from
chestnut flour processing are pathogenic on fresh chestnuts and produce mycotoxins. Food Microbiol. 2018, 76, 396—404. [CrossRef]
4.  Richard, J.L.; Arp, L.H. Natural occurrence of the mycotoxin penitrem A in moldy cream cheese. Mycopathologia 1979, 67, 107-109.
[CrossRef]
5. Kalinina, S.A.; Jagels, A.; Cramer, B.; Geisen, R.; Humpf, H.U. Influence of environmental factors on the production of penitrems
A-F by Penicillium crustosum. Toxins 2017, 9, 210. [CrossRef]
6. Saikia, S.; Nicholson, M.].; Young, C.; Parker, E.J.; Scott, B. The genetic basis for indole-diterpene chemical diversity in filamentous
fungi. Mycol. Res. 2008, 112, 184-199. [CrossRef]
7. Arp, L.H,; Richard, ].L. Intoxication of dogs with the mycotoxin penitrem A. J. Am. Vet. Med. Assoc. 1979, 175, 565-566. [CrossRef]
8.  Hocking, A.D.; Holds, K.; Tobin, N.F. Intoxication by tremorgenic mycotoxin (penitrem A) in a dog. Aust. Vet. J. 1988, 65, 82-85.
[CrossRef] [PubMed]
9. Lewis, P.R.; Donoghue, M.B.; Hocking, A.D.; Cook, L.; Granger, L.V. Tremor syndrome associated with a fungal toxin: Sequelae of
food contamination. Med. |. Aust. 2005, 182, 582-584. [CrossRef] [PubMed]
10. Naudé, TW.; O’Brien, O.M.; Rundberget, T.; McGregor, A.D.G.; Roux, C.; Flaoyen, A. Tremorgenic neuromycotoxicosis in 2 dogs

ascribed to the ingestion of penitrem A and possibly roquefortine in rice contaminated with Penicillium crustosum. J. S. Afr. Vet.
Assoc. 2002, 73, 211-215. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/jof11100741/s1
https://www.mdpi.com/article/10.3390/jof11100741/s1
https://doi.org/10.1016/j.anifeedsci.2007.06.005
https://doi.org/10.2460/javma.2002.221.1441
https://doi.org/10.1016/j.fm.2018.07.003
https://doi.org/10.1007/BF00440681
https://doi.org/10.3390/toxins9070210
https://doi.org/10.1016/j.mycres.2007.06.015
https://doi.org/10.2460/javma.1979.175.06.565
https://doi.org/10.1111/j.1751-0813.1988.tb07366.x
https://www.ncbi.nlm.nih.gov/pubmed/3401148
https://doi.org/10.5694/j.1326-5377.2005.tb06819.x
https://www.ncbi.nlm.nih.gov/pubmed/15938687
https://doi.org/10.4102/jsava.v73i4.589
https://www.ncbi.nlm.nih.gov/pubmed/12665136

J. Fungi 2025, 11, 741 21 0f23

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Richard, ].L.; Bacchetti, P.; Arp, L.H. Moldy walnut toxicosis in a dog, caused by the mycotoxin, penitrem A. Mycopathologia 1981,
76, 55-58. [CrossRef]

Eriksen, G.S.; Moldes-Anaya, A.; Faeste, C.K. Penitrem A and analogues: Toxicokinetics, toxicodynamics including mechanism of
action and clinical significance. World Mycotoxin J. 2013, 6, 263—-272. [CrossRef]

Knaus, H.G.; Mcmanus, O.B.; Lee, S.H.; Schmalhofer, W.A.; Garciacalvo, M.; Helms, L.M.H.; Sanchez, M.; Giangiacomo, K;
Reuben, ].P; Smith, A.B.; et al. Tremorgenic indole alkaloids potently inhibit smooth-muscle high-conductance calcium-activated
potassium channels. Biochemistry 1994, 33, 5819-5828. [CrossRef]

Moldes-Anaya, A.S.; Fonnum, E; Eriksen, G.S.; Rundberget, T.; Walaas, S.I.; Wigestrand, M.B. In vitro neuropharmacological
evaluation of penitrem-induced tremorgenic syndromes: Importance of the GABAergic system. Neurochem. Int. 2011, 59,
1074-1081. [CrossRef]

Norris, PJ.; Smith, C.C.T.; Debelleroche, J.; Bradford, H.E; Mantle, P.G.; Thomas, A.J.; Penny, R.H.C. Actions of tremorgenic fungal
toxins on neurotransmitter release. J. Neurochem. 1980, 34, 33-42. [CrossRef]

Ozaki, T.; Minami, A.; Oikawa, H. Biosynthesis of indole diterpenes: A reconstitution approach in a heterologous host. Nat. Prod.
Rep. 2023, 40, 202-213. [CrossRef] [PubMed]

Garello, M.; Piombo, E.; Buonsenso, E; Prencipe, S.; Valente, S.; Meloni, G.R.; Marcet-Houben, M.; Gabaldén, T.; Spadaro, D.
Several secondary metabolite gene clusters in the genomes of ten Penicillium spp. raise the risk of multiple mycotoxin occurrence
in chestnuts. Food Microbiol. 2024, 122, 104532. [CrossRef]

Liu, CW,; Tagami, K.; Minami, A.; Matsumoto, T.; Frisvad, ].C.; Suzuki, H.; Ishikawa, J.; Gomi, K.; Oikawa, H. Reconstitution of
biosynthetic machinery for the synthesis of the highly elaborated indole diterpene penitrem. Angew. Chem. Int. Edit 2015, 54,
5748-5752. [CrossRef]

Mahato, D.K.; Kamle, M.; Sharma, B.; Pandhi, S.; Devi, S.; Dhawan, K.; Selvakumar, R.; Mishra, D.; Kumar, A.; Arora, S.; et al.
Patulin in food: A mycotoxin concern for human health and its management strategies. Toxicon 2021, 198, 12-23. [CrossRef]
Zheng, X.F; Wei, W.N.; Zhou, W.Y;; Li, H.X,; Rao, S.Q.; Gao, L.; Yang, Z.Q. Prevention and detoxification of patulin in apple and
its products: A review. Food Res. Int. 2021, 140, 110034. [CrossRef] [PubMed]

Boysen, M.; Skouboe, P; Frisvad, ].; Rossen, L. Reclassification of the Penicillium roqueforti group into three species on the basis of
molecular genetic and biochemical profiles. Microbiology 1996, 142, 541-549. [CrossRef] [PubMed]

El-Banna, A.A.; Leistner, L. Production of penitrem A by Penicillium crustosum isolated from foodstuffs. Int. |. Food Microbiol. 1988,
7,9-17. [CrossRef] [PubMed]

Louw, J.P,; Korsten, L. Pathogenic Penicillium spp. on apple and pear. Plant Dis. 2014, 98, 590-598. [CrossRef]

Sonjak, S.; Frisvad, J.C.; Gunde-Cimerman, N. Comparison of secondary metabolite production by Penicillium crustosum strains,
isolated from Arctic and other various ecological niches. FEMS Microbiol. Ecol. 2005, 53, 51-60. [CrossRef] [PubMed]

Sumarah, M.W,; Miller, ].D.; Blackwell, B.A. Isolation and metabolite production by Penicilliun roqueforti, Penicillium paneum and
Penicillium crustosum isolated in Canada. Mycopathologia 2005, 159, 571-577. [CrossRef]

Rundberget, T.; Skaar, I.; O’Brien, O.; Fldoyen, A. Penitrem and thomitrem formation by Penicillium crustosum. Mycopathologia
2004, 157, 349-357. [CrossRef]

Dantigny, P.; Guilmart, A.; Bensoussan, M. Basis of predictive mycology. Int. . Food Microbiol. 2005, 100, 187-196. [CrossRef]
Tannous, J.; Atoui, A.; El Khoury, A.; Francis, Z.; Oswald, LP,; Puel, O.; Lteif, R. A study on the physicochemical parameters
for Penicillium expansum growth and patulin production: Effect of temperature, pH, and water activity. Food Sci. Nutr. 2016, 4,
611-622. [CrossRef]

Zhao, W.C.; Hong, S.Y.; Kim, ].Y.; Om, A S. Effects of temperature, pH, and relative humidity on the growth of Penicillium paneum
OML1 isolated from pears and its patulin production. Fungal Biol. 2024, 128, 1885-1897. [CrossRef]

Glass, N.L.; Donaldson, G.C. Development of primer sets designed for use with the PCR to amplify conserved genes from
filamentous ascomycetes. Appl. Environ. Microbiol. 1995, 61, 1323-1330. [CrossRef]

Hong, S.B.; Go, S.J.; Shin, H.D.; Frisvad, J.C.; Samson, R.A. Polyphasic taxonomy of Aspergillus fumigatus and related species.
Mycologia 2005, 97, 1316-1329. [CrossRef]

White, TJ.; Bruns, T.D.; Lee, S.B.; Taylor, ].W. Amplification and direct sequencing of fungal ribosomal RNA genes for phylogenetics In
PCR Protocols: A Guide to Methods and Applications; Innis, M.A., Gelfand, D.H., Sninsky, ].J., White, T.J., Eds.; Academic Press: New
York, NY, USA, 1990; pp. 315-322.

Lee, S.B.; Taylor, J.W. Isolation of DNA from fungal mycelia and single spores. In PCR Protocols: A Guide to Methods and Applications;
Innis, M.A., Gelfand, D.H., Sninsky, ].J., White, T.]., Eds.; Academic Press: New York, NY, USA, 1990; pp. 282-287.

Visagie, C.M.; Houbraken, J.; Frisvad, ].C.; Hong, S.B.; Klaassen, C.H.W.; Perrone, G.; Seifert, K.A.; Varga, J.; Yaguchi, T.; Samson,
R.A. Identification and nomenclature of the genus Penicillium. Stud. Mycol. 2014, 78, 343-371. [CrossRef]

Saitou, N.; Nei, M. The Neighbor-joining method—A new method for reconstructing phylogenetic trees. Mol. Biol. Evol. 1987, 4,
406-425. [CrossRef] [PubMed]


https://doi.org/10.1007/BF00761899
https://doi.org/10.3920/WMJ2013.1574
https://doi.org/10.1021/bi00185a021
https://doi.org/10.1016/j.neuint.2011.08.014
https://doi.org/10.1111/j.1471-4159.1980.tb04618.x
https://doi.org/10.1039/D2NP00031H
https://www.ncbi.nlm.nih.gov/pubmed/36321441
https://doi.org/10.1016/j.fm.2024.104532
https://doi.org/10.1002/anie.201501072
https://doi.org/10.1016/j.toxicon.2021.04.027
https://doi.org/10.1016/j.foodres.2020.110034
https://www.ncbi.nlm.nih.gov/pubmed/33648261
https://doi.org/10.1099/13500872-142-3-541
https://www.ncbi.nlm.nih.gov/pubmed/8868429
https://doi.org/10.1016/0168-1605(88)90067-0
https://www.ncbi.nlm.nih.gov/pubmed/3275314
https://doi.org/10.1094/PDIS-07-13-0710-RE
https://doi.org/10.1016/j.femsec.2004.10.014
https://www.ncbi.nlm.nih.gov/pubmed/16329929
https://doi.org/10.1007/s11046-005-5257-7
https://doi.org/10.1023/B:MYCO.0000024180.99262.b1
https://doi.org/10.1016/j.ijfoodmicro.2004.10.013
https://doi.org/10.1002/fsn3.324
https://doi.org/10.1016/j.funbio.2024.05.005
https://doi.org/10.1128/aem.61.4.1323-1330.1995
https://doi.org/10.1080/15572536.2006.11832738
https://doi.org/10.1016/j.simyco.2014.09.001
https://doi.org/10.1093/oxfordjournals.molbev.a040454
https://www.ncbi.nlm.nih.gov/pubmed/3447015

J. Fungi 2025, 11, 741 22 0f 23

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Rockland, L.B. Saturated salt solutions for static control of relative humidity between 5-degrees-C and 40-degrees-C. Anal. Chem.
1960, 32, 1375-1376. [CrossRef]

Winston, P.W.; Bates, D.H. Saturated solutions for the control of humidity in biological research. Ecology 1960, 41, 232-237.
[CrossRef]

AOACInternational. Official method 995.10. In Official Methods of Analysis of AOAC International, 17th ed.; AOAC International:
Gaithersburg, MD, USA, 2000.

Moldes-Anaya, A.; Rundberget, T.; Feeste, C.K.; Eriksen, G.S.; Bernhoft, A. Neurotoxicity of Penicillium crustosum secondary
metabolites: Tremorgenic activity of orally administered penitrem A and thomitrem A and E in mice. Toxicon 2012, 60, 1428-1435.
[CrossRef] [PubMed]

Mantle, P.G.; Perera, K.P.W.C.; Maishman, N.J.; Mundy, G.R. Biosynthesis of penitrems and roquefortine by Penicillium crustosum.
Appl. Environ. Microbiol. 1983, 45, 1486-1490. [CrossRef]

Wagener, R.E.; Davis, N.D.; Diener, U.L. Penitrem A and roquefortine production by Penicillium commune. Appl. Environ. Microbiol.
1980, 39, 882-887. [CrossRef]

Guo, ].W,; Starr, D.; Guo, H.Z. Classification and review of free PCR primer design software. Bioinformatics 2020, 36, 5263-5268.
[CrossRef]

Rodriguez, A.; Rodriguez, M.; Cordoba, J.J.; Andrade, M.]. Design of primers and probes for quantitative real-time PCR methods.
Methods Mol. Biol. 2015, 1275, 31-56. [CrossRef]

Singh, J.; Padgett, R.A. Rates of in situ transcription and splicing in large human genes. Nat. Struct. Mol. Biol. 2009, 16, 1128-1133.
[CrossRef] [PubMed]

Gonda, M.; Rufo, C.; Cecchetto, G.; Vero, S. Evaluation of different hurdles on Penicillium crustosum growth in sponge cakes by
means of a specific real time PCR. . Food Sci. Technol. 2019, 56, 2195-2204. [CrossRef]

Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2-8ACT method.
Methods 2001, 25, 402-408. [CrossRef] [PubMed]

Gardiner, D.M.; Osborne, S.; Kazan, K.; Manners, .M. Low pH regulates the production of deoxynivalenol by Fusarium
graminearum. Microbiology 2009, 155, 3149-3156. [CrossRef] [PubMed]

Jimdjio, C.K.; Xue, H.L.; Bi, Y.; Nan, M.N.; Li, L.; Zhang, R.; Liu, Q.L.; Pu, L.M. Effect of ambient pH on growth, pathogenicity,
and patulin production of Penicillium expansum. Toxins 2021, 13, 550. [CrossRef]

Plumridge, A.; Hesse, S.J.A.; Watson, A.].; Lowe, K.C,; Stratford, M.; Archer, D.B. The weak acid preservative sorbic acid inhibits
conidial germination and mycelial growth of Aspergillus niger through intracellular acidification. Appl. Environ. Microbiol. 2004,
70, 3506-3511. [CrossRef]

Jimenez, M.; Mateo, R.; Mateo, ].J.; Huerta, T.; Hernandez, E. Effect of the incubation conditions on the production of patulin by
Penicillium griseofulvum Isolated from wheat. Mycopathologia 1991, 115, 163-168. [CrossRef]

Holmquist, G.U.; Walker, H-W.; Stahr, H.M. Influence of temperature, pH, water activity and anti-fungal agents on growth of
Aspergillus flavus and Aspergillus parasiticus. ]. Food Sci. 1983, 48, 778-782. [CrossRef]

Morales, H.; Barros, G.; Marin, S.; Chulze, S.; Ramos, A.].; Sanchis, V. Effects of apple and pear varieties and pH on patulin
accumulation by Penicillium expansum. . Sci. Food Agric. 2008, 88, 2738-2743. [CrossRef]

Oyom, W.; Li, Y.C,; Prusky, D.; Zhang, Z.; Bi, Y.; Tahergorabi, R. Recent advances in postharvest technology of Asia pears fungi
disease control: A review. Physiol. Mol. Plant Pathol. 2022, 117,101771. [CrossRef]

Sardella, D.; Muscat, A.; Brincat, ].P; Gatt, R.; Decelis, S.; Valdramidis, V. A comprehensive review of the pear fungal diseases. Int.
J. Fruit Sci. 2016, 16, 351-377. [CrossRef]

Zambounis, A.; Ganopoulos, 1; Tsaftaris, A.; Valasiadis, D.; Madesis, P. Metagenomics analysis of fungal communities associated
with postharvest diseases in pear fruits under the effect of management practices. Arch. Microbiol. 2020, 202, 2391-2400. [CrossRef]
Frisvad, J.C.; Smedsgaard, J.; Larsen, T.O.; Samson, R.A. Mycotoxins, drugs and other extrolites produced by species in Penicillium
subgenus Penicillium. Stud. Mycol. 2004, 49, 201-241.

Frisvad, J.C. The connection between the penicillia and aspergilli and mycotoxins with special emphasis on misidentified isolates.
Arch. Environ. Con Tox 1989, 18, 452-467. [CrossRef]

Frisvad, J.C.; Filtenborg, O. Terverticillate penicillia—Chemotaxonomy and mycotoxin production. Mycologia 1989, 81, 837-861.
[CrossRef]

Kumar, D.; Barad, S.; Chen, Y.; Luo, X.Y,; Tannous, J.; Dubey, A.; Matana, N.G,; Tian, S.P; Li, B.Q.; Keller, N.; et al. LaeA regulation
of secondary metabolism modulates virulence in Penicillium expansum and is mediated by sucrose. Mol. Plant Pathol. 2017, 18,
1150-1163. [CrossRef]

Tao, Z.; Yuan, H.; Liu, M.; Liu, Q.; Zhang, S.; Liu, H,; Jiang, Y.; Huang, D.; Wang, T. Yeast extract: Characteristics, production,
applications and future perspectives. J. Microbiol. Biotechnol. 2023, 33, 151-166. [CrossRef]

Yim, S.H.; Nam, S.H. Physiochemical, nutritional and functional characterization of 10 different pear cultivars (Pyrus spp.). J.
Appl. Bot. Food Qual. 2016, 89, 73-81. [CrossRef]


https://doi.org/10.1021/ac60166a055
https://doi.org/10.2307/1931961
https://doi.org/10.1016/j.toxicon.2012.10.007
https://www.ncbi.nlm.nih.gov/pubmed/23085423
https://doi.org/10.1128/aem.45.5.1486-1490.1983
https://doi.org/10.1128/aem.39.4.882-887.1980
https://doi.org/10.1093/bioinformatics/btaa910
https://doi.org/10.1007/978-1-4939-2365-6_3
https://doi.org/10.1038/nsmb.1666
https://www.ncbi.nlm.nih.gov/pubmed/19820712
https://doi.org/10.1007/s13197-019-03702-z
https://doi.org/10.1006/meth.2001.1262
https://www.ncbi.nlm.nih.gov/pubmed/11846609
https://doi.org/10.1099/mic.0.029546-0
https://www.ncbi.nlm.nih.gov/pubmed/19497949
https://doi.org/10.3390/toxins13080550
https://doi.org/10.1128/AEM.70.6.3506-3511.2004
https://doi.org/10.1007/BF00462220
https://doi.org/10.1111/j.1365-2621.1983.tb14897.x
https://doi.org/10.1002/jsfa.3401
https://doi.org/10.1016/j.pmpp.2021.101771
https://doi.org/10.1080/15538362.2016.1178621
https://doi.org/10.1007/s00203-020-01960-6
https://doi.org/10.1007/BF01062373
https://doi.org/10.1080/00275514.1989.12025674
https://doi.org/10.1111/mpp.12469
https://doi.org/10.4014/jmb.2207.07057
https://doi.org/10.5073/Jabfq.2016.089.009

J. Fungi 2025, 11, 741 23 0f 23

62.
63.

64.

65.

Pitt, ].I. Biology and ecology of toxigenic Penicillium species. Adv. Exp. Med. Biol. 2002, 504, 29—-41. [PubMed]

Mislivec, P.B.; Dieter, C.T.; Bruce, V.R. Effect of temperature and relative humidity on spore germination of mycotoxic species of
Aspergillus and Penicillium. Mycologia 1975, 67, 1187-1189. [CrossRef]

Barberel, S.I.; Walker, J.R.L. The effect of aeration upon the secondary metabolism of microorganisms. Biotechnol. Genet. Eng. Rev.
2000, 17, 281-323. [CrossRef] [PubMed]

Shih, C.N.; Marth, E.H. Aflatoxin formation, lipid-synthesis, and glucose metabolism by Aspergillus parasiticus during incubation
with and without agitation. Biochim. Biophys. Acta 1974, 338, 286—296. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://www.ncbi.nlm.nih.gov/pubmed/11922096
https://doi.org/10.1080/00275514.1975.12019863
https://doi.org/10.1080/02648725.2000.10647996
https://www.ncbi.nlm.nih.gov/pubmed/11255670
https://doi.org/10.1016/0304-4165(74)90357-2

	Introduction 
	Materials and Methods 
	Chemicals and Reagents 
	Isolation of Fungal Strains from Pears 
	Morphological and Genetic Identification of Fungal Isolates and Phylogenetic Analysis 
	Fungal Culture Conditions 
	Measurement of Fungal Growth Rates 
	Patulin or Penitrem A Standard Solution 
	Patulin or Penitrem A Extraction 
	HPLC Analysis 
	LC/MS/MS Analysis 
	Relative Gene Expression Analysis by RT-qPCR 
	Statistical Analysis 

	Results 
	Isolation of Fungi from Pears, Identification of the Isolated Fungi, and Penitrem A Production by the Isolated Fungi 
	Effects of Different Sucrose Contents on Penitrem A Production by P. crustosum OM1 
	Influence of Temperature and Culture Media on the Growth of P. crustosum OM1 and Its Penitrem A Production 
	Influence of pH on the Growth of P. crustosum OM1 and Its Penitrem A Production 
	Growth of P. crustosum OM1 and Its Penitrem A Production on PPAM 
	Influence of RH on the Growth of P. crustosum OM1 and Its Penitrem A Production on PPAM and mYES4 
	Growth of P. crustosum OM1 and Its Penitrem A Production in Liquid Media 
	Relative Gene Expression Analysis by RT-qPCR 

	Discussion 
	Conclusions 
	References

