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This reprint addresses phytopathogenic fungi, mycotoxin biosynthesis, and mycoviruses. It
aims to compile recent advances on plant—fungal interactions, toxin regulation, and mycovirus-host
relationships. Motivated by the need for sustainable disease control, it is addressed to researchers in

plant pathology, mycology, and agricultural sciences.
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T-DNA Mutagenesis Reveals FpPerl as a Dual-Function
Regulator of Virulence and Fungicide Resistance in
Fusarium pseudograminearum

Haiyang Li T, Panpan Zhang ¥, Xueqian Song *, Huiying Li, Cong Chen, Limin Wang, Zhifang Wang, Lingjun Hao,
Yun Li, Xinlong Wang, Jiangang Kang, Honglian Li, Min Wang * and Shengli Ding *

College of Plant Protection, Henan Agricultural University, Zhengzhou 450046, China
* Correspondence: wangm@henau.edu.cn (M.W.); shengliding@henau.edu.cn (S.D.)
* These authors contributed equally to this article.

Abstract: Fusarium crown rot (FCR), caused by Fusarium pseudograminearum, is a devastat-
ing wheat disease leading to significant yield losses worldwide. However, the pathogenic
mechanism of F. pseudograminearum and its resistance to fungicides remain poorly under-
stood. In this study, we identified a hypothetical gene encoding GPI-anchored protein,
designated FpPerl, by screening a T-DNA insertion mutant library of F. pseudograminearum
for tebuconazole resistance. The AFpperl mutant exhibited increased sensitivity to the
triazole antifungal drugs and fludioxonil. Additionally, the deletion of FpPERI impaired
fungal growth, conidiation, and pathogenicity in barley leaves and wheat coleoptiles. Fur-
thermore, the AFpper] mutant displayed enhanced susceptibility to various environmental
stresses, including NaCl, CR, sorbitol, H,O,, and SDS. The mutant also showed reduced
penetration peg formation and impaired reactive oxygen species (ROS) scavenging ability
during infection. Subcellular localization analysis revealed that FpPer1-GFP co-localized
with the endoplasmic reticulum (ER) marker RFP-HDEL in both conidia and hyphae,
indicating its localization in the ER. In summary, our findings demonstrate that FpPER1
plays an important role in pathogenicity and fungicide resistance in F. pseudograminearum.
This study not only provides a theoretical foundation for understanding fungal virulence
mechanisms but also offers practical insights for developing novel fungicide strategies.

Keywords: Fusarium crown rot; Fusarium pseudograminearum; FpPER1; pathogenicity;
fungicide

1. Introduction

Wheat is one of the most important crops globally, with production steadily increas-
ing due to advances in breeding techniques and agronomic management [1,2]. However,
several factors hinder wheat production. Fusarium crown rot (FCR) caused by F. pseu-
dograminearum is a soil-borne wheat disease, firstly reported in China by our research
group [3]. F. pseudograminearum can infect wheat throughout its entire growth cycle, caus-
ing FCR through coleoptile and root infection or Fusarium head blight (FHB) via spike
colonization, both of which significantly compromise grain yield and quality [4-6]. Re-
cently, the lack of available resistant varieties [7], coupled with limited effective control
measures, has led to an increase in FCR incidence, impacting approximately 3.3 million
hectares in China’s Huanghuai wheat area in 2024. Therefore, exploring the growth and
development mechanisms, and pesticide resistance of F. pseudograminearum is crucial for

J. Fungi 2025, 11, 673 https://doi.org/10.3390/jof11090673
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understanding the disease’s occurrence and provides a theoretical basis for developing
effective prevention and control strategies.

As FCR becomes a serious disease in wheat production, researchers are increasingly
focusing on the molecular mechanisms that regulate the biological function in F. pseudo-
graminearum. Recent studies have made significant progress in identifying key regula-
tory genes that influence pathogenicity in F. peseudograminearum. The key component of
the Rpd3S complex, FpRcol, has been characterized to modulate vegetative growth and
pathogenicity in F. pseudograminearum through mutant library screening [8]. Liu reported
that FpZRA1 plays an important role in regulating fungal development, deoxynivalenol
(DON) biosynthesis, and pathogenicity, with its expression induced by fungicides [9]. The
transcription factor Fp487 is essential for growth and virulence in F. pseudograminearum,
making it a potential RNAi target for RNA interference (RNAi) in managing FCR [10].
In addition, recent advances in pathogen-host interaction studies have identified and
characterized two pathogen-associated molecular patterns (PAMPs), namely FpCDP1 and
Fp00392 [11,12]. In summary, several key genes involved in the growth and pathogenicity
of F. pseudograminearum have already been identified.

Targeting key genes that regulate fungal growth, development, and pathogenicity has
emerged as a pivotal strategy for fungicide exploitation. Benzimidazole fungicides target
fungal B-tubulin, effectively inhibiting microtubule assembly and disrupting essential
cellular processes [13]. Similarly, phenamacril specifically binds to myosin I (Myol), in-
hibiting its ATPase activity [14]. Sterol demethylation inhibitors (DMlIs) block the demethy-
lation process of ergosterol, leading to fungal cell death [15]. Succinic dehydrogenase
inhibitors (SDHIs) block the activity of succinate dehydrogenase, ultimately disrupting
fungal growth [16]. However, emerging studies have demonstrated that the long-term use
of pesticides can lead to the development of fungicide resistance [17]. Ipconazole is an
effective fungicide against F. pseudograminearum; however, the point mutation G464S of
FpCYP51B has been found to confer resistance to ipconazole in the pathogen [18]. There-
fore, identifying novel pesticide targets and understanding their resistance mechanisms are
crucial for the development of new fungicide.

Glycosylphosphatidylinositol (GPI) is a posttranslational modification that plays an
important role in anchoring cell-surface proteins to membranes via lipid modification
in eukaryotes [19]. Numerous studies have indicated that GPI-anchored proteins are
implicated in a wide range of cellular processes. It was found that the GPI-anchored
protein ScPerl was required for GPI-phospholipase A2 activity, and the mutant Ascperl
was functionally complemented by human ortholog PERLD1 [20]. In plant fungal pathogen
Cochlibolus heterostrophus, the GPI ethanolamine phosphate transferase gene ChGPI7 is
critical for infection by regulating cell wall integrity and immune evasion [21]. These
findings highlight the pivotal roles of GPI-anchored proteins across various biological
functions.

Although some functions of the GPI-anchored proteins in pathogens have been elu-
cidated, many issues remain unresolved. In this study, we employed a forward genetics
approach to identify the genes targeted by fungicide via screening T-DNA insertion mu-
tants. Our results determined that FpPer1 plays a crucial role in growth and pathogenicity,
particularly in enhancing tolerance to fungicides, which may aid in the development of
new pesticides in the future.

2. Materials and Methods
2.1. Strain and Culture Conditions

The wild-type F. pseudograminearum (WZ-8A), Escherichia coli (DH5«x), and vectors
pKOV21 containing the hygromycin phosphotransferase gene (HPH), pKNTG containing
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the green fluorescent protein gene (GFP), and pKOV21-HDEL-RFP were used in this study.
The following culture media were employed: PDA medium was used for the general
culture of F. pseudograminerum; YEPD medium for mycelium collecting; Carboxymethyl
cellulose (CMC) for spore collection of F. pseudograminearum; and LB medium was used for
bacterial culture. All required primers were synthesized by Shanghai Bioengineering with
some sequences presented in Table S1.

2.2. Knockout and Complementation of the FpPER1 Gene

The candidate gene FpPER1 was deleted in F. pseudograminearum using split-marker
methods. Initially, approximately 1.0 kb of the fragments of upstream L1 and downstream
L2 were amplified using primers 1F/2R and 3F/4R, respectively, with the genome of WZ-
8A strain serving as the template. Subsequently, using the fusion fragments L1, HPH, and
L2 as templates, the fragments of L1IH1 and L2H2 were amplified via primers 1F/HY-R and
HY-F/4R, respectively. Finally, the mixed fragments of L1H1 and L2H2 were employed for
PEG-mediated transformation to knock out the targeting gene (FpPER1) in WZ-8A. The
primers utilized were shown in Table S1.

We conducted the complementation experiment on the mutant following the knockout
experiment adhering to the aforementioned PEG-mediated protoplast transformation
method. The FpPER1 gene with its native promoter was cloned into the pKNTG vector.
The complementation transformations of cFpPer1 were screened using G418 resistance and
confirmed by PCR with primers of NF/NR.

2.3. Biological Assays

The fungal growth rate was measured firstly, and the deletion mutant, complemen-
tation mutants, and wild-type (WZ-8A) were inoculated on PDA plates for 3 d at 25 °C.
Subsequently, the diameters of the different strains were measured. For conidiation assays,
fresh mycelial blocks were inoculated in CMC medium with shaking at 150 rpm for 5 d at
25 °C. Those experiments were performed in triplicate with three treatments each.

2.4. Pathogenicity Assay

Barley leaves, cultivated for 5 days, were used for inoculation with 5 mm fungal
blocks. The fungal blocks were removed after 24 h of dark incubation. The plants were
photographed after 3 d. Alternatively, when coleoptiles grew to 2-3 cm in length, wounds
at the stem base were inoculated with 2 pL of conidial suspension at a concentration of
1.0 x 107 /mL in ddH,O after the apex was cut. The treatments were maintained at 25 °C in
a moist chamber in the dark for 24 h, and then the plants were subsequently photographed
after being cultured under light/night for one week.

2.5. Subcellular Localization of FpPerl

The wild-type strain of F. pseudograminearum was co-transformed with the pKNTG-
FpPER1 plasmid and the pKOV21-RFP-HDEL plasmid using the previously mentioned
PEG-mediated method. The hyphae of the co-transformed strains were cultured and
collected, and fluorescence localization of FpPerl was observed in the co-transformed
strains.

2.6. Sensitivity Assays to Different Fungicides

The technical-grade active ingredients of tebuconazole, difenoconazole, epoxiconazole,
and fludioxonil were separately dissolved in 1 mL of acetone and then diluted with sterile
water to prepare 5 ppm solutions. Under sterile conditions, an appropriate amount of
the prepared pesticide solution was added to sterilize PDA medium in conical flasks to
prepare PDA plates containing the corresponding fungicide concentrations (0.084 ppm
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Tebuconazole, 0.4 ppm Difenoconazole, 0.1 ppm Epoxiconazole, and 0.05 ppm Fludioxonil),
followed by thorough mixing. Then, 15 mL of the mixture was poured into 9 cm-diameter
Petri dishes. Fresh mycelial plugs were inoculated onto the fungicide-containing plates
and control plates for cultivation, and the inhibitory effects of the respective fungicides
were calculated.

3. Results
3.1. Identification of Tebuconazole Resistance-Related Genes by Screening Mutant Library

Tebuconazole represents one of the most effective fungicides for controlling FCR.
However, its precise mode of action against F. pseudograminearum remains incompletely
understood. To investigate this, we screened our previously established T-DNA insertion
mutant library [8] and identified significant variations in tebuconazole sensitivity among
different mutants compared to the wild-type WZ-8A strain. Among them, the mutant W30
exhibited a markedly decreased resistance to tebuconazole (Figure 1). The T-DNA insertion
position was confirmed within the FPSE_01026 gene in F. pseudograminearum via nested-
PCR (Figure S1). The gene encodes the predicted protein with 331 amino acids. Functional
domain analysis of the protein encoded by the FPSE_01026 gene revealed that this protein
contains signal peptide in N terminal and Perl-like domain in C terminal (Figure 2A),
consequently designating it as FpPerl. Phylogenetic analysis has uncovered that FpPer1 in
F. pseudograminearum exhibits a relatively high affinity with Fusarium austroamericanum and
Fusarium graminearum, compared to Magnaporthe oryzae, Neurospora crassa, Colletotrichum
tanaceti, Colletotrichum gloeosporioides, Sclerotinia sclerotiorum, and Botrytis cinerea (Figure 2B).

WZ-8A A9 B9 X33 X43

ool
. 4

)

Figure 1. Identification of T-DNA insertion mutants associated with tebuconazole resistance. The

CK

top panel displays the mycelial growth of F. pseudograminearum on PDA plates supplemented with
tebuconazole, while the bottom panels show the mycelial growth on PDA plates without tebuconazole
(control). The colonies were measured and photographed two days post-inoculation on PDA plates.
All experiments were conducted at least three times with independent biological replicates.
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Figure 2. Deletion and complementation of FpPER1 in F. pseudograminearum. (A), structural domain
of FpPer1, predicted using Smart (http://smart.embl.de/) (accessed on 1 May 2019). The red square
indicates signal peptide domains that direct protein transportation, while the gray square represents
the Perl-like domain, a GPI-anchoring structure. (B), the phylogenetic evolutionary tree of FpPerl
(the bold text) and its orthologs, constructed using MrBayes v 3.1.2. (C), the agarose gel results of
the PCR screening, revealing the products of in sizes of 1385 bp, 1053 bp, 971 bp, and 861 bp for
the AFpper1-1 and AFpper1-5 mutants, using four pairs of primers: HYG-F/HYG-R, 1F/2R, 3F/4R,
and NF/NR, respectively. (D), confirming the complete deletion of FpPER1 in the genome of the
AFpper1-1 mutant through genomic resequencing, which was performed using the WZ-8A genome
as the reference. (E), the PCR screening products for WZ-8A, cFpPer1-1 and cFpPer1-3 obtained with
primer NF/NR, resulting in a product size in 861 bp.

3.2. FpPER1 Is Involved in Growth and Conidia Production of F. pseudograminearum

To elucidate the function of FpPerl in fungicides resistance and other biological
processes, we generated FpPER1 knockout using the split-marker method. Among the
transformants obtained, the deletion of gene FpPER1 in two transformants was verified by
PCR (Figure 2C). Furthermore, the whole-genome resequencing of AFpper1-1 confirmed the
complete deletion of the FpPERT locus form the F. pseudograminearum genome (Figure 2D).
Additionally, we constructed complementary strain (cFpPer1) that reintroduced FpPER1
under its native promoter (Figure 2E). Phenotypic characterization revealed that the AFpper1
mutant exhibited a significantly reduced growth rate and impaired aerial hyphae formation
compared to both WZ-8A and complemented strains, indicating the critical role of FpPER1
in vegetative growth (Figure 3A). Furthermore, the mutant displayed severe conidiation
defects, including a reduction in conidial production and abnormal conidial morphology
characterized by smaller size. Microscopic analysis revealed that the conidial septum
decreased (Figure 3B-D). Regarding the decrease in sporulation, we observed that AFpper1
exhibited significant hyphal expansion in CMC medium (Figure 3E). Through observation
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and analysis of sporulation, we determined that the FpPER1 gene significantly influences
the sporulation of F. pseudograminearum. In other words, the FpPER1 gene impacts the
reproduction of F. pseudograminearum.

A WZ-8A AFpper1-1 cFpPer1

B
3 5

WZ-8A £,

k) a a
< 34 s
=1

AFpper1-1 % 24
3
5
[3)

WZ-8A

0 10 20 30 40 50

Conidial length(um)
Figure 3. FpPerl regulates the vegetative growth of F. pseudograminearum. (A), comparison
of colony morphology among the strains WZ-8A, AFpper1-1, and the cFpPerl on PDA plates.
(B-E), FpPER1 is involved in conidial formation in F. pseudograminearum. (B), WZ-8A, AFpper1-
1, and the complementary strain were cultured in CMC medium for 5 days, photographed using
a microscope, and conidia were stained by calcofluor white (CFW) (scale bars = 20 um). (C), the
number of conidia was counted. (D), the length of conidia was measured. (E), the morphology of the
mycelium was observed after culturing in CMC medium (scale bars = 10 um). The mean values + SD
are presented, with lowercase letters (a, b) indicating groups of significant differences as determined
by Duncan’s multiple comparison procedures (p < 0.05). All experiments were conducted at least
three times.

3.3. Deletion Mutant AFpper1 Shows Increased Sensitivity to Various Stress Conditions

During pathogen infection of the host, it encounters various environmental stresses,
including oxidation, osmotic, and cell wall integrity stresses. To investigate the response
of WZ-8A, AFpper1, and the complementary strain under different stress conditions, these
strains were cultured on PDA supplemented with NaCl, Congo Red (CR), sorbitol, H,O5,
and SDS. Colony diameters were measured, and inhibition rates under different stress
conditions were calculated. The results indicated that the deletion of FpPER1 resulted
in increased sensitivity to NaCl, CR, sorbitol, H,O,, and SDS compared to WZ-8A and
complemented strains (Figure 4A,B). These findings demonstrated that FpPER1 plays an
important role in F. pseudograminearum’s adaptation to diverse environmental stresses.
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Figure 4. Sensitivity assays of the WZ-8A, AFpper1-1, and cFpPer1 strains under various stress
conditions. (A), colonies of the strains on PDA medium, both without and with 0. 2 mg/mL
Congo Red (CR), 0.025% SDS, 10 mM H,O,, 1 M NaCl, and 1.5 M Sorbitol. (B), colony diameters
were measured, with the inhibition rates calculated under different stress conditions. The mean

values £ SD from three repetitions are shown, with lowercase letters (a—c) indicating significantly

different groups as calculated by Duncan’s multiple comparison procedures (p < 0.05).

3.4. FpPERI1 Is Essential for Full Virulence in F. pseudograminearum

To assess the pathogenicity of AFpper1, conidial suspensions of WZ-8A, the AFpper1

mutant, and the complementary strain were inoculated onto the wounded wheat coleop-

tiles. The lesions caused by the AFpper] mutant were significantly smaller than those caused

by WZ-8A and complemented strain (Figure 5A). Similarly, pathogenic assays on barley
leaves revealed that the AFpper] mutant exhibited reduced virulence compared to the
WZ-8A and complemented strains (Figure 5B). To investigate the underlying cause of this

reduced pathogenicity of AFpper]l, we examined the infection process in wheat coleoptiles.

Microscopic observations demonstrated that WZ-8A and complemented strains efficiently

formed penetration pegs to facilitate host invasion, whereas AFpper1 exhibited a marked

reduction in penetration peg formation (Figure 5C). Given that AFpper] showed increased

sensitivity to H,O, in vitro, we further evaluated whether FpPerl is important for scav-

enging reactive oxygen species (ROSs) during early infection. DAB staining revealed

that stronger brown discoloration in AFpperl-infected coleoptiles cells compared to those

infected by the WZ-8A and complementary strain, suggesting higher ROS accumulation in
the absence of FpPER1 (Figure 5D,E). These results indicate that FpPER1 regulates penetra-
tion peg formation, thereby affecting the pathogenicity of F. pseudograminearum, and also

modulates host immunity by mitigating ROS accumulation.



J. Fungi 2025, 11, 673

A Wz-8A  AFppert-1  cFpPert B WZ-8A AFpper1-1 cFpPert

Rl

C WZ-8A AFpper1-1 cFpPer1

D WZ-8A AFpper1-1

cFpPer1

ROS relative intensity

Figure 5. Pathogenicity assay of WZ-8A, AFpper1-1, and cFpPerl. (A), the pathogenicity of these
strains in coleoptiles inoculated with conidial suspension for 7 days. (B), the pathogenicity of the dif-
ferent strains in barley leaves with inoculated fresh fungal blocks for 3 days. (C), the infection process
of the different strains in wheat coleoptile cell was observed under a microscope (scale bars = 20 um),
and the red arrow indicates the location of penetration peg formation. (D), ROS accumulation in
infected coleoptiles was analyzed through DAB staining (scale bars = 20 pm). (E), the relative levels
of reactive oxygen species (ROS) were measured in cells following infection with different strains.
The mean values =+ SD are presented, with letters (a, b) indicating groups of significant differences as
determined by Duncan’s multiple comparison procedures (p < 0.05). All experiments were performed
in triplicate.

3.5. FpPer1 Locates in the Endoplasmic Reticulum in F. pseudograminearum

Previous studies have reported that the Perl protein is typically located in the en-
doplasmic reticulum (ER), which is required for GPI-phospholipase A2 activity [20]. To
explore the subcellular localization of FpPer1 in F. pseudograminearum, we co-transformed
two vectors, encoding FpPerl-GFP and the ER marker RFP-HDEL into the wild-type
strain. The results showed that the green fluorescent signal and red fluorescent signal com-
pletely merged in conidia, but did not merge with the blue signal, indicating that FpPer1
is localized in the ER, not the nucleus (Figure 6A). Furthermore, we observed identical
ER localization patterns for FpPerl during the hyphae stage (Figure 6B). These results
demonstrate that FpPer1 functions in the endoplasmic reticulum of F. pseudograminearum.

3.6. FpPer1 Involves in Resistance to Pesticide in F. pseudograminearum

Having established FpPer1’s involvement in tebuconazole resistance, we further in-
vestigated its potential role in conferring resistance to other fungicides. We selected three
additional widely used fungicides that have demonstrated efficacy against F. pseudogramin-
earum: difenoconazole, epoxiconazole, and fludioxonil. Interestingly, when the wild-type,
AFpperl, and complementary strain were cultured on PDA containing tebuconazole, difeno-
conazole, epoxiconazole, and fludioxonil, the mutant AFpper1-1 strain exhibits a stronger
inhibition rate than that of the wild-type and complementary strain (Figure 7A,B). These
consistent findings across multiple fungicide classes suggest that FpPer1 likely functions
as a key regulator in a common resistance pathway targeted by diverse pesticides in
F. pseudograminearum.
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FpPer1-GFP

FpPer1-GFP
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Figure 6. Subcellular localization of FpPer1 in F. pseudograminearum. (A), the fluorescence of FpPerl-
GFP and RFP-HDEL in conidia, observed using a fluorescence microscope, with DAPI employed
for nuclear staining (scale bars = 10 um). (B), the fluorescence of FpPer1-GFP and RFP-HDEL in the
hyphae of F. pseudograminearum was observed (scale bars = 10 pm). All experiments were conducted
three times.
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Figure 7. Sensitivity assays of WZ-8A, AFpperl-1, and cFpPerl strains to various fungicides.
(A), colonies of the strains grown on PDA medium with and without 0.084 ppm tebuconazole,
0.4 ppm difenoconazole, 0.1 ppm epoxiconazole, and 0.05 ppm fludioxonil. (B), colonies were pho-
tographed, and the inhibition rates were calculated for different fungicides. The mean values £ SD
from three repetitions are presented. Lowercase letters (a—c) indicate significantly different groups as
determined by Duncan’s multiple comparison procedures (p < 0.05).

4. Discussion

Forward genetics, as a classical genetic approach that combines phenotypic screening
with gene mapping, has been extensively validated as a powerful tool for identifying the
functions of uncharacterized genes. In this study, we identified a GPI-anchored protein, Fp-
Per1, involved in resistance to pesticides in F. pseudograminearum using a forward genetics
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method. Through integrated genetic and biochemical approaches, we demonstrated that
FpPer1 played an important role in both pathogenicity and response to various environmen-
tal stresses. Our research on the FpPER1 gene highlights its promise as a target for novel
fungicides. Disrupting FpPER1 could desynchronize fungal growth, reproduction, and
infection processes, providing a precise, sustainable strategy for crop disease management.

Emerging evidence suggests that long-term use of single-action fungicides can induce
the development of fungicide resistance for pathogens. The risk can be substantially miti-
gated through the combined application of fungicides with different mechanisms of action.
For instance, combined application of fluazinam with triazole enhances the synergistic
activity against F. pseudograminearum [22]. Similarly, it is an effective way to control fungal
leaf diseases using the mixtures of flutriafol and azoxystrobin [23]. These findings highlight
the importance of identifying novel fungicide targets in F. pseudograminearum. Previous
reports indicated that Perl modulates resistance to triazole drugs in Aspergillus fumigatus
and M. oryzae [24,25]. We found that FpPer1 regulates resistance not only to triazole drug
but also to fludioxonil, suggesting that FpPerl may modulate multiple signaling pathways
involved in pesticide resistance. Probably, the incompleteness of the cell wall protein in
the AFpper] mutant may be contribute to its increased sensitivity to pesticides. Another
possible reason is that Afperl supports cell development by modulating UPR-mediated
ER homeostasis in A. flavus [26]. Disturbed ER homeostasis may also explain the loss of
fungicide resistance in the AFpper1 mutant of F. pseudograminearum. Our findings reveal
that FpPerl1 plays a critical role in pesticide resistance in F. pseudograminearum. Further-
more, the AFpper] mutant exhibited heightened sensitivity to antifungal agents, suggesting
that FpPerl is a potential molecular target for new fungicides. In the future, combining
novel FpPerl-targeting compounds with triazole fungicides could significantly improve
the management of Fusarium crown rot.

Disruption of FpPER1 resulted in defects in both growth and pathogenicity in F. pseu-
dograminearum, which may be attributed to defects in cellular integrity. Given that cell wall
and membrane integrity are vital for maintaining cellular morphology, responding to envi-
ronmental stress, and defending against pathogens [27,28], the observed hypersensitivity
of the AFpper1 mutant to various environmental stresses suggests underlying issues with
cellular integrity. Furthermore, pathogenic fungi depend on specialized infection struc-
tures, such as appressoria and penetration pegs, for successful host invasion [29-32]. While
MOoPER1 has been demonstrated to regulate appressorium formation in M. oryzae [25], our
findings reveal that the deletion of FpPER1 impairs penetration pegs formation in F. pseudo-
graminearum, representing a significant factor contributing to its reduced pathogenicity. In
addition, GPI anchoring of protein is a conserved post-translational modification that oc-
curs in endoplasmic reticulum [33]. However, it remains unclear whether the ER-localized
protein FpPerl regulates biological processes via lipid remodeling in F. pseudograminearum,
which requires further investigation.

In conclusion, this study establishes FpPerl as a multifunctional regulator of
pathogenicity and pesticide resistance in F. pseudograminearum. Our findings provide
a theoretical basis for the development of new fungicides targeting the gene FpPERT and
offer novel insights into adaptation mechanisms. Future research should focus on eluci-
dating the molecular networks through which FpPer1 coordinates these diverse biological
processes.

Supplementary Materials: The following supporting information can be downloaded at: https:

/ /www.mdpi.com/article/10.3390/jof11090673/s1, Figure S1: The sequences identified using nested-
PCR; Table S1: The primers used in this study.
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Abstract: Walnut anthracnose (Colletotrichum gloeosporioides and C. siamense) and brown
spot (Alternaria alternata) cause severe yield losses globally. Conventional fungicides face
the challenges of pathogen resistance and environmental toxicity. This study evaluates
4-propylphenol, a plant-derived phenolic compound, as an eco-friendly alternative against
key fungal pathogens of walnut. In vitro assays determined ECsy values against target
pathogens (29.11-31.89 mg-L~!) via mycelial growth inhibition and conidial germination
suppression (ECsp = 55.04-71.85 mg~L’1). Mechanistic analyses confirmed membrane dis-
ruption through propidium iodide staining (9.5-to-14.0-fold fluorescence intensity increase),
DNA leakage (77.82-85.15% at 250 mg~L’1), and protein efflux (58.10-66.49%). In field
trials, we implemented a phenology-driven strategy: 100 mg-L~! ground/canopy spray
at flowering to reduce primary inoculum, followed by 400 mg-L~! canopy application at
fruiting. This protocol achieved 86.67% control efficacy against disease complexes with
negligible phytotoxicity (SPAD variation < 5%). 4-propylphenol provides a sustainable
solution through membrane-targeting action, effectively overcoming fungicide resistance
in woody crops.

Keywords: Colletotrichum; Alternaria; 4-propylphenol; anthracnose; botanical fungicide;
membrane disruption; phenology-driven; sustainable agriculture; disease management

1. Introduction

Walnut (Juglans regia L.), a woody oilseed crop with significant economic value and
ecological benefits, holds a prominent position in global agricultural trade due to its edi-
ble nuts and oil [1]. Fungal diseases have emerged as a critical constraint to sustainable
walnut industrialization, with anthracnose representing one of the most devastating phy-
topathologies. The anthracnose pathogen complex (Colletotrichum godetiae, C. gloeosporioides,
C. fioriniae, C. nymphaeae, and C. siamense) can infect up to 50% of fruits [2-7]. Disease onset
typically occurs in early July, followed by exponential spread during August, culminat-
ing in over 35% infected fruits by early September [8]. Brown spot disease (alternatively
termed brown apical necrosis), caused by Alternaria fungi, induces fruit browning, rot,
and premature abscission, accounting for 30% of yield losses [9,10]. Alternaria alternata has
been confirmed as the dominant pathogenic species in Shandong and Sichuan provinces of
China [11,12].

J. Fungi 2025, 11, 610
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Chemical control remains the predominant management strategy, but prolonged re-
liance on benzimidazoles and triazoles has precipitated a triple crisis: evolution of pathogen
resistance [13], collateral damage to non-target organisms [14-16], and persistent environ-
mental contamination [17]. This predicament underscores the urgent need for innovative
green control technologies. Plant-derived fungicides, characterized by biodegradability,
target specificity, and slower resistance development, have emerged as a pivotal strategy
to overcome current control limitations [18-20]. Notably, existing research predominantly
focuses on broad-spectrum antimicrobial secondary metabolites such as chitooligosaccha-
rides [21], zedoary oil [22], and phenolic/terpenoid compounds [23], while systematic
screening of plant-based agents against walnut-specific pathogens remains unexplored.

This study established a tripartite screening system for plant-derived fungicides against
walnut fungal diseases, integrating activity-guided screening, membrane-targeted mechanism
elucidation, and field-adaptive optimization. In vitro antimicrobial assays first revealed that 4-
propylphenol exhibits significant inhibitory activity against Shandong’s predominant walnut
pathogens: Colletotrichum gloeosporioides (ECsg = 31.89 + 1.26 mg-L.~!, half-maximal effective
concentration), the newly identified C. siamense (ECsg = 31.06 = 2.23 mg-L’l), and A. alternata
(ECs0 =29.11 + 1.88 mg-L~!). As a volatile plant secondary metabolite [24,25], this phenolic
compound not only demonstrates previously reported antimicrobial spectra [26,27] but
also disrupts pathogen membrane integrity [28,29], as mechanistically elucidated herein. A
phenology-driven precision application protocol was implemented in field trials: whole-
plant and ground spray (100 mg-L~') during flowering to reduce primary inoculum,
followed by canopy-directed application (400 mg-L~') at the fruiting stage. This strategy
achieved 86.67% control efficacy in combined anthracnose-brown spot incidence (p < 0.05),
with chlorophyll SPAD analysis confirming negligible phytotoxicity (<5% variation vs.
control). This work pioneers a comprehensive technical framework for plant-derived
fungicide development in walnut protection, spanning in vitro screening, mechanistic
validation, and field efficacy evaluation. The findings not only address critical gaps in eco-
friendly walnut disease management but also establish a replicable paradigm for creating
botanical pesticides in woody oilseed crops, advancing sustainable practices for specialty
forest product industries.

2. Materials and Methods
2.1. Fungal Pathogens

The C. gloeosporioides strain (isolated from anthracnose-infected walnut fruits in
Chongging, China, 2019) was provided by Dr. Jian Gao (College of Plant Protection, South-
west University). The glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene was
amplified with primers GDF1/GDR1 [30] and confirmed as C. gloeosporioides by BLASTn
analysis (Query cover 100%, Ident 99.66% to GenBank accession KM053198.1).

The A. alternata strain (isolated from brown spot lesions on walnut fruits in Tai’an,
Shandong, China, 2020) was provided by Prof. Hongyan Wang (College of Plant Protection,
Shandong Agricultural University). The internal transcribed spacer (ITS) region was
amplified with primers ITS4/ITS5 [31] and confirmed as A. alternata by BLASTn analysis
(Query cover 100%, Ident 99.81% to GenBank accession OK036715.1).

The C. siamense strain HQ21 (GenBank accession: PV929873) was isolated from symp-
tomatic anthracnose fruits in Tai’an, Shandong, China, 2021. Molecular characterization of
C. siamense HQ21 is described in Sections 2.2 and 2.3.

Partial sequences of molecular markers for all strains were deposited in Supplementary
File S1, including: the GAPDH gene fragment for C. gloeosporioides, the ITS region for
A. alternata, and the calmodulin (CAL) gene fragment for C. siamense HQ21.
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All strains were maintained on potato dextrose agar (PDA) slants at 4 °C in darkness
with subculturing performed biannually.

2.2. Isolation and Identification of Pathogen HQ21 from Walnut Anthracnose Fruits

Symptomatic anthracnose fruits were collected and transported at 4 °C within 4 h.
After surface sterilization with 75% ethanol (1 min), 1 cm? tissue fragments from lesion
margins were excised, treated with 1% NaClO (30 s), rinsed three times with sterile water,
and cultured on PDA plates containing 100 mg-L~! streptomycin (25 °C, 5-7 days in
darkness). Pathogens were purified through three rounds of single-spore isolation on
potato dextrose agar (PDA), yielding strain HQ21.

2.3. Pathogenicity Validation and Characterization of HQ21

Pathogenicity assay: Detached leaves of Juglans regia ‘Xiangling’” were needle-
inoculated with HQ21 mycelial plugs (5 mm, 7-day-old PDA). Controls received sterile
plugs. The leaves were maintained at 25 °C/85% RH for 5 days. Pathogens were re-isolated
from lesions to fulfill Koch’s postulates.

Morphological characterization: Purified isolates were cultured on PDA plates at
25 °C for 7 days. Colony morphology and pigmentation were recorded, and conidioma
dimensions were measured microscopically (Nexcope NE910-FLNingbo Yongxin Optics
Co., Ltd., Ningbo, China, 400 x).

Molecular identification: Genomic DNA was extracted using a modified CTAB proto-
col [32]. DNA purity was verified by the A260/A280 ratio (1.93) and A260/A230 ratio (1.86)
using a NanoDrop 2000c spectrophotometer (Thermo Fisher Scientific, Wilmington, NC,
USA). The CAL locus was amplified with primers CL1C (5-GAATTCAAGGAGGCCTTCTC-
3’) and CL2C (5'-CTTCTGCATCATGAGCTGGAC-3'), designed by Weir BS et al. [33], in 20
uL reactions containing 2 x Rapid Taq Master Mix (Vazyme) 10 pL, Primers 0.5 pM each,
and Template DNA 50 ng.

Thermocycling parameters: Amplifications were performed in a Bio-Rad T100 Ther-
mal Cycler (Bio-Rad Laboratories, Inc., Hercules, CA, USA) with the following profile:
initial denaturation at 94 °C (5 min); 35 cycles of 94 °C (30's), 55 °C (45 s), and 72 °C (1 min);
final extension at 72 °C (10 min). CAL DNA was purified using the SanPrep Column
DNA Gel Extraction Kit (Sangon Biotech, Co., Ltd., Shanghai, China), and sequenced
bidirectionally (Sangon Biotech, Shanghai, China).

Phylogenetic reconstruction: CAL sequences were BLASTN-searched against NCBI
GenBank (GenBank accession: PV929873). Reference sequences from type strains were
aligned using ClustalW in MEGA 11. The neighbor-joining tree was constructed with
1000 bootstrap replicates.

2.4. Dose—Response Analysis of 4-Propylphenol on Mycelial Growth

Based on preliminary screening of plant-derived phenolics against walnut pathogens,
4-propylphenol was selected for mechanistic and applied evaluation due to its superior
antifungal potency and environmental safety profile. The compound (purity > 98%, Sigma-
Aldrich, St. Louis, MO, USA) was dissolved in methanol to prepare a 10,000 mg-L’1
stock solution (stored at 4 °C in darkness). Serial dilutions were performed to obtain
amended PDA media with final concentrations of 20, 40, 60, 80, and 100 mg-L’1 (methanol
concentration < 1% v/v). Sterile methanol-amended PDA served as solvent control.

Myecelial plugs (5 mm diameter) from actively growing cultures of C. gloeosporioides, C.
siamense, and A. alternata were inoculated onto amended plates. After 5 days of incubation
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at 25 °C in darkness, colony diameters were measured using the cross-hair method [34].
Mycelial growth inhibition was calculated as

Inhibition (%) = [(D. — D)/ (D. — 5)] x 100

where D, and D; represent colony diameters (mm) in control and treatment groups, respectively.

Probit regression analysis (SPSS 22.0) was employed to establish toxicological equa-
tions by correlating log-transformed concentrations (X) with inhibition probability units (Y).
Half-maximal effective concentrations (ECsg) and 95% confidence intervals were derived
from the dose-response relationships.

2.5. Effects of 4-Propylphenol on Conidial Germination

Conidial suspension preparation: Conidia from C. gloeosporioides, C. siamense, and
A. alternata were harvested by scraping sporulating cultures into 10 mL sterile water
containing 0.05% Tween-80, vortexed for 30 s, and filtered through quadruple-layer sterile
gauze. After centrifugation (4 °C, 3000x g, 10 min), pellets were resuspended and adjusted
to 1 x 10° CFU mL~! using a hemocytometer.

Germination inhibition assay: 4-propylphenol was incorporated into 1.5% wa-
ter agar (WA) at final concentrations of 15.625, 31.25, 62.5, 125, 250, and 500 mg~L’l.
Aliquots (100 uL) of conidial suspensions were spread evenly on WA plates, with methanol-
equivalent controls. Following 24 h incubation (25 °C, darkness), germination rates were as-
sessed by counting germinated conidia. For each replicate, >50 spores were counted across
five random fields (400 x, Olympus CX23, Evident Corporation, Tokyo, Japan). Germina-
tion rate (%) = (Germinated spores/Total spores) x 100, where germination was defined
by germ tube length > spore diameter. Three replicates per treatment (total > 150 spores)
were evaluated.

2.6. Membrane Integrity Assessment

Membrane integrity was assessed by propidium iodide (PI) staining according to
Stocks, S.M. [35]. Mycelial blocks of C. gloeosporioides, C. siamense, and A. alternata were cul-
tured in potato dextrose broth (PDB) containing 40 mg-L~! 4-propylphenol for 72 h at 25 °C.
Hyphae were collected, washed thrice with PBS (pH 7.4), and stained with 10 pg-mL~!
propidium iodide (PI; Sigma-Aldrich) for 15 min. Control groups received equivalent
4-propylphenol-free PDB treatments. Membrane integrity was visualized under fluores-
cence microscopy (Nexcope NE910-FL; excitation 535 nm; emission 615 nm). Three hyphal
segments per treatment were randomly selected for fluorescence intensity quantification
using Image]J v1.53.

2.7. Quantification of Mycelial DNA Leakage

Mycelial suspensions (5 mL, 20 mg-mL~! dry weight) of C. gloeosporioides, C. siamense,
and A. alternata were homogenously dispersed in 100 mL PDB containing 4-propylphenol
(15.625, 31.25, 62.5, 125, and 250 mg-L_l) and incubated at 25 °C with shaking (120 rpm)
for 24 h. After centrifugation (8000 x g, 10 min, 4 °C), supernatants were filtered through
0.22 um membranes. DNA leakage was quantified by measuring absorbance at 260 nm
(Agg0) using a NanoDrop 2000c spectrophotometer (Thermo Fisher Scientific, Wilmington,
NC, USA), with sterile PDB as blank control.

DNA leakage (%) = (At — Ac)/(Am — Ac) x 100

Ay Absorbance of treatment group;
Ac: Absorbance of negative control (mycelia in 4-propylphenol-free PDB);
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Am: Maximum leakage absorbance from mechanically disrupted mycelia (sonicated
at 20 kHz for 5 min).
Three replicates per group were analyzed via nonlinear regression (SPSS 22.0).

2.8. Protein Leakage from Conidia

Hemocytometer-calibrated conidial suspensions (1 x 10° conidia-mL~1) of C. gloeospo-
rioides, C. siamense, and A. alternata were aliquoted (5 mL) into 100 mL PDB containing
4-propylphenol (15.625-250 mg-L’l, 2-fold dilution series). Following shaking incuba-
tion (25 °C, 150 rpm, 24 h), samples were centrifuged (8000 g, 10 min, 4 °C). Filtered
supernatants (0.22 pm) were analyzed at 280 nm (Ajgg) using a NanoDrop 2000c.

Protein leakage (%) = (At — Ac)/(Am — Ac) x100

Ay: Absorbance of treated conidia;

Ac: Absorbance of untreated control (conidia in 4-propylphenol-free PDB);

Am: Maximum leakage from sonicated conidia (20 kHz, 5 min).

Triplicate biological replicates were subjected to nonlinear regression analysis
(SPSS 22.0).

2.9. Leaf Treatment and Pathogen Inoculation

Mature detached leaves (30 = 2 days old) of Juglans regia ‘Xiangling” were collected
from field-grown trees. Three biological replicates per treatment group were established,
with each replicate consisting of one leaf. Leaves were treated with 4-propylphenol solu-
tions (15.625-500 mg-L~!, containing 0.1% Tween-80 surfactant) via foliar spray. Negative
controls received sterile water with 0.1% Tween-80. After air-drying, each leaf was needle-
inoculated at midribs with 5 mm mycelial plugs of C. siamense (7-day-old cultures) and
incubated in a humidity chamber (25 °C, 90% RH) for 7 days. To enhance lesion visibility by
removing chlorophyll, leaves were decolorized by immersion in 75% (v/v) aqueous ethanol
within a water bath maintained at 60 °C until complete chlorophyll removal was achieved.
After rinsing with distilled water and blotting dry, lesion diameters (mm) were measured.

Inhibition (%) = (D. — D¢)/D. x 100,

where D, and D; denote lesion diameters (mm) in control and treated groups, respec-
tively. Data from three biological replicates were pooled, and dose-response curves were
fitted using SPSS 22.0 to determine ECs values and 95% confidence intervals. Significant
differences were analyzed via one-way ANOVA and Duncan’s test («x = 0.01).

2.10. Field Safety Evaluation

Field trials were conducted on 5 June 2022 (early fruit expansion stage) using ten-
year-old Juglans regia ‘Xiangling’ trees with uniform growth characteristics. A randomized
complete block design was employed with three replicates. Each replicate consisted of one
experimental tree, serving as an individual block, resulting in three total trees. On each tree,
twelve branches with uniform growth status (similar age, orientation, and diameter) were
selected and randomly allocated into four treatment groups, with three branches per group.
Treatments consisted of three concentrations of 4-propylphenol (100, 200, and 400 mg-L~1)
and a water-treated control. Directional foliar spraying was applied specifically to the
assigned branch groups using a knapsack electric sprayer (0.3 MPa pressure, 0.4 mm nozzle
diameter). The spray volume was calibrated to 500 L-ha—! based on pre-trial optimization,
ensuring complete leaf coverage on treated branches without runoff and implementing
physical isolation to prevent spray drift between treatments. At 30 days post-treatment,
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chlorophyll SPAD values were measured on a total of 30 mature leaves per treatment
group (i.e., 10 leaves/replicate) using a handheld SPAD-502 m (Konica Minolta, Inc., Tokyo,
Japan). Significant differences among treatments were determined by one-way ANOVA
followed by Duncan’s multiple range test (o« = 0.05) in SPSS 22.0.

2.11. Optimization of Field Application Strategies

Given that the key pathogens causing walnut fruit diseases—C. gloeosporioides and C.
siamense (anthracnose), and A. alternata (brown spot)—primarily infect fruits and collec-
tively result in direct economic losses, this trial shifted the evaluation focus from leaf lesions
to comprehensive fruit disease assessment. A randomized block trial (3 replicates) was
conducted in 2023 at Huangqgian Town's standardized walnut orchard using Juglans regia
Xiangling’ trees. Three treatment regimens were evaluated (Table 1): T1: Initial infection
control (100 mg-L~! canopy spray at flowering; water spray at fruiting); T2: T1 protocol
+ ground spray (100 mg-L~! canopy + ground application at flowering; water spray at
fruiting); T3: T2 protocol + enhanced fruiting-stage treatment (400 mg-L~! canopy spray at
fruiting); CK: Water-only controls for both stages.

Table 1. Field application strategies of 4-propylphenol.

Treatment May 5 (Flowering) June 10 (Fruiting)
T1 100 mg-L~! canopy Water spray

T2 100 mg-L~! canopy + ground Water spray

T3 100 mg-L~! canopy + ground 400 mg-L~! canopy
CK Water spray Water spray

Applications were performed using a knapsack electric sprayer (0.3 MPa, 0.4 mm
nozzle) with ~500 L-ha~! volume for full coverage. n = 3 biological replicates per treatment.

Disease assessment: Fifteen days post-treatment, 30 fruits per group were graded:

0: No lesions;

1: 1-2 lesions;

2: 3-5 lesions;

3: >5 lesions or coalesced necrosis.

Disease index (DI) = X(Disease grade x fruit count)/(3 x total fruits) x 100.

Control efficacy (%) = (DIck — Dlireatment)/DIck x 100.

Data were analyzed using SPSS 22.0 with significance thresholds at « = 0.05.

3. Results

3.1. Isolation, Identification, and Pathogenicity of Colletotrichum siamense in Huangqian
Walnut Orchards

Walnut fruits exhibiting anthracnose symptoms were collected from Huanggqian Town,
Tai’an City (Figure 1A). Strain HQ21, isolated through single-spore purification, formed
circular colonies (78.3 & 1.5 mm diameter) on PDA after 5 days at 25 °C. Colonies displayed
dense aerial mycelia with dark gray centers and cream-colored margins on the obverse
side (Figure 1B), while reverse sides exhibited gray-green central pigmentation (Figure 1C).
Hyphae appeared cylindrical with septa (Figure 1D), producing hyaline, aseptate coni-
dia measuring (14.2 £+ 1.3) x (4.2 £ 0.6) um (Figure 1E). Pathogenicity assays induced
characteristic anthracnose lesions on inoculated leaves within 5 days, mirroring field symp-
toms (Figure 1F), while the controls remained asymptomatic (Figure 1G). Re-isolation
from diseased tissues yielded morphologically identical colonies to HQ21, fulfilling Koch’s
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postulates. Phylogenetic analysis of concatenated CAL sequences placed HQ21 within a
highly supported C. siamense clade (Bootstrap = 98%,; genetic distance < 0.002) (Figure 2).
Integrated morphological and molecular evidence confirmed HQ21 as C. siamense Prihas-
tuti, L. Cai & K.D. Hyde. The CAL gene sequence is available in GenBank under accession
number PV929873.

Figure 1. Isolation and pathogenicity determination of walnut anthracnose pathogen. (A): Field
symptoms of walnut anthracnose on fruits. (B,C): Morphology of strain HQ21 on PDA, 5 days after
inoculation (front and reverse view). (D): Hypha structure. (E): Conidia. (F): Disease progression
in artificial inoculation assay (5 dpi). (G): Control leaf on PDA block inoculation. Scale bars:
(D,F) =20 um.
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Figure 2. Phylogenetic analysis of strain HQ21 based on CAL gene sequences. The neighbor-joining
tree was constructed using MEGA 11 software with 1000 bootstrap replicates. Sequences of reference
strains (indicated by GenBank accession numbers) were retrieved from NCBI.
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3.2. Virulence Analysis of 4-Propylphenol Against Target Pathogens

4-propylphenol exhibited significant dose-dependent inhibition of mycelial growth
across all three pathogens. Serial dilutions (20-100 mg-L~!) demonstrated significant
dose-response relationships across all pathogens (R? = 0.827-0.948), with ECs, values
of 31.893, 31.063, and 29.111 mg-L’1 for C. gloeosporioides, C. siamense, and A. alternata,
respectively. Steep concentration—response profiles were evidenced by toxicity equation
slopes (3.02-3.81) (Table 2 and Figure 3).

Table 2. Virulence regression parameters of 4-propylphenol against walnut pathogens.

Toxicity Regression R2 ECs 95% Confidence

Pathogen ¢ “1 Interval
Equation (mg-L-1) (mg-L-1)
C. gloeosporioides Y = —5.69 + 3.81X  0.827 31.89 8.16-49.25
C. siamense Y =—-4.80+3.22X  0.948 31.06 17.75-41.67
A. alternata Y=-441+3.02X 0.882 29.11 9.52-42.63

Y: Inhibition probability units; X: Log-transformed concentrations. ECs values derived from Probit analysis.

0 20 40 60 80 100 (mg-L7)

Figure 3. Dose-dependent inhibition of 4-propylphenol (0-100 mg-L~!) on mycelial growth of
C. gloeosporioides (Cg), C. siamense (Cs), and A. alternata (Aa).

3.3. Inhibitory Effects of 4-Propylphenol on Conidial Germination

As shown in Table 3 and Figure 4, 4-propylphenol exhibited significant concentration-
dependent inhibition (p < 0.01) on conidial germination across all three pathogens. After
24 h treatment, the germination rates for C. gloeosporioides, C. siamense, and A. alternata
were 80.00 = 2.23%, 84.75 + 2.91%, and 85.39 4 3.18%, respectively. At 500 mg-L~!, the
germination rates decreased to 5.4 &+ 1.7%, 7.5 £ 1.47%, and 9.2 £ 0.5%, corresponding to
89.22-93.25% suppression compared to controls. The ECs( values for conidial germination
inhibition were 55.037, 71.854, and 64.414 mg~L_1 for C. gloeosporioides, C. siamense, and
A. alternata, respectively.
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Table 3. Virulence regression parameters of 4-propylphenol against walnut pathogen conidial

germination.
o -
Toxicity Regression 5 ECsp 95% Confidence

Pathogen Equation R (me-L-1) Interval

q g (mg-L-1)
C. gloeosporioides Y = —2.31+1.33X  0.966 55.037 44.148-67.138
C. siamense Y=-282+152X 0.983 71.854 60.220-85.194
A. alternata Y=-272+149X  0.956 64.414 41.959-93.571

Y: Inhibition probability units; X: Log-transformed concentrations. ECsy derived from Probit analysis.
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Figure 4. Inhibitory effects of 4-propylphenol on conidial germination of three pathogens. Column
colors represent concentrations: 0, 15.625, 31.25, 62.5, 125, 250, and 500 mg'L_l. Different lowercase
letters indicate significant differences (p < 0.01, Duncan’s multiple range test).

3.4. Membrane Disruption Effects of 4-Propylphenol on Target Pathogens

Propidium iodide (PI) staining revealed significant membrane damage in 4-propylphenol-
treated hyphae (Figure 5). The treatment groups exhibited intense red fluorescence signals
(fluorescence intensity: C. gloeosporioides 55.74 £ 3.04 a.u., C. siamense 55.18 £ 6.54 a.u.,
and A. alternata 61.01 £ 8.13 a.u.), which were markedly higher than those in untreated
controls (C. gloeosporioides: 3.98 £ 1.41 a.u.; C. siamense: 4.01 £ 1.00 a.u.; A. alternata:
6.45 £ 5.68 a.u.) (p < 0.001), representing 14.0-fold fluorescence intensity increases for
C. gloeosporioides, 13.8-fold for C. siamense, and 9.5-fold for A. alternata compared to untreated
controls. These results confirm that 4-propylphenol induces significant alterations in
membrane permeability.
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Figure 5. Effects of 4-propylphenol on membrane integrity of three pathogens. (A): C. gloeosporioides
hyphae under bright-field (left) and PI fluorescence (right): (i) untreated control; (ii) 40 mg~L*1
4-propylphenol treatment. (B): C. sinmense hyphae under bright-field (left) and PI fluorescence
(right): (i) untreated control; (ii) 40 mg~L*1 4-propylphenol treatment. (C): A. alternata hyphae under
bright-field (left) and PI fluorescence (right): (i) untreated control; (ii) 40 mg-L~! 4-propylphenol
treatment. (D): Quantitative analysis of PI fluorescence intensity showing 9.5-to-14.0-fold increases in
treated hyphae. Scale bar = 200 um (applicable to (A-C)). *** denote significant differences (p < 0.001,
Duncan’s multiple range test).

3.5. Dose-Dependent Induction of DNA Leakage by 4-Propylphenol

As illustrated in Figure 6, 4-propylphenol significantly increased DNA leakage from
C. gloeosporioides, C. siamense, and A. alternata hyphae in a concentration-dependent man-
ner (R? = 0.802-0.924). At 250 mg-L~!, DNA leakage reached 77.82-85.15% of maximum
saturation values achieved through mechanical disruption.
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Figure 6. Dose-effect of 4-propylphenol on DNA leakage of three pathogens. Column colors represent
concentrations: 15.625, 31.25, 62.5, 125, and 250 mg-Lfl. Different lowercase letters denote significant
differences (p < 0.01, Duncan’s multiple range test).

3.6. Protein Leakage Induced by 4-Propylphenol

As demonstrated in Figure 7, 4-propylphenol significantly compromised fungal
membrane permeability, inducing dose-dependent protein leakage. Leakage levels ex-
hibited strong positive correlations with compound concentrations (R?> = 0.974-0.991).
At 250 mg-L~!, protein leakage reached 58.10-66.49% of maximum saturation val-
ues: C. gloeosporioides (65.02 £+ 0.53%), C. siamense (58.10 £ 0.44%), and A. alternata
(66.49 £ 1.05%).
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Figure 7. Dose-dependent protein leakage induced by 4-propylphenol in three pathogens. Column
colors represent concentrations: 15.625, 31.25, 62.5, 125, and 250 mg~L_1. Different lowercase letters
indicate significant differences (p < 0.01, Duncan’s multiple range test).
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3.7. Protective Effects of 4-Propylphenol Against C. siamense Infection in Detached Walnut Leaves

Detached walnut leaves treated with 4-propylphenol (15.625-500 mg-L ') showed sig-
nificant concentration-dependent suppression of C. siamense infection (R? = 0.99903). Visual
assessment of disease progression revealed distinct phenotypic differences across treatment
concentrations (Figure 8A), with complete inhibition of pathogen colonization observed at
the highest concentration of 500 mg-L~!. The dose-response relationship demonstrated pro-
gressive efficacy, achieving 47.52 + 3.97% disease inhibition at 62.5 mg-L~!, 84.67 + 3.25% at
250 mg-L~!, and 100% at 500 mg-L~! (Figure 8C). Quantitative analysis through probit mod-
eling determined the half-maximal effective concentration (ECs) as 96.54 mg-L’1 (Figure 8B).
Statistical comparison of inhibition rates across concentrations revealed significant differential
efficacy (p < 0.01, Duncan’s test), with distinct effectiveness groupings indicated by letter anno-
tations in the histogram (Figure 8C). This comprehensive analysis confirms 4-propylphenol’s
potent capacity to protect foliar tissues against anthracnose pathogenesis, achieving complete
pathogen suppression at the maximum tested concentration.
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Figure 8. Protective effect of 4-propylphenol against C. siamense infection on detached walnut leaves.
(A): Phenotypic comparison of detached walnut leaves treated with 4-propylphenol at different
concentrations (0, 15.625, 31.25, 62.5, 125, 250, and 500 mg-Lfl) and inoculated with C. siamense.
Images were captured 5 days post-inoculation after chlorophyll removal via ethanol decolorization.
Scale bar =2 cm. (B): Dose-response curve of C. siamense inhibition by 4-propylphenol. (C): Histogram
of inhibition rates at tested concentrations. Columns labeled with different lowercase letters show
statistically significant differences (p < 0.01, Duncan’s multiple range test).

3.8. Field Safety Evaluation of 4-Propylphenol on Walnut Trees

Field trials evaluating the physiological safety of different 4-propylphenol concentra-
tions on walnut trees demonstrated the following results (Figure 9): Foliar applications
at 100, 200, and 400 mg-L’1 maintained leaf SPAD values at 43.6 &= 1.18, 44.4 + 1.87,
and 43.84 £ 1.96, respectively (Figure 9A). Compared to the water-treated control group
(44.55 + 1.39; Figure 9B), no significant differences (p > 0.05) in SPAD values were observed
across treatments. Moreover, the 400 mg-L~! treatment group (Figure 9C) exhibited no visi-
ble phytotoxicity symptoms. Based on comprehensive safety evaluation parameters (SPAD
stability and foliar phenotypic integrity) and the potential enhancement of disease control
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Figure 9. Evaluation of 4-propylphenol phytotoxicity in field-grown walnut trees (Juglans re-
gia). (A): Leaf chlorophyll content (SPAD values) across experimental treatments (mean + SD,
n > 30 leaves/treatment). (B): Representative foliage from water-treated control plants. (C): Foliar
phenotype following 400 mg-L~! 4-propylphenol application. Scale bar = 5 cm (applicable to (B,C)).

3.9. Integrated Application Strategies for Disease Control Efficacy

As shown in Figure 10E, 4-propylphenol demonstrated significant field efficacy against
walnut fruit diseases. The T1 treatment (100 mg-L~! canopy spray at flowering + water
spray at fruiting; Figure 10B) achieved 47.78 + 5.09% control efficacy with 28.89% diseased
fruits. The T2 treatment (100 mg-L~! canopy + ground spray at flowering + water spray
at fruiting; Figure 10C) significantly enhanced overall efficacy to 80.00 & 6.67% (p < 0.01;
Figure 10E), reducing disease incidence to 12.22%. The T3 treatment (T2 + 400 mg-L~!
canopy spray at fruiting; Figure 10D) achieved optimal performance with 7.78% dis-
eased fruits and 86.67 £ 3.33% control efficacy, significantly surpassing T1/T2 (p < 0.01;
Figure 10E). Untreated controls (CK, Figure 10A) exhibited 56.67% disease incidence
(Figure 10E).
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Figure 10. Field efficacy of 4-propylphenol application strategies against walnut diseases. (A). Un-
treated control (CK; water spray at both stages). (B). T1 treatment (100 mg-L~! flowering canopy
spray). (C). T2 treatment (100 mg-L~! flowering canopy + ground spray). (D). T3 treatment
(T2 + 400 mg-L~! fruiting canopy spray). (E). Comparative disease incidence and control efficacy
across treatments. Different lowercase letters denote significant differences (p < 0.01, Duncan’s
multiple range test).
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4. Discussion

The pathogen diversity of walnut anthracnose and brown spot, coupled with their
cross-host transmission characteristics, poses a persistent threat to the global walnut indus-
try. Over 10 species of Colletotrichum spp. have been confirmed to infect walnuts [36-39],
among which C. siamense has emerged as a critical pathogen due to its broad host adapt-
ability and geographical dispersal capacity. The pathogenic strain of C. siamense identified
in Tai’an, Shandong Province, further validates the expansion of this species in temperate
woody crops. Notably, C. siamense exhibits a host range spanning at least 15 genera across
seven plant families, including Cornus spp. [40], Ixora chinensis [41], Persea Americana [42],
and Citrus spp. [43]. This polyphagous trait suggests potential cross-species transmis-
sion through host plant networks within agroecosystems, significantly amplifying the
epidemiological complexity and control challenges of the disease.

This study is the first to elucidate the molecular mechanism by which 4-propylphenol
exerts antifungal effects via targeted disruption of pathogen membrane integrity. Fluo-
rescence staining revealed significant membrane damage, evidenced by 9.5-to-14.0-fold
increases in propidium iodide (PI) staining intensity following treatment, consistent with
the classical mode of phenolic compounds that alter membrane potential to induce ion
homeostasis imbalance [44,45]. Unlike conventional fungicides (e.g., triazoles targeting
enzyme inhibition) [46,47], this nonspecific membrane-targeting mechanism may theoreti-
cally reduce the risk of resistance development [48]. However, potential fungal adaptive
mechanisms, such as MAPK signaling pathway-mediated dynamic regulation of membrane
composition, warrant further investigation [49,50].

In bioactivity assessments, 4-propylphenol demonstrated ECsy values of
29.11-31.89 mg-L~! against plant pathogens, comparable to the optimal eugenol deriva-
tive against Botrytis cinerea (ECsp = 31 mg-L~1) [51] and superior to 1-sulfonyloxy/acyloxy
eugenol analogs against Phytophthora capsica (ECsy = 70.8 mg-L~1) [52]. Notably, its inhibition
of conidial germination (ECsp = 55.04-71.85 mg-L 1) exhibited approximately 55-fold greater
efficacy than ginseng stem-leaf total saponins (ECsy = 3037.7 mg~L_1) [53] and outperformed
commercial biofungicides such as Bacillus subtilis lipopeptides (ECsy > 100 mg-L~1) [54].
The compound also displayed rapid (>90% inhibition within 24 h) and sustained antifungal
activity, highlighting its unique advantages in plant disease management systems.

The proposed gradient application strategy (100 mg-L~! ground spray (canopy and
soil application) at the flowering stage; 400 mg-L.~! targeted canopy spraying at the fruit-
ing stage) demonstrated high field efficacy in disease control while aiming at suppressing
primary inoculum sources. This approach shares conceptual similarities with grape anthrac-
nose management protocols (e.g., copper-based agents at bud break and microbial agents
at flowering) [55], yet simplifies operational complexity through optimized concentration
gradients of a single active ingredient. However, soil drenching may exert non-target effects
on microbial communities. Metagenomic analysis is recommended to systematically evalu-
ate impacts on soil microbial network structure and functional gene expression, thereby
informing the development of ecologically sustainable application protocols.

5. Conclusions

This study established an integrated system encompassing membrane-targeting mech-
anism analysis and phenology-adapted application technology, providing an innovative
framework for sustainable disease management in woody oil crops. Key findings include
the following: (1) Novel antimicrobial mechanism: 4-propylphenol triggers cellular content
leakage through membrane lipid disruption, demonstrating a resistance-avoidance mode
that circumvents the mutation risks inherent in conventional fungicides targeting specific
molecular sites. (2) Application strategy innovation: A hierarchical management strat-
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egy, integrating flowering-stage ground disinfection and fruit-development-stage canopy
protection, showed significant efficacy against walnut anthracnose, enabling chemical
input reduction while maintaining eco-friendly orchard operations. Future research should
prioritize three directions: molecular-level characterization of 4-propylphenol’s specific
binding sites with membrane lipids, establishment of regional pathogen resistance surveil-
lance networks, and development of nano-encapsulated formulations to enhance residual
activity. This integrated approach not only addresses critical challenges in walnut disease
control but also provides replicable solutions for sustainable cultivation of other woody oil
crops, including Chinese hickory (Carya cathayensis) and oil-tea camellia (Camellia oleifera).
Through mechanism-driven technological innovation, this work achieves effective synergy
between ecological safety and pathogen control, advancing the development of green
control technologies in agricultural phytopathology.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/jof11090610/s1. File S1: Fungal DNA sequences in FASTA format.
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Abstract: Fusarium culmorum is the causal agent of root rot and crown rot in soft wheat. The
aim of this study was to investigate the control mechanism of Talaromyces pinophilus HD25G2
as a biocontrol agent against F. culmorum. This involved the isolation and molecular
identification of Fusarium and Talaromyces strains from soft wheat. The assay included the
inhibition test of F. culmorum mycelial growth on potato dextrose agar and soft wheat media
at two water activity values (0.98 and 0.95), its production of mycotoxins, and the fungal cell
wall-degrading enzymes implicated in the antagonistic effect of T. pinophilus. The results
showed that T. pinophilus and its extract free of cells reduced the growth of F. culmorum by
over 55%. Interestingly, the T. pinophilus HD25G2 showed high chitinase, protease, and
cellulose production on solid media. In addition, chitinolytic and proteolytic activities
were estimated at the values of 1.72 &+ 0.02UI and 0.49 + 0.01UI, respectively. However,
the mycotoxin evaluation assay revealed that F. culmorum HD15C10 produced zearalenone
(ZEA) and the biocontrol agent enhanced its production, but the early inoculation of
T. pinophilus, before F. culmorum growth onset, inhibited 100% its growth and, therefore,
prevented the presence of ZEA. Hence, this strain can be proposed as a biocontrol agent
against F. culmorum, and it can be further investigated for biocontrol of Fusarium root and
crown rot in vivo.

Keywords: antagonism; enzymatic activity; food security; mycelial growth; zearalenone

1. Introduction

The world’s crop production experiences significant crop losses each year due to
pathogens through reduced yield, productivity, and growth of many crops [1]. In this sense,
Fusarium infection, a plant pathogenic fungus, is a global concern, causing economically
severe crop losses and ranking among the most hazardous pathogens affecting cereals [2].
Fusarium encompasses a diverse group of fungal species, many of which are well-known
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plant pathogens that have caused significant crop damage over the past two centuries.
These fungi commonly colonise aerial parts of plants, either as natural components of the
mycobiota or as aggressive pathogens, particularly affecting horticultural crops and cereal
grains like maize, often rendering them unsuitable for consumption. Fusarium species are
responsible for various plant diseases, including seedling blight, root and crown rot, as well
as stalk and ear rot, and can infect plants at any developmental stage. The success of Fusar-
ium infection depends on a series of complex and tightly regulated processes, beginning
with host colonisation and culminating in disease manifestation [2,3]. Additionally, this
genus poses a risk due to its ability to synthesise mycotoxins such as deoxynivalenol (DON),
zearalenone (ZEA), and fumonisin B1. These mycotoxins are identified as some of the top
five most significant mycotoxins [3]. Fusariosis has a significant economic impact across
various countries and regions worldwide, including North and South America, Australia,
Europe, North Africa (particularly Algeria), South Africa, and West Asia. Losses can reach
up to 70% when infection conditions are favourable. They reduce yield by decreasing
the germinative capacity of seeds, the grain count per spike, the weight of a thousand
grains, and their overall quality [4]. Investigations have shown that strains of Fusarium
culmorum are prevalent and highly aggressive on wheat seedlings along with Fusarium
graminearum and Fusarium pseudograminearum, contributing to head blight (FHB), crown rot
(FCR) and root rot (FRR) diseases in Algeria [5,6]. These diseases affect soft wheat (Triticum
aestivum) worldwide, causing substantial yield losses, especially in dry climates and regions
where conservation agriculture practices, such as minimal tillage and stubble retention,
are applied. FCR is mainly spread through infected stubble [7], FRR is worsened by the
use of infected seeds, and FHB is identified by the bleaching of spikelets [8,9]. Aside from
causing yield losses, F. culmorum also leads to the build-up of diverse mycotoxins, mainly
ZEA [10]. To control these hard-to-reach fungi, a range of strategies has been proposed,
including crop rotation, the use of resistant varieties, or antifungal treatment. These are the
main practical approaches used with limited effectiveness [11]. Plant protection treatments
relying on synthetic chemicals are increasingly scrutinised owing to worries over human
health, environmental impact, the development of resistant strains, and residue presence in
harvested fruit [12]. Therefore, due to Fusarium dissemination and its persistence in the soil,
its control seems limited to prophylactic measures [13]. However, in recent years, special
attention has been given to methods of biological control. The use of microorganisms with
antifungal activity is a promising alternative to the use of pesticides, due to the ubiquity of
these microorganisms, their great diversity, and their dissemination in rhizospheric soils,
and it is potentially beneficial to the health of consumers [14]. Previous research has shown
that Talaromyces pinophilus (Hedgc.) Samson is prevalent in soil, compost, seeds, grains, the
phyllosphere, and the phylloplane. Furthermore, it has been recognised as an endophytic
fungus in several therapeutic plants [1,15,16]. It has been widely utilised for its ability to
degrade cellulose and as a sustainable source of pigments and bioactive compounds [17,18].
Few studies have looked at T. pinophilus’ antagonistic activity and mycoparasitic behaviour
against Rhizoctonia solani [19,20]. The detailed mechanism of T. pinophilus mycoparasitism
against B. cinerea was outlined by Abdel-Rahim and Abo Elyossr [21]. They concluded that
the fungus’s toxic metabolites, including extracellular wall-degrading enzymes, antibiotics,
and volatile organic compounds (VOCs), contribute to the expression of its antagonistic
activity [22,23].

This research aimed to evaluate the antagonistic effects of T. pinophilus on F. culmorum,
the pathogen is responsible for Fusarium Root and Fusarium Crown Rot in soft wheat. This
study focused on examining the inhibition of F. culmorum growth, mycotoxin production, as
well as the enzymes that degrade the fungal cell wall, which play a role in the antagonistic
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interaction. To the best of our knowledge, this is the first study worldwide to investigate
these specific antagonistic mechanisms between T. pinophilus and F. culmorum.

2. Materials and Methods
2.1. Fungal Isolation and Identification

Fusarium sp. HD15C10 was isolated from samples of soft wheat seeds, harvested in the
year 2020, from the Tizi-ouzou region (36.73601203227208, 3.9740759227314664) (Algeria),
while the Talaromyces spp. HD25G2 was isolated from healthy, asymptomatic soft wheat
seeds stored in the Constantine region (36.334561393967014, 6.714242306223273), Algeria.

The seed samples (1 Kg) were transferred into sterilised polyethene bags and promptly
taken to the laboratory and refrigerated until isolation. Isolation was performed using PDA
medium (TM Media, Delhi, India) enriched with chloramphenicol (250 mg/L) and rose
Bengal (66.7 mg/L) (both from Sigma-Aldrich, St. Louis, MO, USA).

In order to isolate the fungi, soft wheat seeds from both samples were individually
selected, surface-sterilised using 1% sodium hypochlorite, thoroughly rinsed with sterilised
distilled water, and subsequently dried on a sterile filter paper. The sterilised seeds (5 grains
per plate) were then placed on PDA plates and incubated at 25 °C for 7 days [24].

After incubation, the colonies were subsequently purified through a single-spore
isolation technique. The monosporic colonies were further examined both macroscopically
and microscopically [25,26].

Macroscopic characterisation involved evaluating morphological features such as
colony growth rate, texture, and colour. Microscopic observations of Talaromyces spp. and
Fusarium spp. isolates were carried out by examining the shape of phialides and conidia,
as well as the positioning of chlamydospores, using a Motic BA210 model microscope
(Fisher Scientific, Schwerte, Germany). The endophytic fungus Talaromyces spp. was
initially identified through its colony morphology, growth texture, and micromorphological
features on potato dextrose agar (PDA), glycerol nitrate 25% agar (GN25) at 25 °C, and
Czapek yeast agar (CYA; Sigma-Aldrich) at 37 °C after 7 days of incubation. The fungi
were subsequently stored in the laboratory’s mycological collection for future use. The
isolation was performed in triplicate.

2.2. Molecular Identification of Talaromyces spp. and Fusarium spp. Strains by PCR Assay

Molecular identification of the fungal isolate was achieved through PCR amplifi-
cation targeting the internal transcribed spacer (ITS) region of ribosomal DNA. Fungal
mycelium was harvested from potato dextrose agar (PDA) after 5 days of incubation at
28 °C, suspended in 100 pL of sterile distilled water, and stored at —80 °C. Genomic DNA
was extracted utilising the NucleoSpin Plant II DNA Prep Kit (Macherey-Nagel, Diiren,
Germany), following the SDS/CTAB lysis method, with subsequent purification via phe-
nol/chloroform extraction. PCR amplification and sequencing were performed at GLS Sidi
Bel Abbes (Sidi Bel Abbes, Algeria) and Eurofins Scientific (Nantes, France). The ITS region
was amplified using the primer pair ITS1 (5-CTTGGTCATTTAGAGGAAGTAA-3") and
ITS4 (5'-TCCTCCGCTTATTGATATGC-3'), as described by Gardes and Bruns [27].

The PCR reaction mixture, with a total volume of 25 uL, contained 1 pL (20 ng) of
fungal DNA, 2.5 uL of 10x EF-Taq buffer, 0.5 uL of 10 mM dNTPs, 1.0 uL of each forward
and reverse primer (10 pmol), 0.25 pL of EF-Taq polymerase (2.5 U), and nuclease-free
water to complete the volume. The PCR conditions included an initial denaturation at
95 °C for 5 min, followed by 35 cycles consisting of denaturation at 95 °C for 30 s, annealing
at 55 °C for 30 s, and extension at 72 °C for 45 s, concluding with a final extension at 72 °C
for 7 min. PCR products were visualised on an agarose gel under UV light (VWR-730
Avantor, Radnor, PA, USA). Specific bands were excised and purified using the NucleoSpin
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Plant II kit (Fisher Scientific, Schwerte, Germany) following the manufacturer’s protocol.
The amplified ITS region from both strands was sequenced using the primers ITS1 and
ITS4. The resulting sequences were analysed through the BLAST tool on the NCBI website
(http:/ /blast.ncbi.nlm.nih.gov /Blast.cgi).

Multiple sequence alignments were performed using CLUSTALW (https://www.
genome.jp/tools-bin/clustalw), and phylogenetic relationships were determined using
MegAlign software (version 5.01) with reference sequences from GenBank.

The sequences for T. pinophilus strain HD25G2 and F. culmorum HD15C10 were de-
posited in the GenBank nucleotide sequence database under accession numbers OM978188
and ON743052, respectively.

2.3. Antagonistic Activity

All assays were conducted on PDA and soft wheat simulating media. The 2% milled
soft wheat agar media (SWA) was prepared and adjusted at two distinct water activities
(aw) values by adding glycerol until it achieved 0.98 (high water availability; SWA98) and
0.95 ay, (intermediate water stress; SWA95) according to Da Cruz Cabral et al. [28].

2.3.1. Dual Culture Test

A 6 mm diameter mycelial plug of actively growing F. culmorum was placed on
one edge of a Petri dish containing PDA, SWA98 and SWA95, while a mycelial plug of
T. pinophilus was placed on the opposite edge, 35 mm away. The plates were incubated
at 25 °C until the morphological overgrowth interaction was observed. The pathogen
F. culmorum was inoculated alone in the middle of the testing plates as a positive control [29].
To calculate the growth inhibition percentage (1%), the following equation was used:

I% = [(RC — RT)/RC] x 100 1)

In this formula, RC denotes the diameter of the pathogen’s radial growth in the control
treatment, while RT represents the diameter of radial growth when the pathogen is exposed
to the biocontrol agent (BCA).

Additionally, after the results were obtained, an assay of direct confrontation was
required. The mycelium close to the contact zone in dual cultures was observed microscop-
ically. All the assays (antagonistic activity and dual culture as well as negative controls) in
different media were performed in triplicate.

2.3.2. Talaromyces pinophilus Culture Filtrate Inhibition Test

The method involves adding culture filtrates from the antagonistic strain T. pinophilus
into a culture medium, followed by inoculation with discs of the pathogen to evaluate its
effectiveness against F. culmorum [28,29]. Three plugs from the T. pinophilus culture were
transferred to Erlenmeyer flasks containing 150 mL of PDB or SWB (at two different ay,
levels) and incubated on a rotary shaker at 150x g and 26 °C for 7 days. After incubation,
the liquid culture was harvested by centrifugation at 9500 x g for 10 min and subsequently
filtered using a 0.45 pm syringe filter (RephiLe Bioscience, Philadelphia, PA, USA). A
negative control was prepared, maintaining the same conditions. The resulting filtrates
from PDB and SWB were incorporated into PDA and SWA98 or SWA95 media, respectively,
ata 10% (v/v) concentration. Three 6 mm diameter agar plugs from the F. culmorum culture
were placed at equal distances (35 mm apart) on the Petri dish, which was then incubated at
26 °C until the fungal colonies overlapped. The inhibition percentage (1%) was determined
using the method described earlier.
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2.4. Direct Confrontation Test

This test was used to evaluate the antagonistic interaction between BCA mycelium
and F. culmorum mycelium in SWA98 and SWA95 media in direct contact, applying the
BCA before the growth of F. culmorum [30,31]. In SWA plates at the two ay, 100 puL of T.
pinophilus strain (102 spore/mL) was inoculated on all the surfaces and incubated at 25 °C.
After three days, a mycelium plug (6 mm diameter) from 4-day-old actively developing
colonies of F. culmorum was seeded in the centre of the plates. The plates were observed
daily (9th day after incubation). Negative controls of both strains were grown separately.
The assays in different culture media, as well as the negative control, were conducted
in triplicate.

2.5. Mycotoxin Production

Three plugs from F. culmorum mycelia close to the contact zones between moulds from
the dual culture test in SWA media (Section 2.3.1) were collected. The mycotoxins were
extracted and analysed following the methodology described by Galan et al. [31]. Briefly,
acetonitrile, water, and acetic acid (79:20:1; v/v/v) were added to the sample at a ratio of
4 mL/g, and the solution was shaken for 90 min. Following extraction, a 0.5 mL aliquot of
the extract was mixed with 0.5 mL of a different acetonitrile/water/acetic acid solution
in a 20:79:1 (v/v/v) ratio and transferred into 1.5 mL vials. A 10 uL portion of the diluted
extract was subsequently analysed using target metabolomics in a Q-Exactive Plus Orbitrap
mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA).

2.6. Enzymes Qualitative Screening of T. pinophilus HD25G2

Protease, chitinase, and cellulase activities were evaluated on skim milk agar, Chitinase
detection Medium (CDM), and Czapek-Mineral Salt agar medium supplemented with
carboxy methyl cellulose (CMC). All the media cultures were maintained at pH 7 and
incubated in the dark as described by Cherukupally et al. [32] and Reghmit et al. [33]. The
results are observed according to the change in the media’s colour:

e  (Clear zones around the disc indicate proteolytic activity.

e  The chitin hydrolysis area changes colour from yellow to purple.

e  The presence of a yellow opaque zone surrounding the colonies shows the presence
of cellulases.

2.7. Quantitative Enzyme Assays
2.7.1. Determination of Protease Activity

To evaluate proteolytic activity, a liquid medium supplemented with 1% casein as the
substrate was used, following the method described by Reghmit et al. [33]. The cultures
were grown for 5 days at 28 °C, after which they were centrifuged at 9500 g for 15 min.

A 500 pL aliquot of the supernatant was then mixed with 1.25 mL of 1% casein
prepared in phosphate buffer (pH 10) and incubated at 40 °C for 30 min. The reaction was
terminated by adding 3 mL of 0.19 M trichloroacetic acid (Sigma-Aldrich), followed by a
further incubation at 40 °C for 15 min. The mixture was then subjected to centrifugation at
9500 % g for 10 min.

After the centrifugation process, 500 pL of the supernatant was combined with 2.5 mL
of 0.4 M NaCOj3 and 250 uL of Folin—Ciocalteu’s reagent (Sigma-Aldrich). The resulting
solution’s absorbance was measured at a wavelength of 660 nm to determine the concen-
tration of released short peptides and free amino acids. Subsequently, enzyme activity
was calculated based on the amount of enzyme required to release 1 pmol of tyrosine per
minute, per mL of enzyme solution. A negative control (without inoculating the fungi) was
also prepared, maintaining the same conditions.
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2.7.2. Chitinase Hydrolytic Activity Assay

Following the method described by Reghmit et al. [33]. Two plugs from a 5-day-old
Talaromyces culture were transferred into 50 mL of synthetic medium (SM). The culture was
incubated and then centrifuged at 8000x g for 5 min. The supernatant, which served as
the enzyme solution, was mixed in equal volume (1 mL) with 1% colloidal chitin prepared
in 0.05 M sodium acetate buffer (pH 5). This mixture was incubated for 1 h at 37 °C
under constant agitation. After the incubation, the reaction mixture underwent a second
centrifugation at 5000 x g for 15 min. To assess chitinase activity, 1 mL of the supernatant
was mixed with 3 mL of dinitrosalicylic acid (DNS) reagent and boiled for 5 min. The
absorbance of the solution was recorded at 585 nm. Chitinase activity was expressed as the
amount of enzyme needed to release 1 umol of N-acetylglucosamine (GIcNAc) per minute
under the assay conditions. All experiments were performed in triplicate. A negative control
(without inoculating the fungi) was also prepared, maintaining the same conditions.

2.8. Statistical Analysis

Values were analysed using two-way ANOVA with Tukey’s HSD to study the interac-
tions between the different media and treatments on growth inhibition and mycotoxins due
to within the natural population, biological data generally follow a normal distribution.
All the tests were carried out using IBM SPSS software version 25.0 (IBM Corp., Armonk,
NY, USA). Cohen’s term d was used to calculate the effect size index by using R software
version 4.5.1. (https:/ /www.r-project.org). Statistical significance was set at p < 0.01.

3. Results
3.1. Fungal Isolation and Identification

In this study, F. culmorum HD15C10 was isolated from soft wheat seed crops grown in
Tizi-Ouzou, Algeria. Preliminary F. culmorum strain HD15C10 characterisation was carried
out based on macroscopic colony traits and microscopic features. The following figure
demonstrates the macroscopic and microscopic appearances (Figure 1A,B) and, in addition,
the molecular phylogeny of F. culmorum strain HD15C10 with DNA sequences for reference
strains (Figure 1C).

C Fusarium culmorum isolate HD15C10 (ON743052)

81
Fusarium culmorum isolate G208-1 (MN274600)

65
Fusarium culmorum isolate B307-1 (MN274597)

100

Fusarium equiseti isolate MKZIA-FE (OP345184)

Fusarium oxysprorum isolate Penampang (OM743433)

— Aspergillus flavus strain CBS 139335 (KT355494)

—

0.1 Rhizopus arrhizus strain FBL578 (MK895139)

Figure 1. Fusarium culmorum strain HD15C10: (A) 7-day-old culture at 25 °C on potato dextrose agar
(PDA) medium; (B) light microscopic analysis showing the fungal elements as conidiophores and
conidia; (C) molecular phylogeny of F. culmorum strain HD15C10 with DNA sequences for reference
strains of F. culmorum (bar indicates genetic distance due to sequence divergence).
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Sequencing of the ITS region showed 99.4% similarity with F. culmorum isolate G208-1
(MN274600), and a phylogenetic tree was constructed using other closely related sequences
of F. culmorum (Figure 1C).

Figure 2 represents the macroscopic and microscopic appearances (Figure 2A-D) and

the molecular phylogeny of T. pinophilus HD25G2 with DNA sequences for reference strains
(Figure 2E).

89 Talaromyces pinophilus isolate HD25G2 (OM978188)
79 {

Talaromyces pinophilus isolate H4284 (GUS595046)
69 ——  Talaromyces funiculosus strain 16789 (MK524920)

99 Talaromyces mameffei strain SA2a isolate (OR387723)

Talaromyces verruculosus CBS 388 48 (NR103675)

Talaromyeces pinophilus isolate AY5-1 (MH059543)

_: Alternaria infectoria strain VL199 (JF440601)
39 Cladosporium tenuissiumum strain VL281 (JF440587)

—
0.05

Figure 2. Talaromyces pinophilus strain HD25G2: (A) 7-day-old culture on PDA medium at 25 °C;
(B) conidiophores with smooth walled elements, characteristically symmetrically biverticillate;
(C) 7-day-old culture on GN25 medium at 25 °C; (D) 7-day-old culture on CYA medium at 37 °C;
(E) molecular phylogeny of T. pinophilus strain HD25G2. with DNA sequences for reference strains of
Talaromyces spp. (bar indicates genetic distance due to sequence divergence).

On PDA, colonies of T. pinophilus grew to 27-32 mm after 7 days of incubation at
25 °C, displaying a greyish-green to dull green colour with white and yellow mycelia
(Figure 2A). When cultured on CYA and GN25 media, after 7 days of incubation at 37 °C
(Figure 2C) and 25 °C (Figure 2D), the colonies appeared greyish-green, with a raised
centre and flat, well-defined edges. The texture was floccose and funiculose, particularly
in the central region (Figure 2A). The reverse side of the colonies exhibited a greyish-
orange colouration. Conidiophores were smooth, symmetrically biverticillate, with stipes
(150200 x 2-3 um) bearing three to six metulae (10-11 x 2.5-3 um), which supported
acerose phialides (8.5-12 x 2-3 um) (Figure 2B). The conidia were smooth, globose to
subglobose, with a diameter ranging from 2 to 3 pm. No ascomata were observed. Addi-
tionally, the ITS sequence of the T. pinophilus strain HD25G2 showed 99.5% similarity with
T. pinophilus isolate H4284 (GU595046) (Figure 2E).

3.2. Mycelial Growth Inhibition

The biocontrol potential of the T. pinophilus isolate was in vitro assessed through
different mechanisms against F. culmorum. The inhibition effect of T. pinophilus on the
mycelial growth of F. culmorum in dual culture assay displayed a percentage of inhibition
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around 72.59% (PDA), 73.7% (SWA98), and 72.01% (SWA95) after 7 days of incubation
(Figure 3) compared to the untreated control (showing no activity) (p < 0.01; Table 1).
The results demonstrated a large effect size when T. pinophilus was added concerning the
untreated control, with Cohen’s d values ranging from 7 to 21. No statistical differences
were found between the same treatments in different media after the analyses using two-
way ANOVA with Tukey’s HSD (p > 0.01). Cohen’s d values between media were in
the range of —0.4 and 0.2 in the dual culture assay and between 0 and 0.1 in the filtrate
culture. Importantly, BCA was most efficient in blocking 100% mycelial growth of F.
culmorum HD15C10 when administered 3 days after the BCA in the direct confrontation
test (Figure 3(A4,B4,Cy)).

Figure 3. (Aj—Aj4) Assays on potato dextrose agar media (image A; also shown in Figure 1A),
(B1—B4) on soft wheat agar media ay, 0.98, and (C;—Cj4) on soft wheat agar media aw 0.95 (1: Fusarium
culmorum control, 2: filtrate assay, 3: direct confrontation assay, 4: direct confrontation (Talaromyces
pinophilus was cultivated 2 days before F. culmorum)).

Table 1. Assessment of antagonistic activity of Talaromyces pinophilus HD25G2 against Fusarium
culmorum HD15C10 on potato dextrose agar and on soft wheat stimulating media at two water
activity (aw) values.

Percentage of Growth

Media Assay Inhibition of E. culmorum (%)

Dual culture 72.59 £+ 0.37 *@

Potato dextrose agar -
Filtrate culture 61.48 + 0.74 *2
Soft wheat simulating Dual culture 73.7 +£0.37 *@
media ay 0.98 Filtrate culture 62.96 + 3.70 *2
Soft wheat simulating Dual culture 7222 +£2.12*
media aw 0.95 Filtrate culture 59.99 + 1.03 *a

* Statistical differences with the control group (p < 0.01). Statistical differences between the same treatment with
different media indicated by letters.

The filtrate of Talaromyces demonstrated the ability to inhibit the growth of the
pathogen (Table 1). This strain effectively restricted both radial and aerial growth. The

38



J. Fungi 2025, 11, 588

results suggest that the inhibition percentage is likely influenced by the concentration of
Talaromyces filtrate and the quality of the bioactive molecules present (Figure 3(A;,B;,Cy)).

The microscopic evaluation of F. culmorum in contact with T. pinophilus is represented
in Figure 4. The microscopical visualisation showed a denser mycelium from F. culmorum
in the confrontation zone with the BCA (Figure 4B) with respect to the normal growth
of the pathogen (Figure 4A). Furthermore, there was an increase in the exudate droplet
production by the toxigenic mould when confronted with the BCA (Figure 4).

Figure 4. Microscopic evaluation of Fusarium culmorum HD15C10. (A): Normal growth of F. culmorum
in soft wheat agar with 0.98 water activity (aw). (B): F. culmorum growth close to the contact zone
with Talaromyces pinophilus used as a biocontrol agent.

3.3. Mycotoxin Analysis

The analysis revealed that F. culmorum HD15C10 is a producer of ZEA. The results
(Table 2) showed that the presence of the BCA triggered the ZEA production. Cohen’s d
showed a large effect size when adding the biocontrol agent (—3.40 at 0.95 a,y and —32.55
at 0.95 ay).

Table 2. Mycotoxin production of Fusarium culmorum HD15C10 in soft wheat agar at 0.98 and 0.95
water activity in the presence of the biocontrol agent Talaromyces pinophilus HD25G2.

Water Activity (aw) Treatment Zearalenone (ng/g)
Control 0.63+0.842
0.98 . ,
F. culmorum + T. pinophilus 104.19 + 60.98 ®
Control 833 +£6.99°¢
0.95
F. culmorum + T. pinophilus 334.16 + 17.76 4

Statistical differences are indicated with different letters p < 0.01.

3.4. T. pinophilus Extracellular Enzymes

Figure 5 represents the appearance of T. pinophilus on solid media for the enzymatic
activity assays indicated by clear zones around the colony. The tested T. pinophilus strain
showed the capacity to produce chitinases, proteases, and cellulases. The strain showed
cellulase activity, as indicated by an 80 mm clear zone around the colonies after 3 days
of incubation. It also exhibited notable protease activity, demonstrated by visible protein
hydrolysis on skim milk agar (clear zone). Additionally, T. pinophilus displayed strong
chitinase activity, evidenced by a purple zone with a diameter of 65 mm (Figure 5). Enzyme
assays revealed that the proteolytic activity of T. pinophilus was 0.49 & 0.01 IU at pH 10,
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while its chitinase activity was 1.72 £ 0.02 IU compared to negative controls that showed
no enzymatic activity.

Figure 5. Talaromyces pinophilus HD25G2 production of extracellular enzymes on selective solid
medium. Positive enzymatic activity indicated by a change in colour of the medium around the
colony. (A): chitinase activity; (B): cellulase activity; (C): protease activity.

4. Discussion

Significant efforts have been made to replace chemical fungicides with environmen-
tally friendly alternatives, particularly biological control agents (BCAs) [34,35]. A critical
first step in biological control is the identification of effective antagonistic agents. However,
research on the antagonistic potential of T. pinophilus as a BCA against phytopathogenic
fungi remains limited [17,20,21]. Endophytes are microorganisms that reside within the
tissues of plants that appear healthy and show no symptoms of infection [36].

To the best of our knowledge, this is the first study to investigate the endophytic
fungus T. pinophilus as a biological control agent (BCA) against F. culmorum. Notably, the
T. pinophilus strain HD25G2 was predominantly isolated from healthy, asymptomatic stored
soft wheat seeds from the Constantine region in Algeria.

This study demonstrated for the first time the inhibition of F. culmorum mycelial
growth by T. pinophilus. Dual culture techniques have been widely used in tests of antago-
nistic activities, showing useful in vitro results [33,37], such as those in Figure 3. Previous
studies have indicated that Talaromyces species are commonly found in soil, air, and the
seeds of various plants, with some strains showing potential for controlling plant dis-
eases [38]. For instance, Talaromyces flavus, isolated from tomatoes, significantly reduced
tomato blight caused by Verticillium dahlia [39]. Similarly, the Q2 strain of T. purpureogenus
has demonstrated the ability to suppress the growth of 12 plant pathogens and mitigate
soil-borne diseases, including bitter melon wilt, tobacco black shin disease, and potato
stem rot, under controlled greenhouse conditions [40]. T. muroii TM28 demonstrated effec-
tive inhibition of Fusarium pseudograminearum, with an inhibition rate exceeding 50% [41].
Moreover, T. pinophilus has also been reported to exhibit inhibitory effects against B. cinerea,
demonstrating mycoparasitic activity [21]. The sterile fermentation filtrate of T. pinophilus
demonstrated a high inhibitory capacity on the mycelial growth of F. culmorum when
cultured on both PDA and SWA media. This observed antagonism is likely attributed
to the strain’s production of various cell wall-degrading enzymes and catalytic activities
(Figure 4). Previous research has recognised Talaromyces species as significant cellulose-
degrading fungi, contributing significantly to biomass degradation processes [42,43]. These
fungi possess a wide range of genes involved in encoding proteases, enzymes for secondary
metabolite biosynthesis, and enzymes that degrade fungal cell walls [44—46]. The fungal
cell wall is integral to several key processes, including fungal survival, morphogenesis, and
pathogenicity [47], and its breakdown is a central mechanism through which antagonistic
microorganisms exert their inhibitory effects [48]. Chitin and (3-(1,3)-glucan, both critical
components of the Fusarium cell wall, are synthesised by the enzymes chitin synthase and
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3-(1,3)-glucan synthase [49]. Chitin plays an essential role in cell division and contributes
to the pathogen’s virulence [50]. T. pinophilus can produce chitinase, which appears to play
a central role in the degradation of the F. culmorum cell wall. Previous studies have shown
that T. pinophilus generates two types of chitinase enzymes, which have been demonstrated
to degrade the cell walls of Verticillium dahliae and Rhizoctonia solani, as well as inhibit
spore germination and germ tube elongation of Alternaria alternata [51]. However, chitinase
alone is not solely responsible for fungal cell wall degradation; it operates synergistically
with other hydrolytic enzymes, such as 1,3-3-glucanase, proteases, and lipases, to compre-
hensively dismantle the host cell wall [52]. In this context, the robust enzymatic activity
exhibited by various mycoparasitic organisms has been recognised as a critical factor for the
lysis of cell walls in phytopathogenic fungi [53]. In the present study, the T. pinophilus strain
significantly impacted the mycelial growth of the phytopathogen F. culmorum. This finding
is consistent with the work of Abdel-Rahim and Abo-Elyousr [21], who documented the
mycoparasitic interaction of T. pinophilus with B. cinerea. A typical mycoparasitic interaction
involves several stages, including host detection, attraction, attachment, coiling around the
host, and the lysis of the host cell wall through the action of hydrolytic enzymes [54]. Addi-
tionally, it has been reported that diffusible compounds, proteins, or antibiotics produced
by fungal strains can inhibit the growth of other microorganisms [55,56].

However, despite the successful growth inhibition observed, the BCA stimulated the
ZEA production by F. culmorum when no total inhibition was achieved (aw 0.98: 114.19
and aw 0.95: 334.16 ng/g compared to the control, p < 0.01), demonstrating that the
growth measure is not a proper indicator of the effectiveness of BCAs against toxigenic
moulds [57,58]. The microscopic evaluation revealed that the mould morphology was
also affected and could trigger the production of mycotoxins due to the stress caused by
the presence of Talaromyces. Several studies have shown that in the presence of stress
conditions, such as BCAs, provoking the inhibition of the pathogen’s mycelial growth, the
latter could boost the production of mycotoxins, directly affecting the genes responsible for
the mycotoxin synthesis [59-61].

The ZEA overproduction at a common temperature on field and storage (25 °C)
could lead to the discard of T. pinophilus as BCA. However, the early inoculation with
the BCA prevented the appearance of the toxigenic mould. Therefore, the strategy to
successfully counteract F. culmorum growth in soft wheat would be the inoculation of
this BCA before any possibility of the toxigenic fungal growth onset. This strategy could
be exerted both by inoculating crops before harvesting, since this strain is ubiquitous in
this environment, or immediately after harvesting, to endow the soft wheat with BCA
spores in case it is contaminated with the pathogen and the conditions are propitious
for fungal growth. However, this further research step must be carried out in future
studies to achieve the best strategy to prevent ZEA accumulation in soft wheat. The
stimulation of mycotoxin production has been previously demonstrated in other toxigenic
moulds using biocontrol agents and chemical fungicides at subinhibitory concentrations in
different matrices. Therefore, the importance of proper application of antifungal agents
and the possible need to reinoculate the crops is emphasised by the results of the present
study [55,57,62,63].

Efforts should be focused on basic preventative measures such as the correct rate (%)
of humidity, prevention of contact with soil, etc. However, the proposed strategy could
be a cheap and easy preventative measure for developing countries to avoid the waste
of soft wheat in case conditions favour fungal growth, and this wheat could be used for
different purposes, such as animal feeding, or destination of the wheat for flour since the
fungal growth would not mean mycotoxin production. This alternative would benefit the
food safety and security of developing countries, given that it would prevent mycotoxin
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contamination and food waste. The present study was designed as an exploratory and
hypothesis-generating investigation, aiming to provide preliminary insights into the bio-
control potential of T. pinophilus, a strain that, to our knowledge, has not been previously
evaluated in this specific context. To this end, we employed laboratory-based antagonism
assays, enzymatic activity profiling, and co-culture mycotoxin quantification as initial
screening tools to assess its potential efficacy. The use of parametric tests in this study is
justified by the expectation that, within the natural population, such biological data gener-
ally follow a normal distribution, offering increased statistical power and precision. Given
the early-stage nature of this work and the absence of data under agronomic or storage
conditions, no specific recommendations for field application or commercial formulation
can be proposed at this point yet.

5. Conclusions

In conclusion, this study provided evidence that the endophytic T. pinophilus holds
potential as an effective BCA against F. culmorum, a producer of zearalenone (ZEA). The
production of cell wall-degrading enzymes by T. pinophilus enhances its suitability as BCA,
offering a promising alternative to chemical fungicides for managing fungal pathogens. The
study also confirms that the mycotoxin production of toxigenic moulds must be evaluated
when BCA is applied, although it reduces the growth of the pathogens, but does not fully
inhibit them. Finally, the use of T. pinophilus as a BCA, being a cheap and easy preventive
measure, may be proposed for crops with a high probability of suffering conditions that are
prone to mould growth, although further research is necessary to measure the best strategy
to minimise ZEA contamination. This strategy would positively impact the reduction in
mycotoxin contamination and food waste.
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Abstract: Several species of Fusarium are reported to infect inflorescences of high-THC-
containing cannabis (Cannabis sativa L.) plants grown in greenhouses in Canada. These
include F. graminearum, F. sporotrichiodes, F. proliferatum, and, to a lesser extent, F. oxyspo-
rum and F. solani. The greatest concern surrounding the infection of cannabis by these
Fusarium species, which cause symptoms of bud rot, is the potential for the accumulation
of mycotoxins that may go undetected. In the present study, both naturally infected and
artificially infected inflorescence tissues were tested for the presence of fungal-derived
toxins using HPLC-MS/MS analysis. Naturally infected cannabis tissues were confirmed to
be infected by both F. avenaceum and F. graminearum using PCR. Pure cultures of these two
species and F. sporotrichiodes were inoculated onto detached inflorescences of two cannabis
genotypes, and after 7 days, they were dried and assayed for mycotoxin presence. In these
assays, all Fusarium species grew prolifically over the tissue surface. Tissues infected by F.
graminearum contained 3-acetyl DON, DON, and zearalenone in the ranges of 0.13-0.40,
1.18-1.91, and 31.8 to 56.2 ng/g, respectively, depending on the cannabis genotype. In F.
sporotrichiodes-infected samples, HT2 and T2 mycotoxins were present at 13.9 and 10.9 ug/g
in one genotype and were lower in the other. In F. avenaceum-inoculated tissues, the my-
cotoxins enniatin A, enniatin Al, enniatin B, and enniatin B1 were produced at varying
concentrations, depending on the isolate and cannabis genotype. Unexpectedly, these
tissues also contained detectable levels of 3-acetyl DON, DON, and zearalenone, which
was attributed to apre-existing natural infection by F. graminearum that was confirmed
by RT-qPCR. Beauvericin was detected in tissues infected by F. avenaceum and F. sporotri-
chiodes, but not by F. graminearum. Naturally infected, dried inflorescences from which
F. avenaceum was recovered contained beauvericin, enniatin A1, enniatin B, and enniatin
B1 as expected. Uninoculated cannabis inflorescences were free of mycotoxins except for
culmorin at 0.348 ug/g, reflecting pre-existing infection by F. graminearum. The mycotoxin
levels were markedly different between the two cannabis genotypes, despite comparable
myecelial colonization. Tall fescue plants growing in the vicinity of the greenhouse were
shown to harbor F. avenaceum and F. graminearum, suggesting a likely external source of
inoculum. Isolates of both species from tall fescue produced mycotoxins when inoculated
onto cannabis inflorescences. These findings demonstrate that infection by F. graminearum
and F. avenaceum, either from artificial inoculation or natural inoculum originating from tall
fescue plants, can lead to mycotoxin accumulation in cannabis inflorescences. However,
extensive mycelial colonization following prolonged incubation of infected tissues under
high humidity conditions is required. Inoculations with Penicillium citrinum and Aspergillus
ochraceus under these conditions produced no detectable mycotoxins. The mycotoxins
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alternariol and tentoxin were detected in several inflorescence samples, likely as a result
of natural infection by Alternaria spp. Fusarium avenaceum is reported to infect cannabis
inflorescences for the first time and produces mycotoxins in diseased tissues.

Keywords: Fusarium avenaceum; Fusarium graminearum; bud rot; mycotoxins; post-harvest

1. Introduction

The commercial production of high-THC-containing plants of cannabis (Cannabis
sativa L.) in Canada following legalization in 2018 for recreational and medicinal uses has
been steadily increasing. Production occurs mostly in environmentally controlled indoor
rooms and in greenhouses, although a small proportion of the production, approximately
10%, occurs outdoors. One of the major challenges to the large-scale production of cannabis
plants is the potential exposure to infection by pathogens, which may originate from
various sources. These sources include infected propagation materials, contaminated
seeds, or inoculum from adjacent fields in which the pathogens may be infecting unrelated
crops, which subsequently provide a source of inoculum for cannabis plants [1]. There is
previously published evidence that a large number of fungal pathogens with wide host
ranges are able to spread and infect cannabis plants under the appropriate environmental
conditions [1,2].

There are currently no regulatory restrictions to prevent the spread of pathogens
within or between cannabis crops or across geographical regions where cannabis production
is permitted. Hence, the unregulated movement of plant materials from one region to
another has been shown to result in the spread of a number of pathogens contained in
that material [1]. Regulations are imposed on the occurrence of specific fungal pathogens
that have the potential to produce mycotoxins within the cannabis inflorescences that are
harvested and marketed for sale [3]. These regulations specify the tolerance levels for
certain species of Aspergillus and Penicillium species and their associated mycotoxins. In
some jurisdictions, these tolerance levels may be zero. There is currently little published
information on the extent to which these mycotoxins may be present and the corresponding
levels in different jurisdictions [3,4].

Recently, reports of infection by a range of mycotoxin-producing species of Fusarium
on both greenhouse-grown cannabis plants as well as on field-grown hemp plants have
raised concerns over the potential for mycotoxin production within the inflorescences, and
hence their potential to cause harm to humans and animals exposed to these contaminating
species [5-8]. In hemp plants grown outdoors, several mycotoxins produced by Fusarium
graminearum have been reported to be present in inflorescences [7]. These plants were
generally exposed to prolonged periods of wet weather outdoors that provided conducive
conditions for growth of these pathogens. The sources of inoculum were identified to
be adjacent wheat or cereal fields harboring these pathogens [6,8]. In greenhouse-grown
cannabis plants in Canada, the occurrence of potential mycotoxin-producing species of
Fusarium that include F. graminearum and F. sporotrichiodes has been reported [1,2,9], but
there are no previous reports of the occurrence of associated mycotoxins in the infected
inflorescences. In addition, the potential sources of inoculum of Fusarium species that are
able to infect these tissues and the environmental conditions favoring disease development
are unknown.

In 2024, cannabis plants showing pinkish-white mycelial growth on the inflores-
cences were observed in the greenhouse environment of a producer in British Columbia
(Figure 1a,b). Samples of dried cannabis inflorescences after the drying process was com-
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pleted and before packaging had occurred also showed evidence of infection. These
samples showed pinkish-white mycelial growth indicative of the presence of a Fusarium sp.
on the exterior of the sample as well as internally (Figure 1c,d). The objectives of this study
were to (i) confirm the species of Fusarium that were present on these inflorescences and
to determine if the tissues contained any mycotoxins; (ii) to conduct artificial inoculation
studies to demonstrate pathogenicity of the isolates recovered and to determine if there
were any mycotoxins produced; and (iii) to investigate possible sources of inoculum that
could explain the occurrence of infection on greenhouse-grown inflorescences.

(d)

Figure 1. Observations of mycelium of Fusarium spp. growing on cannabis inflorescences.
(a,b) Pinkish-white mycelial growth can be seen on inflorescences on plants in the greenhouse
from natural infection. (c) Mycelial growth is evident on dried inflorescences from the same plants.
(d) Pinkish-white mycelial growth can be seen inside and on the surface of dried buds. The presence
of Fusarium spp. was confirmed by isolation in pure culture and molecular identification.

2. Materials and Methods

Plant and fungal sources. During July 2024, visible symptoms of infection of the in-
florescences of cannabis plants of genotype AP were observed in a licensed commercial
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greenhouse facility situated in the Fraser Valley region of British Columbia. The affected
inflorescences developed a whitish-pink mycelium (Figure 1a,b) that was visibly different
from that commonly caused by Botrytis cinerea, the gray mold pathogen that causes bud

2 were dissected from the affected inflores-

rot [5,6]. Small tissue pieces measuring 0.5 mm
cences and surface-sterilized for 90 s in a 10% solution of household bleach (containing
5.25% NaOCl) followed by a 30 s dip in 70% EtOH and then rinsed thrice in sterile dis-
tilled water. The pieces were blotted dry and plated onto potato dextrose agar containing
130 mg/L of streptomycin sulfate (PDA+S) and incubated under ambient laboratory condi-
tions (temperature range of 21-23 °C and 10-12 h/day fluorescent lighting) for 5-7 days.
Emerging colonies were sub-cultured onto fresh media and kept for further identification
using morphological and molecular criteria.

In August of 2024, samples of cannabis inflorescences of genotype AD from the same
greenhouse facility were observed to contain a whitish-pink mycelium on the surface of
the tissues as well as internally, causing visible decay (Figure 1c,d). These samples had
been harvested and dried following commercial practices and were being sorted after
trimming and before packaging. The tissues were subjected to the isolation procedure
described above. Additional sampling was conducted during August of 2024 of the
florets (inflorescences) of tall fescue (Festuca arundinacea Schreb.) plants that were growing
outside the greenhouse in which diseased cannabis inflorescences were observed. These
plants were situated at a distance of approximately 30 m away from the greenhouse
(Figure 2a,b). Samples of inflorescences and leaves were obtained from these plants at
random and surface-sterilized as above and plated onto PDA+S and select fungal colonies
were transferred to fresh medium after 5-7 days. The weather conditions during sampling
were overcast skies with a light drizzle and a temperature of 18 °C.

Figure 2. Colony morphology of two Fusarium spp. growing on potato dextrose agar for 2 weeks.
(a,b) Top view and bottom view, respectively, of Fusarium avenaceum isolated from cannabis inflores-
cences shown in Figure 1a,b. (c¢,d) Top view and bottom view, respectively, of Fusarium graminearum
isolated from cannabis inflorescences shown in Figure 1a,b. (e,f) Top view and bottom view, respec-
tively, of Fusarium avenaceum isolated from tall fescue plants.

Molecular identification. A number of fungal colonies that were consistently recovered
on Petri dishes from the tissue samples of cannabis and tall fescue inflorescences were
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sub-cultured and examined for colony color and growth pattern. Most colonies produced
a reddish-brown pigment and resembled Fusarium spp. Others were darkly pigmented
and resembled Alternaria species. Six representative isolates of Fusarium spp. as well
as three unidentified cultures from diseased inflorescences or leaves were transferred
from hyphal-tipped colonies and sent to the University of Guelph Laboratory Services,
Agriculture and Food Laboratory, Guelph, ON (www.guelphlabservices.com, accessed on
4 August 2024) for identification to the species level by PCR using the primers ITS1-1TS4
(ITS1-F CTTGGTCATTTAGAGGAAGTAA and ITS4 TCCTCCGCTTATTGATATGC). The
elongation factor 1o (EF-1) primer set EF-1 (5" ATG GGT AAG GAG GAC AAG AC 3')
and EF-2 (5 GGA GGT ACC AGT GAT CAT GTT 3') [2] was also used for further speciation
of Fusarium spp. as follows. Cultures of representative isolates from different tissue sources
were grown in potato dextrose broth at room temperature for 7 days and DNA was extracted
from harvested mycelium using the QTAGEN DNeasy Plant Mini Kit (QIAGEN, Montreal,
QC, Canada). Aliquots of 1 uL containing 5-20 ng DNA were used for PCR in a 25 puL
reaction volume consisting of 2.5 uL 10x buffer (containing 15 mM MgCl,), 0.5 uL 10 mM
dNTP, 0.25 uL. Taq DNA Polymerase (Qiagen, Montreal, QC, Canada), 0.25 pL 10 mM
forward and reverse primers, as well as 20.25 uL. DN Ase- and RN Ase-free water (Invitrogen,
Waltham, MA, USA). All PCR amplifications were performed in a MyCycler thermocycler
(BioRad, Hercules, CA, USA) with the following program: 3 min at 94 °C; 30 s at 94 °C, 30 s
at 60 °C, 3 min at 72 °C (35 cycles); and 7 min at 72 °C. PCR products were separated on 1%
agarose gels and bands of the expected size (700 bp) were purified with the QIAquick Gel
Extraction Kit (QIAGEN, Montreal, QC, Canada) and sent to Eurofins Genomics (Eurofins
MWG Operon LLC 2016, Louisville, KY, USA) for sequencing. The resulting sequences
were compared to the corresponding ITS1-5.85-1TS4 or EF-1x sequences from the National
Center for Biotechnology Information (NCBI) GenBank database (www.ncbi.nlm.nih.gov,
accessed on 4 September 2024). Multiple sequence alignment of the respective isolates
was performed using the CLUSTAL W program (http:/ /www.genome.jp/tools/ clustalw,
accessed on 10 September 2024). Species identities were also confirmed with species-specific
DNA markers following the methods as described by Bamforth et al. [10] for both DNA
samples isolated from pure fungal cultures and from naturally and artificially infected
plant tissues.

Pathogenicity tests. Following the identification of the fungal isolates to the species
level, five Fusarium isolates representing two species were used for pathogenicity tests. The
five isolates included three F. avenaceum isolates—two from cannabis inflorescences (fresh
and dried, FB1 and FB2) and the other isolate from tall fescue inflorescences (FB3)—one
isolate of F. graminearum from tall fescue plants (FG), and a F. sporotrichiodes isolate (FS) from
a diseased cannabis inflorescence obtained in 2021 [2,9]. The five isolates were grown on
PDA+S for 2 weeks and mycelial plugs (8 mm diameter) were placed mycelial side down
onto freshly harvested detached cannabis inflorescences of two cannabis genotypes—AK
and AD. The characteristic features of these two genotypes are described in Supplemen-
tary Figure S1. Three mycelial plugs were placed equidistant from one another on each
inflorescence sample. The inflorescences were harvested from 7-week-old flowering plants
in the same greenhouse facility. They were chosen at random but ensuring there were no
visible signs of any fungal infection. They were placed inside plastic bags and transported
to the laboratory and stored at 4 °C overnight. Two inflorescences were each placed inside
plastic containers (25 cm x 12 cm) lined with wet paper towels. Following inoculation, the
tissues were misted thrice with sterile distilled water from a hand-held spray bottle and the
lids were closed. There were two containers for each of the five isolates (1 = 4 per isolate)
and they were incubated under ambient laboratory conditions. Control inflorescences
were similarly misted but not inoculated. In addition to the five Fusarium isolates, an
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isolate each of Penicillium citrinum and Aspergillus ochraceous was also inoculated onto a
duplicate set of inflorescences and placed under the same conditions. These cultures were
obtained from cannabis inflorescence tissues in a previous study [11]. All containers were
examined at 4 and 7 days after inoculation, and each inoculated sample was photographed
to show the extent of mycelial development of the respective fungi. The experiment was
repeated a second time in September 2024 using a different set of inflorescences of the same
two genotypes harvested from 7-week-old flowering plants and inoculated as described
previously. Thus, each fungal isolate was tested for pathogenicity in 8 replications on
cannabis inflorescences of 2 genotypes from 2 independent trials.

Mycotoxin analysis. After 7 days of incubation, all inflorescence samples were gently
transferred to large trays and placed inside a forced air incubator set at 35 °C for 5 days or
until all moisture had been removed and the samples felt dry to the touch. They were then
transferred to Ziploc bags and sealed and stored inside a dark cabinet for 3 months. Prior
to mycotoxin analysis, one inflorescence sample from each of the repeated experiments
was combined to represent the specific fungal species inoculated. Control samples were
combined in the same manner. The samples were crumbled by hand and tissue pieces
were crushed using a mortar with a pestle until a comminuted mixture of small fragments
was obtained. They were transferred into a 50 mL Falcon tube and stored for 2 weeks
in darkness. The contents were thoroughly shaken by hand and a 5 g subsample was
transferred to a small screw-cap vial and prepared for analysis for mycotoxins as described
by Brown et al. [12]. A sub-sample of 0.1 g of the ground dried cannabis tissue was
transferred to a 30 mL glass test tube to which 1 mL of acetonitrile was added. The tubes
were capped and rolled vertically by hand for 30 s to completely coat and submerge the
tissues with solvent, followed by sonication for 5 min. The tubes were rolled vertically by
hand once again for 30 s, and the solvent was injected directly into an LC vial and subjected
to the HPLC-MS/MS protocol described below.

A method based on high-performance liquid chromatography (HPLC) with tandem
mass spectrometry (HPLC-MS/MS) was used for analyte (mycotoxin) determination [13].
The HPLC-MS/MS method covered 28 analytes, and the limits of quantitation are shown
in Table 1. Stable isotope labeled '3C internal standards were added to the diluted sample
extract prior to HPLC-MS/MS analysis to mitigate the impact of matrix effects. Quality
control samples were processed and analyzed alongside the 12 cannabis samples to monitor
analytical method performance.

Analysis was performed on an AB Sciex 5500 TQ tandem mass spectrometer (AB Sciex,
Concord, ON, Canada) coupled to a Waters Acquity I Class ultra-high-pressure liquid
chromatography system consisting of an Acquity binary solvent manager, an Acquity
FIN sample manager, and an Acquity column manager fitted with a Phenomenex Kinetex
(Phenomenex, Torrance, CA, USA) 2.6 um XB-C18 (50 x 2.1 mm) column held at 40 °C. A
linear gradient HPLC program using 95.5% 5 mM ammonium acetate in water/0.5% acetic
acid (v/v) and 95.5% 5 mM ammonium acetate in methanol with 0.5% acetic acid (v/v) as
mobile phases A and B, respectively, separated the mycotoxin analytes shown in Table 1.
The initial mobile phase was 98% A, changing to 30% A at 15 min and 2% A at 15.7 min.
The mobile phase was changed back to the initial 98% A at 18.2 min and held there until the
end of the run at 20 min. Mass spectrometric analysis was performed using electrospray
ionization with polarity switching. The following mass spectrometer parameters were
used: ion spray voltage of 4500 V (depending on analyte), source temperature of 550 °C,
curtain gas (N») at 25 psi, ion source gases (N2) at 60 and 70 psi, and collision gas (Ny) at
9 psi. The transitions monitored and used to identify and quantify each of the mycotoxin
analytes are described by Tittlemier et al. [13].
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Table 1. Mycotoxin analytes and limits of quantitation (LOQs).

Mycotoxin Abbreviation LOQ (ug/kg)
Deoxynivalenol DON 50
Deoxynivalenol-3-glucoside D3G 50
3-acetyl deoxynivalenol 3ADON 50
15-acetyl deoxynivalenol 15ADON 50
Culmorin CUL 20
Nivalenol NIV 50
7-oc hydroxy,15-deacetylcalonectrin 3ANX 80
7-« hydroxy, 3,15-dideacetylcalonectrin NX 100
Zearalenone ZEAR 24
Fumonisin B1 FB, 24
Fumonisin B2 FB, 24
Beauvericin BEAU 2
Enniatin A ENN A 2
Enniatin Al ENN Al 5
Enniatin B ENN B 20
Enniatin B1 ENN B1 16
HT-2 toxin HT2 30
T-2 toxin T2 20
Tentoxin TENT 4
Alternariol methyl ether AME 4
Altenuene ALT 20
Alternariol AOH 6
Aflatoxin By AFB, 1
Aflatoxin B, AFB, 1
Aflatoxin Gq AFGq 1
Aflatoxin G, AFG, 1
Ochratoxin A OTA 1
Citrinin CIT 3

Mycotoxin analytes were quantified using a calibration curve constructed from seven
external standards. Peak areas from quantitation transitions were normalized to the peak
area of 13C-labeled internal standard during data analysis in order to counter matrix effects
on quantitation prior to the interpolation of analyte concentration from the calibration
curve. Isotope-labeled structural analogs were not commercially available for AOH, AME,
ALT, TENT, BEAU, ENN A, ENN A1, ENN B, and ENN B1; therefore, peak areas from
their quantitation transitions were normalized to 13Ca,-FB;. Analyte recoveries were
calculated from pre-extraction fortified blanks analyzed with each sample batch. Mycotoxin
concentrations in samples were corrected for recovery using the batch-specific recoveries
determined for the pre-extraction fortified blanks. Analytes were considered to be identified
and were quantified in samples when their retention time was within 0.1 min of the mean
retention time in external standards used to construct the calibration curve, the ratio of
qualifier to quantitation transition was within £30% of the mean ratio in external standards
used to construct the calibration curve, and the peak area signal-to-noise ratio was at least
10:1. Limits of quantitation were determined as the concentration in sample that produced
a chromatographic peak with a signal-to-noise ratio of 10:1.

3. Results

Fungal isolation from plants and identification. Fungal colonies recovered from dried
cannabis inflorescences and sub-cultured onto PDA+S were represented by two major
morphological types. The first were slow-growing colonies with irregular margins and
cottony aerial mycelia, and the underside of the colonies were beige with a tint of red
(Figure 2a,b). The second type was represented by fast-growing red-pigmented colonies
with some aerial mycelia (Figure 2c,d). Many fungal colonies recovered from tall fescue
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plants, when sub-cultured to fresh medium, resembled these two colony types (Figure 2e,f),
in addition to other colonies that were either pigmented red or black, or were not pigmented.
The tall fescue plants sampled and the colonies recovered from them are shown in Figure 3.
Among the six isolates of Fusarium spp. that were subjected to PCR of the ITS1-ITS4
region of rDNA and of the EF-1« region, two species were identified—F. avenaceum and
F. graminearum (Figure 4). Both species were recovered from cannabis and tall fescue
inflorescences, with homologies in the range of 99.4-99.6% for both gene regions according
to BLAST analysis (https://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 4 September
2024). Three additional cultures that were pigmented red or black were identified as
Epicoccum nigrum, Sordaria macrospora, and Alternaria alternata, with 100%, 99.6%, and 99.4%

homology, respectively, to the ITS region, and all of them were recovered from tall fescue
leaves.

Figure 3. Recovery of fungal species from tall fescue plants growing adjacent to a cannabis greenhouse.
(a,b) Tall fescue plants in the foreground with the cannabis greenhouse in the background. Photos
were taken in August 2024 when the plants had developed abundant flowers. (c—f) Colonies of
fungi recovered from inflorescence tissues plated onto potato dextrose agar. A high frequency of
red-pigmented colonies was observed, which were identified as species of Epicoccum and Fusarium.
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Figure 4. Electrophoresis gel following PCR using the EF-1a primer set of fungal colonies recovered
from cannabis and tall fescue inflorescences. MW = molecular-weight ladder; lane 1 = positive control
of Trichoderma harzianum; lanes 2 and 3 = Fusarium avenaceum from tall fescue plants; lane 4 = Fusarium
graminearum from cannabis plants; lane 5 = Fusarium avenaceum from cannabis plants; lane 6 = control
(no DNA).

Pathogenicity tests. Following the inoculation of freshly harvested detached cannabis
inflorescences with mycelial plugs of F. avenaceum and F. graminearum, extensive mycelial
growth was observed after 4 and 7 days on each of the two cannabis genotypes (AK, AD)
due to the high humidity conditions within the sealed plastic containers (Figure 5). The F.
avenaceum isolates from cannabis and tall fescue plants (FB1, FB2, FB3) grew similarly and
there were no observable differences in the extent of mycelial colonization (Figure 5a-h).
After 7 days, a ball of mycelium formed at each inoculation site. In contrast, inoculation
with F. graminearum resulted in the complete colonization of the inflorescences after 7 days,
resulting in a mummified appearance (Figure 5i-1). When these samples were dried, they
retained the physical appearance of a mummified structure (Figure 6a). Inflorescences
inoculated with F. sporotrichiodes were also covered by mycelial growth after 7 days, but to
a much lesser extent compared to F. graminearum (Figure 6b). Inoculations with A. ochraceus
and P. citrinum resulted in considerable sporulation by these species as shown in Figure 6¢,d.
These samples were similarly dried and used for mycotoxin analysis.

Mycotoxin occurrence. From the 8 samples of cannabis tissues that were naturally
infected or artificially infected by 3 Fusarium species on 2 cannabis genotypes, a total of
14 mycotoxins were detected as shown in Table 2. From the naturally infected, dried
cannabis inflorescences (buds) that were confirmed to contain F. avenaceum by isolation in
pure culture and PCR identification, the mycotoxins BEAU and enniatins A1, B, and B1
were present at concentrations ranging from 0.063 to 1.78 ug/g. In cannabis inflorescences
inoculated with an isolate of F. graminearum recovered from cannabis plants, the mycotoxins
3ADON and DON accumulated at levels of 0.34 and 1.91 ug/g, respectively, on cannabis
genotype AK. In addition, ZEAR was present at a level of 56.2 ng/g (Table 2).

On cannabis genotype AD, these mycotoxin levels were 0.13, 1.18, and 31.8 pg/g,
which were much lower than in genotype AK under the same conditions. In addition, the
mycotoxin culmorin was present at a level of 0.38 ug/g in genotype AD.

In cannabis inflorescences inoculated with F. avenaceum originating from cannabis,
the mycotoxins enniatins A, Al, B, and B1 were produced at varying levels. These levels
were lower in tissues of genotype AD compared to AK, as observed previously with the
mycotoxins 3ADON, DON, and ZEAR. In addition, BEAU was produced on genotype AD.
In cannabis inflorescences inoculated with F. avenaceum originating from tall fescue spikes,
the mycotoxins enniatins A, A1, B, and Bl were produced at varying levels, with higher
levels detected in genotype AK compared to AD as before. BEAU was present in both
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genotypes, with higher levels in genotype AD. Lastly, in F. sporotrichiodes-inoculated tissues,
the mycotoxins HT2 and T2 accumulated at levels of 13.9 and 10.9 ug/g, respectively. In
addition, BEAU was also present at 0.133 ug/g (Table 2).

GENOTYPE AKDAY4  GENOTYPE AK DAY 7 GENOTYPE AD DAY 4 GENOTYPE AD DAY 7

F. avenaceum Cannabis

F. avenaceum Fescue

F. graminearum Cannabis

Figure 5. Mycelial colonization of detached cannabis inflorescences following inoculation with
mycelial plugs of Fusarium spp. Two cannabis genotypes were included and photos were taken after
4 and 7 days of incubation under high humidity conditions in the laboratory. (a-d) Genotypes AK
and AD inoculated with Fusarium avenaceum from cannabis. (e-h) Genotypes AK and AD inoculated
with Fusarium avenaceum from tall fescue. (i-1) Genotypes AK and AD inoculated with Fusarium
graminearum from cannabis.
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(a) ; (b)

(c) o (d)

Figure 6. Colonization of detached cannabis inflorescences following inoculation with various
fungi and incubation for 7 days. (a) Inoculation with Fusarium graminearum followed by drying of
the tissues. (b) Inoculation with Fusarium sporotrichiodes. (c) Inoculation with Aspergillus ochraceus.
(d) Inoculation with Penicillium citrinum.

There were some unexpected results regarding the mycotoxins that were detected.
For example, the mycotoxin alternariol was present in tissues of cannabis genotype AK
inoculated with F. graminearum (FG) and F. avenaceum FB3 from tall fescue. As well, the
mycotoxin tentoxin was present in tissues of genotypes AK and AD inoculated with F.
avenaceum from tall fescue. In addition, the mycotoxins 3BADON and DON were present
in tissues of both cannabis genotypes inoculated with F. avenaceum isolates from cannabis
(FB1, FB2) and tall fescue (FB3). Control (uninoculated) cannabis tissues were devoid of
mycotoxins, except for culmorin that was present at 0.38 ng/g. Inflorescences inoculated
with A. ochraceus contained no mycotoxins with those receiving P. citrinum containing
6.1 ug/g of BEAU.
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To explain the possible causes of the unexpected results above, tissues from which the
mycotoxins were obtained were subsequently used for DNA extraction and were subjected
to RT-qPCR using species-specific primers for F. graminearum and F. avenaceum [10]. In
tissues inoculated with these two species, the corresponding DNA sequences were present
(Table 2). However, in tissues that were inoculated with F. avenaceum only, the presence
of F. graminearum was confirmed, suggesting some background infection had potentially
occurred from natural inoculum at the time the inflorescences were harvested for use in
this study. These findings can explain the spurious presence of mycotoxins that were likely
to be associated with incipient infections by F. graminearum in samples where the tissues
were either not inoculated or were inoculated with a different species.

Table 2. Response of two genotypes of cannabis (AD, AK) to inoculation with three species of
Fusarium isolated from two hosts (cannabis, fescue) with regard to mycotoxin accumulation in
inflorescence tissues compared to naturally infected tissues. Mycotoxin levels were determined using
an HPLC-MS/MS method.

Inl;]eacttlsls r;ll;i d Fusarium Fusarium Fusarium Fusarium Fusarium Fusarium Fusarium
Tissues graminet'zr. graminet?r. avenaceum avenaceum avenaceum avenaceum sporotr@h.
(E avenaceum) (Cannabis) (Cannabis) (Cannabis) (Cannabis) (Fescue) (Fescue) (Cannabis)
P AD AK AD AK AD AK AD AK
MYCOTOXINS
DETECTED (ug/g)
3-acetyl DON - 0.34 0.13 - - 0.073 * - -
Alternairol - - - - - - - -
DON - 1.91* 1.18 * 0.142 * 0.03 * 0.51 * 0.08 * -
Zearalenone - 56.2 31.8 - - - - -
Culmorin - - 0.38 * - - - - -
Enniatin A - - - 0.028 0.019 0.042 0.011 -
Enniatin A1l 0.063 - - 0.621 0.358 0.714 0.181 -
Enniatin B 1.78 - - 9.3 6.7 7.67 3.96 -
Enniatin B1 0.395 - - 5.89 2.95 4.37 1.40 -
HT2 - - - - - - - 139
Tentoxin - - - - - - - -

Control uninoculated cannabis inflorescences used in this study were found to be free of mycotoxins except
for the detection of culmorin at 0.38 ug/g. * The presence of DNA of F. graminearum was confirmed in these
samples by RT-qPCR using the methods described by Bamforth et al. [10]. The color coding reflects the charac-
teristic mycotoxins produced by the representative Fusarium or Alternaria species. Light blue = F. graminearum;
green = F. avenaceum and F. sporotrichiodes; yellow = F. avenaceum and F. sporotrichiodes; purple = F. sporotrichiodes;
red = Alternaria species.

4. Discussion

Fusarium species are widespread pathogens of crop plants and cause a broad range
of disease symptoms. Up to 16 species of Fusarium have been reported to be associated
with cannabis plants and are classified in 6 species complexes: Fusarium oxysporum, F.
solani, F. incarnatum-equiseti, F. sambucinum, F. tricinctum, and F. fujikuroi. Among these, a
sub-set of the species that cause diseases on cereal crops are known to produce a range of
mycotoxins that can cause problems following ingestion by humans and animals [14,15].
In particular, the Fusarium species causing head blight or scab symptoms on wheat are
the most well characterized with regard to the range of mycotoxins produced [14-16]. On
cannabis plants, infection by two cereal-infecting Fusarium species, namely F. graminearum
and F. sporotrichiodes, has been previously reported [1,2,9]. However, the potential of these
species to produce mycotoxins in cannabis tissues has not been previously investigated.
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In the present study, isolates of F. graminearum and F. sporotrichioides and a species
previously unreported from cannabis, F. avenaceum, all isolated from symptomatic fresh
and dried inflorescences, were tested for mycotoxin production under controlled condi-
tions. It should be noted that the inoculated cannabis tissues were incubated under high
relative humidity (>90%) for a prolonged period (7 days) prior to mycotoxin analyses
being conducted. Similarly, asymptomatic control tissues were exposed to these incubation
conditions. Where present, these conditions would have allowed undetected incipient in-
fections to progress before the assays were performed. Under normal greenhouse-growing
conditions, these environmental conditions would not be expected to occur unless air
circulation was compromised and temperature and relative humidity levels exceeded the
normal range (55% relative humidity and temperatures in the range of 27-30 °C). Such
conducive conditions (70% relative humidity and temperatures in the range of 34-36 °C)
can occur in greenhouses at certain times of the year, resulting in outbreaks of diseases,
such as Botrytis bud rot, caused by B. cinerea. This disease is favored by humid condi-
tions that occur from July to October, resulting in disease outbreaks [17]. In the present
study, the development of pinkish-white mycelium of Fusarium was observed on some
plants growing under greenhouse conditions in late summer, suggesting the environmental
conditions were conducive for infection to occur at these time periods. In addition, the
relative humidity and temperature within inflorescences are reported to be higher than the
ambient environment [10], indicating that microclimatic conditions may be conducive for
infection by Fusarium spp. as they are for B. cinerea [17]. Such conditions can result in the
development of F. avenaceum and F. graminearum in inflorescence tissues prior to packaging,
a situation also similarly encountered with B. cinerea infections [17]. The incidence of visible
infections due to Fusarium, however, appears to be less common on greenhouse-grown
cannabis plants when contrasted with outdoor-grown hemp plants. Outdoors, Fusarium
spp. were reported to infect inflorescences and produce mycotoxins, and prolonged periods
of rain and high humidity (75-80%) were associated with outbreaks of disease [6-8]. The
incidence of detection of various Fusarium spp. within these samples was 95%, indicating
that the potential for contamination by mycotoxins in outdoor-grown hemp is significantly
higher than for indoor-grown cannabis. In addition, the post-harvest drying and storage
conditions for hemp can lead to the extensive growth of Fusarium spp. [6,8]. While the
sources of inoculum for hemp may include spores from adjacent fields planted to cereal
crops, the inoculum sources for indoor-grown cannabis have not been previously identified.

In the present study, tall fescue plants that were grown as a part of the urban landscape
within a 30 m distance from the greenhouse were observed to harbor both F. avenaceum and
F. graminearum. Isolates of both species recovered from spikelet tissues of this host were
capable of infecting cannabis inflorescences under laboratory conditions and produced
mycotoxins in these tissues. The mycotoxins accumulated were reflective of the infecting
species, with some exceptions, and were produced at significant levels (Table 2). The
importance of wild grass species, including tall fescue plants, growing adjacent to wheat
fields in providing a source of inoculum for initiation of disease has been confirmed in
several previous studies. At a field site located in Germany, Gerling et al. [18] reported that
grasses belonging to Lolium spp. growing next to wheat production fields impacted the
Fusarium species composition and mycotoxin accumulation in wheat plants, particularly
those located adjacent to the grasses. The most prevalent species of Fusarium recovered
from the grasses, and shown to be pathogenic on wheat plants, were F. graminearum, F.
culmorum, and F. sporotrichioides. A low level of recovery of F. avenaceum was also reported.
Wheat kernels produced on plants located next to the infected grasses had higher Fusarium
abundance and mycotoxin accumulation compared to those located at further distances [18].
The use of irrigation enhanced the abundance of Fusarium spp. on both the grasses and on
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the wheat plants when compared to non-irrigated sides of the field, with F. graminearum
being recovered at the highest frequency. Sampling at various distances from the grasses
revealed a gradient in percent recovery from the wheat plants, with the highest recovery
observed at a 1 m distance and lowest at 33 m. These results demonstrate that the grasses
can be a reservoir of inoculum for Fusarium spp. that subsequently spread into the wheat
field [18].

Similar findings were obtained from field studies conducted in New York State, where
F. graminearum was shown to be prevalent within spikes of various wild grass species,
including tall fescue, especially in irrigated sites adjacent to agricultural fields [19]. Fusarium
avenaceum was also recovered from a number of different grass species [20] and it has been
shown to be seed-borne in tall fescue production sites in Oregon [21], and was shown
to infect tall fescue and orchard grass plants grown for pasture [22]. These observations
support the hypothesis that Fusarium inoculum produced in infected spikes on tall fescue
plants growing adjacent to a cannabis greenhouse facility could potentially have spread
and infected cannabis inflorescences within the greenhouse. While both F. graminaearum
and F. sporotrichioides have been previously recovered from diseased cannabis and hemp
inflorescences [5,6,9,10], they are not reported to infect other parts of the cannabis plant,
such as roots and stems, and hence do not provide a potential source of inoculum. Since
there are strict biosecurity protocols in place for indoor production of cannabis to meet
regulatory guidelines [17], other inoculum sources of these cereal-infecting species, such as
worker’s clothing or boots, are unlikely. Air-borne inoculum from external sources is the
most likely source, which can enter through open greenhouse vents.

In addition to the mycotoxins associated with the three Fusarium spp. included
in this study, other mycotoxins were detected in dried cannabis inflorescences, such as
alternariol and tentoxin, which were present in three samples. The likely source of these
mycotoxins is from Alternaria spp., which are known to infect cannabis plants [23]; they
are also commonly present in grain samples similarly colonized by this pathogen [13,24].
While the inflorescence samples collected for artificial inoculation studies did not show
external symptoms due to any pathogen, pre-existing latent infections were likely to have
been present that continued to progress during the high relative humidity conditions
under which the tissues were incubated. Similar Alternaria toxins were also reported to be
present at high concentrations in dried hop flowers [25] and in hemp seeds [26]. In hop
flowers, DON accumulation from Fusarium spp. was detected in all the samples tested.
Mycotoxins normally associated with Aspergillus or Penicillium species colonizing plant
tissues, including aflatoxins and ochratoxins, were not detected in hop flowers. They were
also absent in a large-scale sampling of dried cannabis flowers conducted in California [27].

In the present study, artificial inoculations conducted with isolates of A. ochraceus and
P. citrinum derived from cannabis inflorescences did not give rise to any of the ochratoxins
normally produced by these species [16,28] in the inoculated tissues, although additional
studies may be needed to determine the mycotoxin potential of these species in cannabis.
Other aflatoxin-producing species of Aspergillus were not included in this study as they
were unavailable at the time this study was initiated. Currently, there is not a strong body
of evidence to support that aflatoxins and ochratoxins are prevalent in cannabis samples
originating from production sites that follow regulatory guidelines during production.
However, these mycotoxins have attracted attention from regulatory agencies as their
known carcinogenic properties can present potential risks to immunocompromised humans
if exposed to levels that exceed certain thresholds [3]. There is a growing body of evidence,
including data from the current study, which indicates that Fusarium and Alternaria toxins
may actually be more ubiquitous in cannabis tissues. In future studies, these mycotoxins
should receive more attention to determine their presence and if the establishment of
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threshold limits is required and if monitoring for their presence in cannabis tissues should
be enforced.

Incipient infections by F. graminearum were confirmed to be present in asymptomatic
fresh inflorescences samples used for inoculation with F. avenaceum by RT-qPCR. Pathogen
presence explains the unexpected detection of mycotoxins associated with this species.
It should be noted that these tissues were tested for mycotoxin presence after 7 days of
incubation under high relative humidity conditions. By this time, mycelial growth had
encompassed the cannabis tissues, a situation not commonly observed in commercial
growing environments. It is not certain whether natural infections would have proceeded
to develop and accumulate mycotoxins under normal cultivation practices. In the absence
of a known source of Fusarium inoculum, such as the tall fescue plants identified in the
present study, the risk levels for mycotoxin accumulation would appear to be low. While
Fusarium mycotoxins and various fungal metabolites were reported to be present in seized
samples from illicit growing operations in Arizona and California [4], the growing envi-
ronments depicted do not reflect the production environments encountered in legalized
production sites.

In the future, a large-scale systematic study of cannabis inflorescences for the presence
of Fusarium mycotoxins in licensed production facilities should shed light on the extent to
which they accumulate in inflorescence tissues produced under greenhouse conditions. It
also remains to be determined what levels of relative humidity conditions could promote
the development of Aspergillus and Penicillium species to the level of colonization that would
be associated with ochratoxin and aflatoxin accumulation. Based on the observations from
the present study, the risks of contamination with these toxins remain low within licensed
production facilities. The current findings, also supported by the recent published literature,
suggest that the potential for Alternaria and Fusarium colonization of cannabis and hop
tissues is more likely to lead to mycotoxin presence, and this could represent a moderate
risk level. Some of these toxins—enniatins, BEAU, and Alternaria toxins—can be classified
as “emerging mycotoxins”, defined as “mycotoxins which are neither routinely determined
nor legislatively regulated”. However, the evidence of their incidence is rapidly increasing
according to Chiotta et al. [16]. Future studies should target these groups of mycotoxins
to determine whether or not the current regulations surrounding mycotoxins in cannabis
should be modified to include them.

The two cannabis genotypes included in this study that were artificially inoculated
produced comparable rates of tissue colonization by mycelium but differed in the levels
of mycotoxins that were present, in some cases differing by as much as four-fold. These
differences could be attributed to the different genetic backgrounds of these genotypes
(Supplementary Figure S1), but the mechanism remains unexplained. However, they
are highly interesting as they suggest there may be differences in the extent to which
certain genotypes of cannabis may accumulate these mycotoxins, with some apparently
showing lower levels. In wheat samples, differences in the accumulation of mycotoxins
in harvested grains were reported to be influenced by the cultivar, fungal isolate, and
geographic location, suggesting that the complex interactions between the pathogens,
different cultivars, and the environment are important in determining disease outcomes
and mycotoxin accumulation [13].

In summary, this study indicates the potential for disease development and mycotoxin
accumulation in cannabis inflorescence tissues following infection by Fusarium species that
commonly infect graminaceous hosts, including cereal crops and other grasses. In view of
the findings from this study, there may be a need to develop best practices that limit the
spread of inoculum and introduction of Fusarium species from neighboring alternate hosts.
These may include the elimination of these hosts if they are adjacent to a greenhouse facility
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to provide a clear buffer zone, as well as spore-monitoring studies to confirm inoculum
presence. In addition, research is needed to better understand the interactions between
cannabis cultivars and Fusarium fungal isolates, since there are known to be differences
in cultivar responses to mycotoxin accumulation in cereal grains [29-31]. Furthermore,
studies on the environmental conditions leading to disease development and mycotoxin
accumulation in cannabis are needed, both in greenhouse-grown and outdoor-grown crops,
since these factors can influence mycotoxin accumulation in cereal crops [29,32]. Lastly,
targeted disease management approaches and assessing the potential for breeding for
resistance to infection by Fusarium species and mycotoxin accumulation in cannabis and
hemp should be explored to better manage this unique host-pathogen interaction.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/jof11070528/s1, Figure S1: Characteristics of cannabis genotypes
AK and AD used for inoculation with Fusarium species and mycotoxin analysis in this study.
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Abstract: Fusarium verticillioides is a globally prevalent phytopathogenic fungus responsible
for multiple diseases in maize and a major producer of the mycotoxin fumonisin B1 (FB1),
a highly toxic fungal secondary metabolite (FSM). The histone code, which includes re-
versible modifications such as acetylation and methylation, plays a critical role in regulating
chromatin structure and gene expression. In fungi, di- and tri-methylation of histone H3 at
lysine 9 (H3K9me2/3) serves as a key epigenetic mark associated with heterochromatin
formation and transcriptional repression. In this study, we identified and characterized
a putative heterochromatin protein 1 (HP1) family member in F. verticillioides, designated
FvHP1, based on conserved domain architecture and phylogenetic analyses. FvHP1 re-
tains essential residues required for H3K9me2/3 recognition, supporting its functional
conservation within the HP1 protein family. Phenotypic analysis of the AFvHP1 mutant
revealed impaired vegetative growth, reduced conidiation and virulence, and altered FB1
mycotoxin production. Additionally, the accumulation of red pigment in the mutant was
linked to the deregulation of secondary metabolism, specifically the overproduction of
fusarubin-type naphthoquinones, such as 8-O-methylnectriafurone. These results support
the role of FvHP1 in facultative heterochromatin-mediated repression of sub-telomeric
biosynthetic gene clusters, including the pigment-associated PGL1 cluster. Our findings
provide new insights into the epigenetic regulation of fungal pathogenicity and metabolite
production, as well as the first evidence of a functional HP1 homolog in F. verticillioides.
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1. Introduction

Fusarium verticillioides (Sacc.) Nirenberg (teleomorph: Gibberella fujikuroi Mating Pop-
ulation A) is a highly prevalent soil-inhabiting filamentous fungus found in the most
important cereal crops globally, such as maize (Zea mays L., Poaceae) [1]. This fungus
exhibits both endophytic and pathogenic/parasitic behavior, causing several diseases
throughout the maize biological cycle (seedling blight, stalk rot, ear rot) and resulting
in crop yield losses [2-5]. Global corn production losses caused by F. verticillioides are
estimated to be 10%, reaching 30% to 50% in severely affected areas. Moreover, it is a major
producer of mycotoxins called fumonisins, which pose a significant problem due to their
toxicological implications for humans and farm animals [6-9]. Therefore, given its negative
economic impact and its implications for human and animal health, Fusarium verticillioides
and its secondary metabolites are under continuous study.

The polyketide fumonisin B type 1 (FB1) is the most important fungal secondary
metabolite (FSM) produced by F. verticillioides due to its high toxicity and prevalence in
cereals [8,10]. In addition to FB1, F. verticillioides produces other polyketide secondary
metabolites such as the naphthoquinone pigment bikaverin [11,12] and black perithecial
pigments [11,13]. The compound 8-O-methylnectriafurone was identified as one of several
fusarubin-type naphthoquinones produced by Fusarium fujikuroi. These compounds are
synthesized through a non-reducing polyketide synthase (NR-PKS) pathway. They are
red pigments that contribute to the pigmentation and structural integrity of perithecia,
the sexual fruiting bodies of the fungus [13]. Fungal secondary metabolites are interme-
diates or end products of genus- or species-specific metabolic pathways, whose complete
biosynthetic pathways are generally encoded in a biosynthetic gene cluster (BGC) [14-16].
This genetic organization is presumed to be the consequence of evolutionary pressure, as it
would facilitate both the coordinated transcriptional regulation (co-regulated genes) and
the horizontal transfer among strains of all the genetic elements required for the production
of a specific secondary metabolite [17,18]. In F. verticillioides, BGCs for FB1 and the dark
perithecial pigment comprise 15 [19] and 7 genes [11], respectively.

The synthesis of FSMs is tightly regulated by both pathway-specific and broad-domain
transcription factors (TFs), as well as by epigenetic mechanisms, including the chemical
modification of histones [16,20]. The reversible covalent modifications of histones have
an impact on chromatin structure, specifically the facultative heterochromatin region, be-
ing an important mechanism to regulate BGCs expression. It is worth mentioning that
chromatin presents two main functional and structurally well-defined states: the highly
compacted heterochromatin associated with gene silencing, and the unfolded euchromatin
associated with gene expression [21]. This transcriptional regulation by the conformational
state of chromatin involves the histone code, which refers to the specific pattern of post-
translational covalent modifications, such as methylation, acetylation, and phosphorylation,
on specific lysine (K), serine (S), and arginine (R) residues of the N-terminus tail of the H3
and H4 histones. Each pattern is linked to a specific biological function, and can be herita-
ble [16,21-23]. Specifically, the di-/tri-methylation (me2/3) on lysine 9 of the N-terminal
tail of H3 histone (H3-K9me2/3) is among the best-understood post-translational modifica-
tions involved in heterochromatin formation and gene repression [24]. The main protein
implicated in heterochromatin formation by recognizing and attaching to the H3-K9me2/3
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epigenetic mark is heterochromatin protein 1 (HP1) [16,25]. HP1 is a highly conserved
eukaryotic heterochromatin-associated non-histone chromosomal protein that contains two
major conserved domains: the CHRomatin Organization MOdifier (CHROMO) domain
and the CHROMO Shadow domain (CD and CSD, respectively). These domains are sepa-
rated by a hinge sequence [26,27]. This molecular structure allows HP1 to adopt different
spatial conformations, giving it great functional versatility and the capability to interact
with many other types of molecules. These include interactions with itself, forming HP1
homodimers, as well as with H3 histone, non-histone chromosomal and non-chromosomal
proteins, single and double-stranded DNA, and RNA molecules [28]. Although a wide
range of functions have been attributed to HP1 proteins, they are best known for their
fundamental role in establishing, propagating, and maintaining the heterochromatic state
promoting gene silencing through transcriptional restriction [24,28-31].

Previously, a lysine histone methyltransferase (KHMTase) encoded by the FvDim5
(NCBI accession code FVEG_08911) gene was associated with heterochromatin forma-
tion in F. verticillioides [32]. The biological processes regulated by the expression of the
FuDimb gene include vegetative growth, microconidia production, pathogenic behavior,
and pigmentation (FSM) of the fungal colony [32]. The functional characterization of HP1
in several filamentous fungi has identified it as a major modulator of FSM production,
as well as influencing both vegetative and pathogenic behaviors [33-36]. Nevertheless,
no homologous HP1 proteins have been studied in F. verticillioides yet. The aim of the
present study was to identify and annotate the functional and structural characteristics
of the putative HP1 protein encoded by F. verticillioides, a reader protein of the epigenetic
mark H3K9me2 /3, which is catalyzed by the KHMTase FvDim5. Our in silico approach
resulted in a unique protein sequence that possesses all the hallmarks of members of
the HP1 family. This was considered a putative HP1 protein of F. verticillioides and was
tentatively named FvHP1 (in non-italics), which is encoded by the FvHPI (in italics) gene.
Then, our deletion mutant-based approach suggests that FvHP1 plays a significant role
in regulating vegetative growth, pathogenicity, and the production of FMSs, such as FB1
and pigments. Although the pathways of FB1 biosynthesis are well-established, this study
enhances our understanding of the epigenetic mechanisms that regulate FB1 biosynthesis,
as little is known about this aspect. Additionally, we contribute to the structural diversity
of fungal pigments by discovering a previously unknown metabolite. Finally, we advance
the understanding of the transition to pathogenic and parasitic behavior mediated by
epigenetic regulators.

2. Materials and Methods

Fungal strains, growth conditions and conidia production

Fusarium verticillioides M3125 (FGSC #7600), provided by Dr. Robert Proctor (USDA,
Agricultural Research Service, National Center for Agricultural Utilization Research, Peoria,
IL, USA), served as the wild-type (WT) strain and the parental strain for the deletion mutant
used in this study. Fungal strains were grown on Potato Dextrose Agar (PDA) (VWR
Chemicals BDH®, Leuven, Belgium) or Czapek Dox Agar (CDA) (OXOID, Basingstoke,
Hants, UK), in the dark at 25 °C. Czapek Dox Broth (CDB), either commercial (OXOID,
Basingstoke, Hants, UK) or homemade (3.0% P/V sucrose, 0.2% NaNOj3, 0.1% KH;PO4,
0.04% MgSO,4 7H,0, 0.05% KCl and 0.0016% Fe(II)SO, 2H,0), YEPS (2.0% sacarose, 1.0%
yeast extract, 2.0% peptone), and GYAM (0.24 M glucose, 0.05% yeast extract, 8 mM L-
asparagine, 5 mM malic, acid, 1.7 mM NaCl, 4.4 mM K;HPO,, 2 mM MgSQOy, and 8.8 mM
CaCly; pH 3.0) were used for liquid cultures. For the selection of transformants and their
subsequent growth, the media were supplemented with 250 nug/mL of Nourseothricin
(NTCQ) (Jena Bioscience, Jena, Deutschland).
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Bioinformatic analyses

The Basic Local Alignment Search Tool (BLAST) [36] of the NCBI (National Center
for Biotechnology Information, U.S. National Library of Medicine, Bethesda, MD, USA)
was used for protein sequence searches through the online server at https:/ /blast.ncbi.
nlm.nih.gov/Blast.cgi (accessed on 9 March 2024) [37]. The search for domain-level ho-
mologies was conducted using the NCBI Conserved Domain Search (CDS) software as
implemented at https:/ /www.ncbi.nlm.nih.gov/Structure/cdd /wrpsb.cgi (accessed on
9 March 2024). [38]. Protein alignment was conducted using the probabilistic consistency-
based progressive multiple alignment, which incorporates 3D conformational constraints
information. This multiple structure-sequence alignment was implemented through the
PROMALS3D software (http:/ /prodata.swmed.edu/promals3d/promals3d.php (accessed
on 9 March 2024)) [39,40]. For the protein phylogenetic relationships, an unrooted Max-
imum Likelihood tree of protein sequences was constructed using IQ-TREE multicore
version 1.6.11 [41] and displayed with MEGA X version 10.1.5 software [42]. The best-fit
substitution model was determined by the ModelFinder program [43]. The alignment was
displayed with Unipro UGENE v. 42.0 software [44].

Production of deletion mutants

For the deletion of FvHP1 in F. verticillioides, a deletion vector compatible with Agrobac-
terium tumefaciens-mediated transformation (ATMT) was constructed using the OSCAR
method [45]. Approximately 1200 bp of the 5" and 3’ flanking regions of the gene corre-
sponding to accession code FVEG_01876 were independently amplified by polymerase
chain reaction (PCR) using Phusion® High-Fidelity DNA Polymerase (Thermo Fisher
Scientific, Waltham, MA, USA) (Figure 1a) [46]. Then, a BP Clonase (BP Clonase™ 11,
GatewayTM, Exime Mix, Invitrogen™, Thermo Fisher Scientific, MA, USA) reaction was
performed, combining both amplified gene flanks with the binary vector pOSCAR and
a vector providing the resistant marker for the selection of fungal transformants. As
resistance marker vector we used pA-NTCR-OSCAR, which contains a nourseothricin
acetyltransferase (nat1) gene conferring resistance to nourseothricin (NTC). The BP clonase
reaction was used to transform One Shot™ OmniMAX™ 2 T1R Chemically Competent E.
coli (Invitrogen, Carlsbad, CA, USA) following the commercial manual’s instructions. The
correct construct in E. coli colonies was verified by restriction enzyme digestion (Figure 1b).
The deletion construct was then transferred to A. tumafaciens strain AGL1, using a stan-
dard electroporation method, in preparation for fungal transformation. The ATMT of F.
verticillioides was performed according to previously described protocols [41]. Fungal trans-
formants were confirmed based on their resistance to NTC (250 pg/mL supplemented CDA
medium), negative PCR amplification with FvHP1-specific primers, and negative Southern
blot hybridization using an FvHP1-specific probe labelled with digoxigenin-dUTP, DNA
probe labeling, hybridization, and detection were performed using the DIG High Prime I
DNA Labeling and Detection Starter Kit (Roche, Mannheim, Germany). From the total pool
of transformant colonies, three were selected and designated as AHP1#6, AHP1#15, and
AHP1#17. To confirm stable deletion, transformants were transferred several times to fresh
CDA plates supplemented with 250 ng/mL of NTC. Results were displayed in Figure 1,
where the PCR product patterns (Figure 1c) and Southern blot analysis (Figure 1d) were con-
sistent with a targeted replacement event in which the ORF of the putative FvHP1 encoding
gene (FVEG_0187) was replaced by the expression cassette of the nat1 gene (NTC resistance-
conferring gene). A transformant with a random ectopic integration of the deletion con-
struct was also selected. This strain was designated as ECT. The primers used to amplify the
OREF of the FVEG_0187 gene were Hep1F (5'-CCTGCTCTTAGTGACGAGG-3') and Hep1R
(5-GAGGACTCCAACTCTTCGC-3'). The primers for amplifying the nat1 gene were NatF
(5’-ATGACCACTCTTGACGACACG-3') and NatR (5'-TTGACGTTGGTGACCTCCAG-3').
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To amplify the 5" flanks of the putative FvHP1 gene ORF (1329 bp), the primers used
were FvHP1-attB2r (5'-ggggacagctttcttgtacaaagtggaaCAGCCAACGACATCTCATCTCTG-
3’) and FvHP1-attBlr (5'-ggggactgcttttttgtacaaacttgt ACTAACGTGTGCTAGTCTACGTTG-
3’). For amplifying the 3’ flanks of the putative FvHP1 gene ORF (1187 bp), the primers were
FvHP1-attB4 (5'-ggggacaactttgtatagaaaagttgtt CGAGACGCAGCCATATAAGGT-3') and
FvHP1-attB3 (5'-ggggacaactttgtataataaagttgt AGAGACGAGCTTCCAGATACC-3'). Lower-
case indicates the sequence attached to the end of each primer for recognition by BP clonase.
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Figure 1. Generation of deletion mutants for FvHP1 in F. verticillioides. (a) Electrophoretic analysis of
the FVHP1 5’ and 3’ flanks amplified by PCR. (b) Map of pOSCAR-NTCR-FvHP1 deletion construct
(HindIII restriction sites are indicated). The colored boxes indicate functional regions: LB: T-DNA left
border; RB: T-DNA right border; natl: nourseothricin acetyl transferase gene; trpC: promoter region
of the Aspergillus nidulans gpdA gene; SpectR: spectinomycin resistance gene; pBR322: replication
origin. The electrophoretic gel on the right shows the HindIII digestion pattern of the pOSCAR.
(c) Confirmation of FvHP1 deletion by PCR in selected transformants using primer pairs for FvHP1
gene ORF and nat1 (NTCR) gene. (d) Southern blot analysis of selected transformants using probes
complementary to the FvHP1 gene ORF and the natl gene. Wells labeled with 1, 2, 3, 4, and 5 in
panels ¢ and d indicate WT, ECT, and deletion mutant strains AHP1#6, AHP1#15, and AHP1#17,
respectively. Wells labeled with “-” in panels (a,c) indicate PCR negative water control, and in panels
(a—c), well “M” indicates molecular weight marker (1IKbp, NZYDNA Ladder III, NZYTech®, Paco do
Lumiar, Lisboa, Portugal)). All electrophoretic analyses were performed on 0.8% w/v agarose gels
stained with ethidium bromide. Bands were revealed under UV light (UVP, LLC, Analytik Jena US
LLC, Upland, CA, USA).

Lag phase, growth rate, and conidiation
To assess fungal vegetative growth, PDA Petri dishes were inoculated at the center
with 5 uL of a conidia suspension (1.0 x 10° conidia/mL) from each strain and incubated
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in the dark at 25 £ 1 °C until the colonies completely covered the surface of the plate.
For each colony, two diameter measurements were recorded daily using a Vernier scale
caliper. The two diameter measurements were taken perpendicular to each other, and
an average was recorded. The lag phase was estimated using a nonlinear regression
curve derived from a non-modified Gompertz model [47,48] fitted to the colony growth
over an 8-day incubation period. This vegetative colonial feature represents the time (in
hours) it takes for the colony to reach an area of 13.4 mm? (equivalent to a diameter of
“t”) variable
when “A” = 13.4 (Equation (1)). The growth rate was estimated from the slope of the

5 mm). Mathematically, the lag phase was determined by solving for the time (

linear regression curve fitted to data derived from the linear vegetative growth phase. To
determine microconidia production, 5 mL of YEPS liquid medium was inoculated with
10 pL of a conidia suspension (1.0 x 10° conidia/mL) in 50 mL glass tubes. The tubes
were placed on an orbital shaker in the dark at 28 £ 1 °C for four days. Then, the culture
was filtered through Miracloth membranes, and the microconidia were counted using
a hemocytometer.

A= x el Bxel=yxy] (1)

/lt//

where “A” is the area variable (mm?), is the time variable (hours), “e” is the mathemati-

cal constant ~2.718, and “o”, “B” and “y” are the statistics of the Gompertz equation. In all
assays, “o”, “f” and “y” significantly explained the observed variables at a significance
level of 0.05.

Pathogenicity assays

Fungus-maize interaction assays were conducted under two different culture regimes:
hydroponic—phytotron and soil-greenhouse. They were designated as experimental
schemes A and B, respectively. In addition to these, an in vitro assay was performed
to evaluate radicle development. In all experiments, kernels were disinfected with a NaClO
solution (3.0 mg Cl/mL) and subjected to thermal treatment at 60 °C for 5 min [49]. For
experimental scheme A, maize seeds (hybrid ACA 474 VT3Pro MG-RR2, Argentina) were
soaked in a conidia suspension or sterile water (mock inoculation) for 10 min. Then, the
grains were placed on Petri dishes containing 2% water agar (WA) medium and incubated
in darkness at 25 + 1 °C for three days. Upon germination, seeds were transferred to
hydroponic culture with a 12/12 h photoperiod, a temperature of 25 & 1 °C, and a relative
humidity of 75 4= 10%. The irrigation regime and the concentrations of the macro and
micronutrients in the hydroponic solution were set according to the method described by
Zorb et al. [50]. Stem heights were measured at 6, 10, and 14 days post-infection (DPI). The
experiment was conducted once with 10-12 plants per treatment. For experimental scheme
B, seeds (hybrid Golden Bantam sweet corn, Rocalba S.A., Girona, Spain) were incubated in
sterile distilled water overnight in darkness at 25 &+ 1 °C to induce germination. Then, they
were individually planted in 1 L plastic pots containing a mixture of non-autoclaved sub-
strate, coconut fiber, and vermiculite. The pots were then placed in the greenhouse, where
they were exposed to natural photoperiod, relative humidity ranging from 60% to 95%, and
temperatures ranging from 15 °C to 28 °C. At 10 days post-planting (DPP), seedlings were
infected with a suspension of 1.0 x 10°conidia/mL injected into the stem. At this point
(10 DPP), the height of the seedlings (h0) was measured. At 10 days post-inoculation (DPI)
or 20 DPP, seedling height (h1) was measured again to calculate the “post-infection seedling
relative growth” parameter as a general plant health estimator. The equation implemented
was (h1 — h0) x (h0)~! and the result was expressed as a percentage. Three replicates of
the assay were performed, with 7-14 seedlings per treatment in each replicate.

Radicle growth was used as another general plant health estimator. For this assay,
12 to 15 corn seeds (ACA 474 VT3Pro MG-RR2, Pergamino, Buenos Aires, Argentina) for
each treatment were immersed in a 1.0 x 10°conidia/mL suspension in PBS buffer with
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1.5% Tween-20 for 10 min. A 1.5% Tween-20 in PBS buffer without conidia was used as the
negative control. Then, they were placed in glass Petri dishes (90 x 15 mm) containing 1.5%
WA medium and kept in darkness at 25 &= 1 °C for three days. They were symmetrically
arranged around the periphery of the dish, with the kernel tips facing towards the center
of the dish. The entire experiment was carried out twice.

FB1 production

To investigate the impact of the gene deletion on FB1 production, two different culture
media were employed: GYAM and CDB. In F. verticillioides WT strains, FB1 synthesis is
induced in GYAM medium but not in CDB medium. Liquid cultures were prepared by inoc-
ulating 50 mL of GYAM or CDB with 0.5 mL of conidia suspension (1.0 x 10° conidia/mL).
After seven days of incubation in an orbital shaker at 200 rpm at a temperature of 28 1 °C
in the dark, a 1 mL sample was taken from each culture and centrifuged at 9000 RCF for
15 min to remove fungal cells. The supernatants were transferred to a fresh tube and di-
luted with HPLC-grade acetonitrile (Sintorgan, Villa Martelli, Buenos Aires, Argentina) at a
1:1 ratio. The FB1 content was determined using high-performance liquid chromatography
(HPLC) (PerkinElmer Inc., Waltham, MA, USA) coupled with a fluorescence detector [51].
The quantification of FB1 was carried out by comparing the peak areas with those obtained
from samples containing FB1 analytical standards (PROMEC Unit, South African Medical
Research Council, Francie van Zijl Drive, Tygerberg Hospital, Parow, Tygerberg 7505, Cape
Town, South Africa). The experiment was repeated twice, and five independent cultures
were analyzed for each strain.

Production, isolation, and identification of fungal metabolites

Fungal metabolites were extracted and purified from a 7-day CDB culture (200 RPM
orbital shaking in dark at 25 4 1 °C) after removing fungal cells by centrifugation and
filtration (0.45 PVDF filters). Solid-phase extraction C-18 cartridges (500 mg, 6 mL, 40 um)
conditioned with 10 mL of methanol and 10 mL of water were used. Filtrates were eluted
from the columns using 2 mL of HPLC-grade acetonitrile and stored at —70 °C for further
characterization. The metabolites were analyzed by chromatography coupled to mass
spectrometry (HPLC-MS) using an Agilent Technologies 1200 Series UHPLC (Agilent,
Santa Clara, CA, USA) equipped with a gradient pump (Agilent G1312B SL Binary),
solvent degasser (Agilent G1379B), and an autosampler (Agilent G1367D SL p WP). The
chromatographic separation was achieved on a C18 column (5 mm, 100 mm x 4.60 mm
i.d.) (Agilent, Santa Clara, CA, USA) at 40 °C using an Agilent G1316B column heater
module. The mobile phase consisted of a solution of 5 mM ammonium acetate and 0.4%
formic acid (solvent A) and a solution of 5 mM ammonium acetate and 0.4% formic acid in
methanol (solvent B). The solvent gradient started with 5% B for 1 min and then changed
to 50% B over 3 min. This was followed by a second ramp to 65% B over 6 min and a
third ramp to 98% B over 12 min. The solvent remained in this state for 7 min. Then, an
8 min washing and stabilization step was used before the next run. The flow rate was set at
0.3 mL/min, and the injection volume was 10 puL. The HPLC system was connected to a
photodiode array detector (PAD SL, Agilent G1315C) in conjunction with an ESI source
and Q-TOF mass spectrometer (micrOTOF-QII Series, Bruker Daltonics Inc., Billerica, MA,
USA). UV-vis spectra were recorded from 200 to 700 nm. Mass spectra were recorded
in positive ion mode from m/z 80 to 1200. The working conditions for the ionization
source were as follows: a capillary voltage of 4500 V, a nebulizer gas pressure of 4.0 bar,
a drying gas flow of 8.0 L/min, and a drying gas temperature of 200 °C. Nitrogen was
used as the nebulizer/dryer gas, while argon was used as the collision gas. The instrument
was operated in full-scan mode. The exact mass was verified by introducing a sodium
formate solution (40 mM) at the end of each chromatographic run using the multipath
valve of the Micro-QTOF II. Metabolite identification was based on an accurate m/z ratio
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(mass error < 5 ppm) and fragmentation pattern (MS/MS spectrum with collision energies
of 10.0, 15.0, and 20.0 eV). Data acquisition and spectrum processing were performed
using Compass 3.1 and DataAnalysis 4.1, respectively (BrukerDaltonics, Billerica, MA,
USA). Molecular features (pairs m/z; retention time) were extracted from the raw spectra
using ProfileAnalysis 2.3 software (BrukerDaltonics, MA, USA). LC-MS analyses were
processed using the Find Molecular Features (FMF) function with S/N = 10 for peak
detection. Background subtraction and time alignment were also performed. Advanced
bucket generation was used, with a retention time range of 1-30 min, a mass range of
80-1200 m/z, and each bucket (spectral bin) was formed with a resolution of 0.3 min and
10 m/z mDa without normalization. The generated bucket table was exported to Excel,
and a blank subtraction step was performed. The final feature matrix was normalized by
summing the peak areas for univariate analysis (volcano plot, p < 0.05 and Fold Change
> 2) and Pareto scaled for multivariate supervised statistical modeling (OPLS-DA) using
MetaboAnalyst 5.0 online software.

Statistical analyses

Statistical analyses of fungal growth (Lag phase, growth rate, and conidiation), fumonisin
B1 production data and phytopathogenicity assay data were performed by one-way anal-
ysis of variance (ANOVA) (p < 0.05). The normality and homogeneity of variance were
tested. Data are presented as mean =+ standard error and differences between means were
considered significant if probability (p) < 0.05. DGC test was used for means comparisons.
All statistical analyses were performed using InfoStat v2020 software.

3. Results
3.1. Identification of a Putative HP1 Protein in Fusarium verticillioides

We scanned the NCBI Protein Reference Sequences (NCBI RefSeq_protein) database
for putative HP1 proteins using a F. verticillioides-limited (taxid:117187) BLASTp search.
The HP1 protein from F. graminearum (NCBI accession number XP_011319962.1) served
as the query. The best hit showed 100% query coverage, 70.52% identity, and an e-
value of 3.0 x 107! with the protein sequence recorded under NCBI accession code:
XP_018744913.1. Two other hits displayed 31% and 32% query coverage, 35.53% and
37.04% identity, and e-values of 2.0 x 1071 and 3.0 x 10~%, respectively. We proceeded
with the analysis of the top BLASTp result, due to its highly favorable characteristics,
indicating it as the most likely homologous protein, as detailed below. The hypotheti-
cal protein XP_(018744913.1 consists of 246 amino acid (aa) residues. NCBI’'s Conserved
Domain Search (CDS) tools indicated the presence of two evolutionarily conserved do-
mains among HP1 family members: the amino-terminal chromo domain (CD) and the
carboxyl-terminal chromo shadow domain (CSD) [26]. The CD spans positions 62 to 113 aa,
while the CSD spans positions 176 to 229 aa. A multiple structure-sequence alignment
(Figure 2a), which includes several previously characterized HP1 proteins, demonstrated
that the CD and CSD of the F. verticillioides XP_018744913.1 protein exhibit a high degree
of similarity to the well-defined CD and CSD of Su(var)205 isoform A (NCBI accession
code: NP_476755.1) [29,52,53], Swi6 (NP_593449.1) [54], BcHP1 (NCBI accession code:
ATZ56699.1; Old locus tag: BC1G_06432) [55], NcHP1 [56], and FgHP1 [35] proteins.
Furthermore, the candidate F. verticillioides HP1 (XP_018744913.1) was found to contain
three aromatic residues (phenylalanine 62, tryptophan 84, and tyrosine 87) and three
non-aromatic residues (threonine 94, glutamate 96, and asparagine 100) at homologous
sites. These residues have been determined to be key for recognizing the H3K9me2/3
mark [57] (see Supplementary Figure S1). The protein phylogenetic reconstruction showed
that XP_018744913.1 (from F. verticillioides) and FgHP1 (from F. graminearum) share a recent
common ancestor (Figure 2b). In summary, the similarities of the CD and CSD regions and
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the evolutionary relationships with other well-characterized members of the HP1 protein
family provide sufficient evidence to propose that the amino acid sequence recorded by
F. verticillioides under the NCBI accession code XP_018744913.1 is homologous to HP1
proteins, hereafter referred to as FvHP1 (non-italic letters). The coding nucleotide sequence,
recorded under the NCBI accession code FVEG_01876, will be hereafter referred to as
FoHP1 (italic letters).
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Figure 2. FvHP1 Functional-structural annotation, sequence comparison, and phylogenetic rela-
tionship. (a) A box diagram representing the complete amino acid sequence of the FvHP1 protein
shows the CD and CSD, indicated by amino acid residue positions, along with the respective seg-
mented PROMALS3D alignment. Color intensity indicates the percentage of identity for each site.
Key sites for identifying the H3K9me2 /3 histone mark are highlighted in red (aromatic) and green
(non-aromatic) frames, with their corresponding amino acid residue position indicated. (b) Unrooted
maximum likelihood phylogenetic tree of the complete aa sequence of orthologous HP1 proteins.
Alignment: PROMALS3D. Best-fit amino acid substitution model: VT + F + G4. Scale bar: average
number of substitutions per site.

3.2. Deletion of FvHP1 Gene Affects the Growth, Asexual Reproduction, and Pigment Production

To analyze the plausible functions of the F. verticillioides HP1 protein, we obtained three
independent stable NTC-resistant transformants. These were single-spore sub-cultured
(monosporic culture) and designated as AFvHP1 #6, AFvHP1 #15, and AFvHP1 #17 strains
(Figure 1c). An NTC-resistant transformant with a random ectopic integration of the
deletion construct, referred to as the ECT strain, was included, in our experiments, as a
control alongside the parental WT strain. This helped to rule out any potential effects of
the nat1 gene product or other alterations induced during the transformation process on
the fungus phenotype. Interestingly, in contrast to the light-colored colonies of the WT
and ECT strains, the three AFvHP1 strains exhibited dark, deep red pigmentation when
grown on solid media (Figure 3a). This strong pigment accumulation was also observed
and measured in liquid CDB medium, as described later. These observations indicate that
the FvHP1 protein participates in pigment production in F. verticillioides.
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Figure 3. Effect of FvHPI deletion on colony pigmentation and vegetative growth. (a) Colony
pigmentation. Photographs show bottom and top views of colonies. Strains were grown in CDA
(OXOID™) and PDA (VWR Chemicals BDH®) media for 35 days in darkness at 25 °C. (b) Vegetative
growth. Dots represent the mean area (mm?) of F. verticillioides WT and mutant colonies during their
linear growth state at different incubation times, from 2 to 6 days. Whiskers indicate the standard
deviation. Strains were incubated on PDA in the dark at 25 + 1 °C. Values having different letters
are significantly different from each treatment according to DGC test of multiple range (p < 0.05).
Experiments were performed twice with 5 replicates for each strain.

All three deletion strains exhibited a lower rate of vegetative growth compared to the
WT and ECT strains (Figure 3b), suggesting that the FVvHP1 protein may play a key role
in vegetative behavior. For a comprehensive evaluation of the effect of FHP1 deletion
on the colony’s vegetative characteristics such as lag phase, growth rate, and conidiation,
we selected one of the mutant strains, the F. verticillioides AFvHP1 #6, for all subsequent
evaluations. The lag phase of the deletion mutant was significantly longer (38 h; 95%
CI 30-41) compared to that of the WT (23 h; 95% CI 15-27) and ECT (24 h; 95% CI 19-27)
strains (Table 1). Besides, the growth rate of the AFvHP1 #6 strain was significantly slower
than that of the WT and ECT strains, with the mutation affecting the growth rate by
approximately 15.9% and 11.4%, respectively. On the other hand, no significant difference
in growth rate was found between the WT and ECT strains (Table 1). As expected, the
extended lag phase and reduced growth rate resulted in significant differences in colony
size. This difference was clearly observed at 5 days post-inoculation, showing a significant
reduction in growth area compared to WT and ECT strains (25.7% and 31.7%, respectively).
Additionally, the mutation had a negative effect on the production of microconidia (Table 1).
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AFvHP1 #6 produced significantly fewer conidia than the WT (66.7%) and ECT (55.5%)
strains under conditions that stimulate conidia production. Taken together, these results
indicate that FvHP1 protein plays an important role in regulating the vegetative growth of
F. verticillioides.

Table 1. Effect of FvHP1 gene deletion on fungal vegetative features.

Colony Size at 5 Days of Conidiation

. o 1 2 y y

Strain Lag Phase (95% CI) Growth Rate Incubation (mm2) 3 (Conidia/mL) 4

AFvHP1 #6 38 (30-41) 412+ 7a 1841 £ 110 a 4+2x%x107 a
ECT 24 (19-27) 466 £7b 2695 + 104 b 9+1x10”b
WT 23 (15-27) 490+9b 2477 + 104 b 12 +1 x107 ¢

! Time (hours) with a 95% confidence interval (CI) (lower limit—upper limit). Time was estimated from a nonlinear
regression fitted to the Gompertz model (see “Materials and Methods”) using colony size (area) data from 0 to
8 days of incubation (in darkness at 25 & 1 °C) after point inoculation, at the center of a 90 x 15 Petri dish, with PDA
(Britania S.A., Ciudad Auténoma de Buenos Aires, Argentina, Buenos Aires, Argentina) medium. Five cultures
were made for each strain. 2 The growth rate was calculated based on the slope (mm?/day + standard error)
derived from a linear regression during the linear growth phase. This phase encompassed the incubation period
(in darkness at 25 & 1 °C) from 2 to 6 days after point inoculation, at the center of a 90 x 15 Petri dish, with
PDA (Britania S.A.) medium. 3 Colony size was recorded at the end of a 5-day incubation period (in darkness at
25 + 1 °C) after point inoculation, at the center of a 90 x 15 Petri dish, with PDA (Britania S.A.) medium.  Conidia
production was determined in YEPS liquid medium. Values having different letters are significantly different
from each treatment according to DGC test of multiple range (p < 0.05). Data obtained from 5 independent
fungal cultures.

3.3. FvHP1 Protein Is Required for Normal Fumonisin B1 Production

The effect of deleting the FHP1 gene on the production of fumonisin Bl (FB1) was
also assessed using two different media: GYAM medium, which induces FB1synthesis, and
CDB, which does not induce the synthesis of this mycotoxin. CDB medium was used to
determine if FvHP1 deletion would result in FB1 production under non-inducing conditions.
At 3 days post-inoculation, all three fungal strains evaluated exhibited comparable levels
of FB1 production in GYAM medium (Figure 4). However, at 7 days post-inoculation, the
amount of FB1 produced by the deleted strain was significantly lower than that produced
by the control strains: 3.97 £ 1.45 ug/mg compared to 8.95 £ 1.62 ug/mg (WT) and
10.80 £ 1.62 pg/mg (ECT). These results indicate a positive role for FvHP1 protein in
regulating FB1 production. On the other hand, none of the evaluated strains showed FB1
production in CDB medium.
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Figure 4. Effect of FvHP1 deletion on fumonisin Blproduction. Values are expressed as means (ug of
FB1/mg of mycelium biomass), and whiskers represent the standard error. Bars with different letters
are statistically different from each other according to DGC test of multiple range (p < 0.05), for the
same incubation time (3 and 7 days).
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3.4. FvHP1 Plays a Role in the Pathogenicity of F. verticillioides

When present in the soil or crop residues, F. verticillioides hyphae can colonize maize
root tissues and the mesocotyl within a few days of seed germination [3]. Moreover, they
can directly penetrate the grain’s pericarp shortly after sowing [3,58]. Given this, we esti-
mated the virulence of F. verticillioides by measuring radicle growth rate and stem growth
rate under well-controlled laboratory conditions. The radicle growth rate (Figure 5a) and
stem growth rate (Figure 5b) were used here as general indicators of plant health. For
these experiments, maize seeds were infected by immersing them in conidia suspensions.
Subsequently, one group was designated for radicle length measurements, while another
group was transferred to hydroponic irrigation in a growth chamber. Additionally, we
assessed the pathogenicity of the deletion mutants under other maize infection and cul-
tivation conditions. This involved inducing an infection by directly injecting a conidial
suspension into the stem of a 10-day post-planting (DPP) seedling grown in a pot. At
20 DPP, we evaluated the stem growth from the day of infection (10 days post-infection:
10 DPI) (Figure 5¢) and assessed the extent of necrotic lesions on the leaves (Figure 5d).
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Figure 5. Effect of FVHP1 gene deletion on F. verticillioides pathogenicity towards maize. (a) Radicle
development assay. Corn seeds were surface-infected and incubated in a Petri dish with WA medium
for 3 days, after which the radicle length was recorded. Values are expressed as mean with standard
deviation (whiskers). Two experimental replicates were conducted, with 12-15 seeds per treatment in
each replicate. (b) Hydroponic-phytotron assay (experimental schemes A): Height measurements
are expressed as the mean, with whiskers indicating the standard deviation. Asterisk indicates
significant differences between treatments (DMRT; & = 0.05). The experiment was conducted once
with 10-12 plants per treatment. (c,d) Greenhouse pathogenicity assay (experimental schemes B).
These panels represent data from three experimental replicates and 7-14 seedlings per treatment
in each replicate. The “post-infection seedling relative growth” parameter was calculated as the
percentage increase in stem length at 10 DPI relative to the initial stem length (10 DPP). The “Necrotic
lesions” parameter, defined as leaves with at least one coalescing and/or localized necrotic region,
was assessed at 10 DPI and quantified as the percentage of leaf area with lesions per seedling
(Supplementary Figure S2). In panels a, ¢, d, different letters among treatments indicate statistical
differences according to DGC test of multiple range (p < 0.05).

75



J. Fungi 2025, 11, 424

The infection with the WT strain resulted in statistically significant differences in
radicle growth rate, seedling growth rate in the hydroponic—phytotron assay, post-infection
seedling relative growth in soil-greenhouse assays and necrotic lesions when compared
to the non-infected plants (mock treatment). Consequently, these quantitative parameters
were utilized to estimate the degree of pathogenicity of the mutant strains, with the WT

"1y
C

and mock treatment serving as reference values. In panels “a”, “b” and of Figure 5,
the results showed that deletion mutant AFvHP1#6 acquired values that resembled the
mock treatment with respect to the WT and ECT infection. The similar results observed
between infections with the WT strain and the ECT strain suggest that the random ectopic
integration of the nat1 gene expression cassette did not significantly modify the pathogenic
behavior of the parental strain. Analyzing each experiment specifically, the AFvHP1#6
strain did not generate any significant effect on radicle growth compared to the seeds
treated with sterile water. In the phytotron-hydroponic plant culture system, where seeds
were superficially infected with conidia (Figure 5b), the growth of seedlings infected with
the ECT and WT strains did not differ statistically from each other, but it was lower
than that of seedlings infected with the deletion strain and non-infected seedlings. The
differences became significantly more pronounced at 10 and 14 days post-infection (DPI).
Similarly, in the greenhouse plant culture system (Figure 5, panels c and d), where the
infection was generated by injecting conidia directly into the stem, a similar result was
observed. The post-infection seedling relative growth generated by the deleted strain was
statistically equivalent to that of non-infected plants. In the analysis of necrotic lesions,
the fungal disease signature was not completely abolished in the AFvHP1 #6 strain. The
visible damage induced by infection with this strain was significantly higher than that
observed in the uninfected control seedlings with respect to the percentage of leaves with
necrotic lesions (Figure 5d). Necrotic lesions in seedlings infected with the AFvHP1 #6
strain were not significantly smaller than those observed in seedlings infected with WT
and ECT strains. The results of the pathogenicity assays suggest that the putative FvHP1
protein is associated with the pathogenic development of F. verticillioides in maize; however,
its involvement is not entirely determinative of virulent behavior.

3.5. FvHP1 Is a Negative Regulator of Naphthoquinone Pigment Synthesis in F. verticillioides

The pigmentation observed in cultures of the deleted strain was analyzed. Out of
44 total metabolites present in both the AFvHP1 #6 strain and ECT strain culture medium
(CDB), 29 exhibited significant differences in concentration. A multivariate OPLS-DA
analysis was conducted to identify the most important metabolites differentiating the
profiles of the two strains. The scores plot (Figure 6) shows clear discrimination between
the samples being evaluated. The validation parameters demonstrated that a satisfactory
model was obtained, with R2Y and Q2 values of 0.987 and 0.983, respectively (Figure S3B).
R2Y and Q2 parameters greater than 0.5 and close to 1 reveal the strong correlation (R2Y)
and predictive power (Q2) of the model for discriminating fungal samples [59]. To ensure
that the difference explained by the OPLS-DA model was the result of a real effect caused by
the defining factor, rather than a random effect, a permutation test using 2000 permutations
was performed (Figure S3C). The test demonstrated that the model was not statistically
different from any of the permuted models (p < 0.05), indicating no overfitting of the
data. In addjition, the areas under the curve (AUC) of the receiver operating characteristic
(ROC) curve were used to evaluate the overall predictive power of the OPLS-DA models
(Figure S3D). Significantly high AUC values (AUC = 1) were obtained, validating the
predictive power of the OPLS-DA.
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Figure 6. OPLS-DA Scores plot. This Orthogonal Partial Least Squares Discriminant Analysis
(OPLS-DA) scores plot discriminates between the metabolite profiles of fungal strains. Samples were
normalized by sum and Pareto scaled. Green and red dots indicate samples from ECT and AFvHP1
#6 strains, respectively.

According to the OPLS-DA analysis, twenty metabolites showed a VIP value greater
than 1 (Figure S3E). Then, an S-Plot analysis was used to identify metabolites that were
statistically significant and potentially biologically relevant, considering their contributions
to the model and their reliability. In total, six metabolites were highlighted in the S-Plot
(Figure S3F). Finally, both univariate (Volcano Plot) and multivariate (VIP and S-Plot)
metrics were considered to identify the most significant metabolites for discriminating
between extracts of AFvHP1 #6 and ECT strains. A total of 5 metabolites were selected:
V3, V8, V16, V24, and V29. Four of them were produced at significantly higher levels in
the deleted mutant compared to the ECT strain, while one metabolite showed decreased
production in the deletion mutant (Figure S4). The selected compounds were tentatively
identified based on their exact mass, isotope patterns, mass fragmentation patterns, UV-Vis
spectra, and information from literature and online databases (Table 2).

Metabolite V3 showed a precursor ion at m/z 421.1085 [M + H]+. This compound was
assigned to level IV of identification [60] as it is an unknown metabolite not previously
reported in the literature. Its UV spectrum (Figure S5) showed absorption maximums
at 227 and 271 nm, and its isotopic profile indicated the presence of a Zn atom. The
molecular formula of this compound is CygH4N,O4Zn. The MS/MS spectrum showed
a first fragment at m/z 377.12 [M+ H — 44]+ corresponding to the loss of CO;. The next
fragment at m/z 351.13 [M + H — 70]+ indicated the loss of CO, + CoHj.

Metabolite V8 was assigned to level II of identification (Figure S6). This compound
showed a UV-Vis spectrum with maximums at 253, 318, and, 444 nm, and a precur-
sor ion at m/z 319.0797 [M + H]+. Its isotopic profile and mass exact allowed iden-
tifying its molecular formula (C16H1607). The MS/MS spectrum shows a first frag-
ment at m/z 301.07 [M + H — 18]+ (loss of HO) and a second fragment at m/z 286.04
[M + H — 33]+ (loss of HyO + CHjze). Besides, fragments at m1/z 304.05 (M + H — CHze]+),
289.03 ((M + H — CHze — CH3ze]+) and 272.06 ((M + H — Hy, — HOe — CO]J+) were also
registered. A similar metabolite was reported by Studt et al. [13] in F. fujikuroi. Thus, this
metabolite was tentatively identified as 8-O-Methylnectriafurone.
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Table 2. Metabolite identification.

RT ! Experimental Calculated  Tentative Am 4 MS Frag-  MS?2 Frag- Putative
Metabolite . 2[M+Hl+ 3[M+H+ . (ppm) #Sigma® mentation mentation 1(mm)® Com- MSI’®
mlz mlz Formula (Intensity) ® (Intensity) pound
421 (16);
377 (25);
V3 8.18 421.1085 421.1071 C20H24N204Z18.7 5.5 351 (100); 224;271 v
260 (20);
242 (6)
301 —
303 (52);
289 (18);
288 (70);
273 (100);
270 (13);

319 (42); 261 (48);
304 (41); 260 (26);
301 (100); 259 (41);
289 (36); 245 (56);
286 (81); 246 (33);

273 (35); 243 (7); 224; 1\?1:3}1_ Ine
& 9.80 319.0797 319.0812  C16H1407 47 46 272 (53);  233(37);  258sh; tri_y II
261(19); 229 (11)  304; 444 ffm;e

258 (25); 303 —
257 (35); 303 (62);
249 (14); 289 (15);
243 (40); 288 (80);
229(10) 273 (100);
261 (38);
260 (35);
259 (61);
246 (25);
245 (42);
233 (46)
288 -> 289
(35); 288
303 (7);  (13);274
301(5);  (89);271
289 (14);  (51);256
288 (100);  (33);247
287 (17);  (93); 246 268;  Naphtho
273(72);  (91);245  344;506 quinone
257 (11);  (32);244
245(23);  (44);243
243(9);  (100); 233
229 (6) (34); 231
(66); 229
(70)

V16 11.08 301.0699 301.0707 C16H1206 27 66.4 111

436 (100);
421 (49);
420 (33);
408 (12);
403 (10);
393 (39);
379 (13);
375 (48);
358 (6);
347 (11);
330 (11);
304 (19);
286 (41);
258 (8)

V24 12.00 436.1012 436.1013 C23H17NO8 3.6 2.6 223 v
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Table 2. Cont.

Metabolite

(m

in) (ppm)

Experimental Calculated Tentative Am 2 MS Frag-  MS2 Frag-
m
2IM+H]+ 3[M+H+ M. #Sigma® mentation mentation 1(nm)?®

(Intensity) ® (Intensity) 7

1

mlz mlz Formula

Putative
Com-
pound

MSI1°

V29

301 (22);
303 (10);
288 (100);
286 (23);
273 (71);
272 (40); 265;

13.57 301.0705 301.0707 C16H1206 0.4 16.3

258 (36); 344; 514
257 (93);
245 (21);
243 (96);
242 (32);
229 (45)

Naphtho
quinone

111

L RT: retention time, > Experimental [M + H]+ m/: Experimental mass of the protonated molecular ion, ® Calculated
[M + H]+ m/z: Calculated mass of the protonated molecular ion, 4 Am: Mass deviation (ppm), difference between
the experimental mass and the theoretical mass, expressed in parts per million (ppm). ° # Sigma: It represents
the deviation of the experimental mass from the theoretical mass in terms of standard deviations (). ® MS
fragmentation (intensity): Relationship between the ion fragments generated during analysis and the intensity of
their signals in the mass spectrum. Energy of fragmentation equal to 15 eV except metabolite V24 (20 eV). 7 MS2
fragmentation (intensity): Ion fragments generated in the second stage of tandem mass spectrometry (MS/MS or
MS?). 81 (nm): Wavelength of maximum absorption (nm). ® MSI: Mass Spectrometry Imaging identification level.

Metabolites V16 and V29 showed a similar precursor ion at m/z 301.070 ([M + H]+)
and a similar UV-Vis spectrum (Figures S7 and S8). Their isotopic profiles and mass
exact indicated a molecular formula of C14H1,0Og4. These metabolites also showed a similar
fragmentation pattern, with fragments at m/z 288.060 ([M + 3H — CHze]+), 273.037 (M + H
— CoHyl+), 257.043 (M + H — CoHy — CoHyl+), 245.041 (M + H — CoHy — COJ+), 243.061
(M + 3H — CH3CO,H]+), and 229.047 ([M + 3H — CH3CO,H — CHj]+). These fragments
were also observed in the MS2 spectrum (m/z 301.070) of the metabolite V8 (Figure S6),
suggesting that metabolites V16 and V29 could be isomers of this fragment. Both V16 and
V29 were assigned to level III of identification, belonging to the naphthoquinones family.

Finally, metabolite V24 showed a precursor ion at m/z 436.1012 [M + H]+. This
compound was assigned to level IV of identification. Its UV spectrum (Figure S9) showed
maximum absorption at 223 nm, and its isotopic profile and mass exact indicated the
molecular formula Cy3H;7NOg. MS/MS spectrum showed a first fragment at m/z 421.075
[M + H — CHgze] + and a second fragment at 408.101 [M + H — CO] +. Fragments at m/z
393.080 (M + H — CHze — CO] +) and 375.070 ([M + H — CHze — CO — HO]J+) were
also observed. In total, five metabolites (V3, V8, V16, V24, and V29) are reported for the
first time for F. verticillioides in this work. Three of them are naphthoquinone pigments
produced at high levels by the AFvHP1 #6 strain.

4. Discussion

The histone code, which involves the reversible acetylation, methylation, ubiquiti-
nation, and phosphorylation patterns on the N-terminal tails and globular domains of
histones H2B, H3, and H4, influences the dynamics between heterochromatin and euchro-
matin, consequently affecting various cellular functions [22]. In fungi, methylation and
acetylation patterns on lysine 9 of the N-terminal tail of H3 histone (H3K9) are one of
the most extensively studied epigenetic marks within the histone code [16]. A histone
methyltransferase (HMT) catalyzes the specific di-/tri-methylation (me2/3) of H3K9. This
specific H3K9 me2/3 modification binds to an HP1 protein, resulting in a non-covalent
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H3K9me?2/3-HP1 interaction. This event triggers a cascade of changes in the conformation
of the heterochromatin state [24,25]. In this context, an H3K9 HMT, named FvDim5, was
characterized in F. verticillioides [32]. However, to the best of our knowledge, no putative
HP1 protein has been characterized in this species until now. In this study, we identified
the protein sequence registered under the NCBI-RefSeq accession number XP_018744916.1,
encoded by the annotated gene FVEG_01876, as a putative HP1 protein in F. verticillioides.
We refer to this as the FvHP1 protein (Figure 7), and our phylogenetic evidence suggests it
is an orthologous protein to the HP1 of F. graminearum. The aa sequence of FvHP1 shows
a high similarity with the two typical domains shared by all members of the HP1 family:
the CD and CSD protein motifs. Moreover, their aa sequence contains the conserved sites
most significant for recognizing the H3K9me2 /3 histone epigenetic mark, as reported by
Nielsen et al. [57]. That is, the FvHP1 CD domain has three aa residues in homologous sites
to Mus musculus (Mm) HP1b protein (Y21, W42, and F45), which are necessary to maintain
the hydrophobic pocket structure for recognizing H3K9me2/3. The W residue at position
84 aa of FvHP1 is conserved with respect to the homologous MmHP1b W42 site, a site that
does not permit point substitution to preserve CD functionality [57]. However, two point
mutations were recorded at the other two essential sites for CD functionality. Specifically,
the FvHP1 protein has two amino acid substitutions at the homologous Y21 and F45 sites
of MmHP1b: Y62F and F87Y mutations in FvHP1 (see Supplemental Figure S1). These
substitutions, Y by F and vice versa (both amino acid residues with a hydrophobic aromatic
ring), presumably do not significantly affect CD domain activity as they do not alter the
properties of the hydrophobic pocket, according to Nielsen et al. [57]. Thus, Y62F and F87Y
are evolutionarily admissible point substitutions. Moreover, three other side-chain amino
acids essential for interacting with H3K9me2/3, namely T51, E53, and N57 in MmHP1b
protein [57], are also found at homologous sites on the FVHP1 protein (T94, E96, and
N100, respectively; see Supplemental Figure S1). On the other hand, our phylogenetic
reconstruction indicated that the predicted FvHP1 protein shares a recent common ancestor
with FgHP1 protein, the HP1 family member encoded by F. graminearum. This result is
consistent with the close evolutionary relationship of these fungal species [61,62]. Our
analyses, based on sequence similarity and phylogenetic reconstruction, strongly suggest
that FvHP1 is a putative protein belonging to the HP1 family and is orthologous to the HP1
protein of F. graminearum. This report provides the first characterization of a member of the
HP1 family in F. verticillioides.

The sequence analysis performed in the present study shows that FvHP1 retains the aa
residues necessary to ensure CD functionality, at least for recognizing histones epigenetic
marks. However, its specific role in F. verticillioides metabolism needs to be elucidated.
While a basal function can be attributed to all members of the protein family, HP1 ap-
pears to have a species-specific role that depends on the molecular environment at the
chromosomal level [24,28,63], a phenomenon reflected across different fungal species. We
found that deleting the FvHP1 gene impairs the vegetative growth of the fungus and its
clonal reproduction, specifically the production of microconidia. This is in agreement with
what was reported by Freitag et al. [56], who demonstrated a similar role for HP1 in the
vegetative growth of Neurospora crassa. Furthermore, our results are consistent with those
obtained by Gu et al. [32], which showed that the KHMTase FvDimb5, responsible for methy-
lating the K9 residues in histone 3 (allowing the FvHP1 protein to recognize the epigenetic
mark), plays a role in normal vegetative growth and microconidia production in F. verti-
cillioides [32]. In contrast, only a slight reduction in radial growth was observed when the
HP1 encoded gene was deleted in Epichloé festucae [64], and no defect in vegetative growth
was discernible in HP1 deletion mutants in F. graminearun [35], Aspergillus nidulans [34],
and Botrytis cinerea [55]. The reduced vegetative behavior was accompanied by a decrease
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in the fungal virulence of F. verticillioides in its natural host. All quantitative infection signs
evaluated in our study (root and stem growth, and leaf lesions) indicated that pathogenic
behavior appears to be impaired with the deletion of the FvHP1 gene. In agreement with
this result, it was determined that the normal expression of the FuDim5 gene is necessary
to maintain the pathogenic behavior of F. verticillioides [32]. Our experimental approaches
allowed us to evaluate the natural colonization capability of fungi on maize tissues. The
radicle length assay and stem growth rate under phytotron-hydroponic conditions were
conducted to simulate fungal infection by allowing microconidia to adhere to the kernel
surface. The germination of the conidia likely occurred outside the plant tissues, with
hyphae colonizing interstitial and cellular spaces and breaking physical plant barriers to
initiate a systemic infection. In the greenhouse assay, we focused on the infection caused by
the massive germination of conidia within the plant tissues. Here, infection was facilitated
because the hyphae did not have to penetrate the cuticles and plant epidermises. Both
infection strategies resulted in significantly reduced pathogenic behavior. This likely stems
from the impaired vegetative growth and reduced microconidia production. The ability
of F. verticillioides to behave as an endophyte or pathogen/parasite depends on its growth
mode in the host, which in turn depends on the genotype of both the specimens and the
environment [3,58,65].

£
z g
© KDM (
= 2
2 S
i= FvDHn) FvHPW o
o 2
= 3
3 (7}
=
H >
@  Lysine 9 of histones H3 | reduction redyction increase reduction
r Methyl group € A
f FVHP1 \ .
Growth and‘ conidiation Pathogenicity Dark red pigments FB1 production

Figure 7. Schematic representation of the role of putative FvHP1 in heterochromatin formation
and the biological effects of its absence. In the euchromatin state, the di- and tri-methylation of the
deacetylated K9 of histone H3 is catalyzed by the specific methyltransferase FvDim5. This epigenetic
mark is recognized by the putative FvHP1 protein, which contributes to chromatin compaction. The
deletion of FvHP1 negatively affects vegetative growth, conidiation, virulence, and FB1 production,
while simultaneously increasing the accumulation of dark red pigments.

Mycotoxins are regarded as species-specific FSM and their role in pathogenic behavior
has been previously established in F. verticillioides through the production of fumonisins,
with FB1 being a key factor involved in its pathogenicity [66-69]. We investigated the effect
of deleting the FvHP1 gene on FB1 production. As expected, the deleted strain showed
no FB1 production under non-FBl-inductive conditions (CDB medium), but reduced
production was observed under FBl-inductive conditions (GYAM medium). Visentin
et al. [70] revealed that histone acetylation acts as a positive regulator of the FUM1 and
FUM?21 genes by utilizing a standard histone deacetylase inhibitor (trichostatin A, TSA) in
the fungus cultured on CDB medium. It is pertinent to remember that a hyperacetylated
state of chromatin is related to its euchromatin form (non-compact and transcriptionally
active chromatin). However, no increase in FB1 production was recorded since the FUMS§
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gene, which encodes an aminotransferase required to form the biologically active FB1,
was downregulated under TSA treatment [70]. The non-production of FB1 measured in
CDB medium in both experimental studies (ours and 65) suggests that FB1 BGC is under
another regulatory mechanism and the chromatin state is of secondary relevance in this
specific non-inducing condition. Other regulatory mechanisms could be involved, such
as the broad-domain transcription factor PAC1, which is implicated in the repression of
FB1 synthesis under alkaline conditions like CDB medium [71]. On the other hand, the
results obtained under FB1-inducing medium demonstrated that the deletion of FvHP1
had a negative effect on FB1 production. This effect was unexpected because the presumed
chromatin state in our deleted fungus would be lax and transcriptionally active. This result,
however, is in line with the decrease in virulence observed in mutant F. verticillioides. Corn
tissues create a conducive environment for hyphal growth and promote the production of
fumonisins, similar to the GYAM medium (in vitro method). Therefore, despite the lack of
quantification of FB1 in plant tissue (no assay performed), it is known that FB1 is produced
by F. wverticillioides whether it behaves as a parasite or endophyte [58].

In contrast to our findings, Gu et al. [32] demonstrated that the deletion of FvDim5
had a positive effect on FB1 production in maize kernels. However, this discrepancy
could be due to the fact that FB1 evaluation was performed under different environmental
conditions (GYAM medium and maize kernels). To assess the impact of FvHP1 deletion
on the chromatin conformation and methylation level near the promoters of genes in the
FB1 BGC, a chromatin immunoprecipitation assay should be conducted. Nevertheless,
we preliminarily demonstrate that the production of FB1 is partially regulated by FvHP1,
which aligns with the previously mentioned decrease in virulence. To fully understand the
regulation of FB1 biosynthesis, it is essential to conduct an in-depth study of the interactions
between specific and broad-domain transcription factors, as well as the acetylation and
methylation patterns of the K9 residue on the H3 protein. Ultimately, our results achieve
the goal of phenotypically characterizing the absence of the FvHP1 gene and assessing the
functionality of the FvHP1 protein at the organismal level in F. verticillioides, particularly
concerning FB1 biosynthesis.

The intense red pigmentation observed in AFvHP1 strains suggested that the synthe-
sis of certain secondary metabolites in F. verticillioides might be regulated by conforma-
tional/condensation state of the chromatin. It is necessary to emphasize that the BGC
responsible for producing these deep red pigments appears to be primarily regulated
by the chromatin conformation, unlike the cluster responsible for synthesizing FB1. The
role of reversible histone modifications affecting chromatin structure in the regulation of
the synthesis of various FSMs, such as fungal pigments, has been demonstrated in other
fungal species [35]. To date, two different types of pigments have been reported in F. verti-
cillioides: bikaverin and the uncharacterized fusarubin-type naphthoquinones associated
with perithecium dark pigmentation [11,13] Here, we delved deeper into elucidating the
chemical nature of these red pigments. In total, we found that three naphthoquinone-like
pigments were highly accumulated in F. verticillioides AFvHP1 grown in CDB medium. On
the other hand, bikaverin was not detected under these growth conditions. This is not
surprising because CDB is an alkaline medium, and bikaverin biosynthesis is known to
be repressed in alkaline conditions by the regulatory factor PAC1 [72,73]. Analysis of the
accurate m/z ratio (mass error < 5 ppm), fragmentation pattern, and absorption spectra of
the three metabolites enabled us to identify 8-O-methylnectriafurone as one of the pigments
highly accumulated in the AFvHP1 strain. Although the other two naphthoquinone-like
metabolites that highly accumulated in the FvHP1 gene deletion mutant could not be fully
identified, their accurate m/z ratio and fragmentation patterns were similar to that of
8-O-methylnectriafurone. These results suggest that they are structurally related to 8-O-
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methylnectriafurone. Prior to the present report, the production of 8-O-methylnectriafurone
by F. verticillioides had not been documented, to the best of our knowledge. However, this
metabolite was previously found to be a component of pigments in the perithecium of F.
fujikuroi [13]. In this work, we provide the first evidence regarding the chemical structure
of the perithecium dark pigments in F. verticillioides.

The perithecium pigments of F. fujikuroi and F. graminearum are different. They belong
to the chemical family of fusarubins and bostrycoidins, respectively. The similarity between
the chemical structures of the perithecium pigments found in this study and those reported
for F. fujikuroi suggests that the perithecium pigments in F. verticillioides are fusarubins and
originate from the seven-member gene cluster named PGL1. Bioinformatic studies using
genomic data could further support this hypothesis. Sequence alignment by Frandsen
et al. [74] showed that the putative PGL1 BGC of F. verticillioides exhibited high similarity
to those of F. fujikuroi and F. graminearum. Specifically, a synteny region exists in the
PGL1 BGCs of F. verticillioides and F. fujikuroi, where the six homologous core genes of
the cluster conserve both their relative positions and orientations in the two species [74].
One of these core genes, PGL1, encodes a seven-domain non-reducing polyketide synthase
(NR-PKS) highly conserved in F. verticillioides and F. fujikuroi [13]. These NR-PKSs are
predicted to form a fusarubin-type naphthoquinone structure by condensing seven acetyl-
CoA units, which constitutes the chemical backbone of 8-O-methylnectriafurone [11,13].
On the other hand, in F. graminearum, there is an extra gene in its PGL1 BGC, the PgIL
gene, which is absent from the homologous region in the F. fujikuroi and F. verticillioides
PGL BGCs [74]. Consequently, in the case of F. graminearum, the intermediate metabolite
produced by the NR-PKS of the PGL BGC, 6-O-demethylfusarubinaldehyde, undergoes
different secondary chemical modifications, leading to the formation of bostrycoidins
instead of fusarubin structures.

Finally, although the chemical structure of the perithecium pigments of F. verticillioides
has not been completely determined, our identification of 8-O-methylnectriafurone and
related chemical compounds, combined with evidence from bioinformatic studies using
genomic data from evolutionarily related species, provides sufficient evidence to propose
their origin in the fusarubin chemical pathway coded by the PGL1 BGC. This pathway
appears to be regulated by the FvHP1-mediated conformational state of the chromatin.
The PGL1 BGC of F. verticillioides is located sub-telomerically, meaning it is expected to
be transcriptionally repressed by facultative heterochromatin during the vegetative state.
The identification of these pigments as highly accumulated in the AFvHP1 strain provides
evidence to support the hypothesis that in F. verticillioides, the PGL1 BGC is repressed
during vegetative growth through the formation of facultative heterochromatin mediated
by FvHP1 activity. In agreement with our results, a previous study reported by Reyes-
Dominguez et al. [35] demonstrated the involvement of FgHP1 in the negative regulation
of aurofusarin biosynthesis by F. graminearum.

Given that in other fungal species these pigments, fusarubin-type naphthoquinones,
including 8-O-methylnectriafurone, have been associated with perithecium pigmenta-
tion [13,74] and the protection of ascospores (inside the perithecium) from ultraviolet
light and the reactive oxygen species [75], the involvement of FvHP1 in regulating these
fusarubins metabolites found in our work suggests that changes in chromatin conformation
could play a role in regulating the sexual state in F. verticillioides (or Gibberella fujikuroi
MP A, its teleomorph state). This hypothesis aligns with the findings of Cam et al. [14],
who discovered that proteins homologous to HP1 are strongly associated with mating in
Schizosaccharomyces pombe. Additionally, this corresponds with the observation that these
pigments not only color the perithecia but are also believed to play a role in maintaining
the structural integrity of perithecia in F. fujikuroi [13]. Furthermore, this is in agreement
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Abstract: Fusarium oxysporum is one of the main pathogens causing rice seedling blight
disease. Revealing its pathogenic mechanism is of great significance for formulating
prevention and control strategies for rice seedling blight disease. Copper transporting
P-type ATPases (Cu-ATPase) is a large class of proteins located on the plasma membrane
that utilize the energy provided by ATP hydrolysis phosphorylation to transport substrates
across the membrane. It plays a crucial role in signal transduction, the maintenance of
cell membrane stability, and material transport. The main function of Cu-ATPase is to
maintain the homeostasis of copper in cells, which is essential for the normal growth and
development of organisms. This study utilized the ATMT-mediated gene knockout method
to obtain the knockout mutant AFoCrpA and the complementation strain AFoCrpA-C, which
are highly homologous to the P-type heavy metal transport ATPase family in F. oxysporum.
The results showed that, compared with the wild-type strain, the knockout mutant AFoCrpA
had a lighter colony color; a reduced tolerance to copper ion, osmotic, and oxidative stress;
a weakened ability to penetrate glass paper; and decreased pathogenicity. However, there
was no significant difference in pathogenicity and other biological phenotypes between
the complementation strain AFoCrpA-C and the wild-type strain. In summary, the FoCrpA
gene is involved in osmotic and oxidative stress, affecting the invasion and penetration
ability and pathogenicity of F. oxysporum, laying a theoretical foundation for understanding
the development and pathogenic mechanism of F. oxysporum.

Keywords: Fusarium oxysporum; rice seedling blight; copper-transporting phosphorylating
ATPase; pathogenicity

1. Introduction

Rice seedling blight poses a significant threat to global rice production, resulting
in substantial losses in yield and quality [1,2]. This disease, which is among the most
important rice seedling diseases, is caused by a diverse array of pathogens, including
Fusarium spp. [3,4], Burkholderia plantarii [5], Rhizoctonia solani [6], Marasmius graminum [7],
Pythium aristosporum [8], and Cochliobolus carbonum [9]. In Northeast China, Fusarium oxys-
porum has emerged as the predominant pathogen responsible for rice seedling blight [10].
Given the scarcity of effective resistant rice varieties, chemical fungicides have become
one of the most widely used methods for controlling this disease [11]. However, the pro-
longed application of chemical fungicides has led to the development of drug resistance in
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F. oxysporum [12-15]. Consequently, investigating the functions of pathogenesis-related
genes in F. oxysporum is essential for elucidating its pathogenic mechanisms and developing
sustainable control strategies.

Copper is an essential micronutrient for the normal physiological activities of living
organisms. It serves as a component and active site in various redox reaction proteins,
such as superoxide dismutase and cytochrome C oxidase, and is involved in numerous
biological processes and metabolic activities, including photosynthesis, electron transfer,
protein synthesis, and the alleviation of oxidative stress [16]. Copper ions play a crucial role
in maintaining the metabolism and normal development of organisms [17]. Both copper
deficiency and excess can be detrimental; copper ion deficiency can impair the activity
of enzymes that rely on copper ions as a cofactor, thereby affecting cell survival [18]. In
contrast, excessive copper ions can cause lipid and protein peroxidation, generating large
amounts of reactive oxygen species that disrupt cell structure, impair cell division, and
damage enzymatic systems [19]. Additionally, excess copper ions can react with cellular
thiols, displacing other metals in proteins and causing oxidative damage at the nucleic
acid level [20]. Cu-ATPase, a large class of membrane proteins located on the plasma
membrane, utilizes the energy from ATP hydrolysis to transport substrates across the mem-
brane. It plays a vital role in signal transduction, maintaining cell membrane stability, and
facilitating substance transport [21]. Cu-ATPase comprises five subfamilies that transport
different substrates. Among them, the P1B-type ATPase (Heavy Metal ATPase, HMA)
is a subfamily of P-type ATPase that selectively absorbs and transports essential metal
ions such as Cu*, CuZ*, Zn?*, Co?*, and Cd%* [22]. The primary function of Cu-ATPase in
HMA is to maintain cellular copper homeostasis, which is critical for normal growth and
development [23]. In some pathogenic fungi, Cu-ATPase is required for normal growth,
reproduction, and effective host invasion. For instance, in the filamentous plant pathogen
Cochliobolus heterospira, mutation of the ChCcc2 gene significantly affects its growth rate,
pigmentation, spore count, and colony morphology [24]. In the pathogen Colletotrichum
lindemuthianum, a knockout mutant of the clapl gene exhibited similar nutritional growth
and spore formation as the wild type but displayed lighter pigmentation, fewer appressoria,
and no disease symptoms [25]. In the ubiquitous fungus Aspergillus flavus, the deletion of
CrpA and CrpB resulted in reduced toxicity to mice and a diminished colonization ability
on corn seeds treated with copper fungicides [26]. Despite these findings, the role of
Cu-ATPase in the pathogenicity of F. oxysporum remains poorly understood, necessitating
further investigation into its specific mechanisms and impact on virulence.

Previously, we identified multiple pathogenesis-related genes, including FoCrpA, using
a T-DNA insertion mutant library of the rice seedling blight fungus F. oxysporum. Through
integrated bioinformatics characterization of the FoCrpA-encoded protein and functional
validation via Agrobacterium tumefasciens-mediated transformation (ATMT)-based homolo-
gous recombination, this study systematically investigated the biological role of FoCrpA
in F. oxysporum. Our approach enabled comprehensive evaluation of FoCrpA influence on
fungal adaptive mechanisms, particularly focusing on stress response pathways and viru-
lence regulation. These findings advance our understanding of F. oxysporum pathogenicity
determinants, reveal promising molecular targets for next-generation antifungal agents,
and provide theoretical foundation for developing novel disease management strategies
against rice seedling blight.

2. Materials and Methods
2.1. Fungal Strains, Rice Variety, Plasmids

The F. oxysporum wild-type strain Fo21, originally isolated from symptomatic rice
seedlings exhibiting rice seedling blight in Heilongjiang Province, China, served as the
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progenitor for genetic manipulation. All fungal strains including WT Fo21, AFoCrpA
mutants, and complemented strain AFoCrpA-C were maintained on potato dextrose
agar (PDA: 200 g/L potato, 20 g/L glucose, 15 g/L agar). The rice cultivar Longjing 31
(O. sativa subsp. japonica), provided as pathologically certified seeds by the Phytopathol-
ogy Laboratory of Northeast Agricultural University (Harbin, China). Agrobacterium
tumefaciens AGL-1 was gifted by Professor Zhang Shihong of Jilin University. Escherichia
coli DH5a was gifted by Professor Qin Qingming of Jilin University. The plasmid pXEH
was gifted by Professor Li Guihua from Jilin University, which contains the hygromycin B
resistance gene and is used for gene knockout. The plasmid pSUL was gifted by Professor
Zhang Shihong from Jilin University, which contains the resistance gene Chlorpyriprone
and is used for gene complementation.

2.2. Protein Sequence Analysis and Phylogenetic Reconstruction

The coding sequence of FoCrpA (GenBank accession: XP_018237293.1) was retrieved
from the NCBI RefSeq database. Functional domain architecture was resolved through com-
plementary analyses usingNCBI Conserved Domain Database (CDD) and SMART. Orthol-
ogous CrpA sequences from 15 taxonomically diverse Ascomycete fungi were downloaded
from GenBank. Multiple sequence alignment and the maximum-likelihood phylogenetic
tree was reconstructed in MEGA?7.0 with 1000 bootstrap replications.

2.3. Targeted Gene Disruption and Complementation

Gene knockout and complementation were performed via Agrobacterium tumefa-
ciens-mediated transformation (ATMT) using the binary vector system [27,28]. FoCrpA
disruption mutant was generated by amplifying upstream and downstream flanking
regions of FoCrpA from wild-type Fo21 genomic DNA using primers FoCrpA-UP-F/R
and FoCrpA-DN-F/R. The plasmid pXEH was linearized with EcoRI, and the upstream
fragment was ligated into the EcoRI site via ligation-independent cloning (Takara
Bio). Recombinant plasmid pXEH-CUP was transformed into E. coli DH5« and val-
idated by colony PCR (primers FoCrpA-UP-F/Hup-R). The downstream fragment
was subsequently inserted into the Sall site of pXEH-CUP, yielding the final knockout
vector pXEH-C. Following Agrobacterium tumefaciens AGL-1-mediated transformation
with Fo21 conidia (1 X 100 spores/mL), transformants were selected on PDA contain-
ing 80 pg/mL hygromycin B, 300 pg/mL carbenicillin, and 150 pg/mL cefotaxime.
Putative mutants were subcultured thrice and validated via multiplex PCR: HPH
integration (Hyg-F/R, 1.2 kb), homologous recombination junctions (Cup-F/Hup-R:
800 bp; Hdn-F/Cdn-R: 750 bp), and FoCrpA knockout confirmation (FoCrpA-F/R,
no amplification).

The complementation fragment C-FoCrpA (4880 bp), encompassing the full-length
FoCrpA gene, was amplified using primers C-FoCrpA-F/R and purified. Plasmid pSUL
was digested with BamHI, and the C-FoCrpA fragment was ligated into the BamHI site.
The resultant complementation vector pSUL-C was validated through colony PCR, BamHI
restriction digestion, and sequencing. pSUL-C was introduced into Agrobacterium tume-
faciens AGL-1 and co-cultivated with AFoCrpA conidia. Transformants were selected on
chlorimuron-ethyl-supplemented medium and verified by PCR amplification using primers
FoCrpA-F/R. Successfully complemented strains, designated AFoCrpA-C, were confirmed
by restored FoCrpA amplification. Mutants were verified by PCR and qRT-PCR. PCR
amplification was performed in a 10 pL reaction volume containing: 5 uL 2 x Taq PCR
Master Mix, 0.4 uL FoCrpA-F, 0.4 uL FoCrpA-R, 0.4 uL strains DNA, 3.8 uL ddH,O to adjust
the final volume. PCR (Bio-rad T100, Hercules, CA, USA) amplification was conducted
under the following thermocycling conditions: initial denaturation at 94 °C for 5 min,

91



J. Fungi 2025, 11, 317

followed by 30 cycles of denaturation (94 °C, 30 s), annealing (55 °C, 30 s), and extension
(72 °C, 1 min), with a final elongation step at 72 °C for 10 min. The ChamQ Universal SYBR
qPCR Master Mix (Vazyme, Nanjing, China) was used to perform quantitative real-time
PCR (qRT-PCR), and qRT-PCR assays ran on a QuantStudio™5 real-time PCR system.
qRT-PCR reaction system was performed in a 20 pL reaction volume containing: 2xFast
qPCR Master Mixture(Green) 10 puL, Actin-F/FoCrpA-F 0.5 uL, Actin-R/FoCrpA-R 0.5 uL,
DNA template 1 pL, DEPC-ddH,0O 8 uL. qPCR amplification was conducted under the
following thermocycling conditions: initial denaturation at 94 °C for 2 min, followed by
40 cycles of denaturation (94 °C, 15 s), annealing (60 °C, 15 s), and extension (72 °C, 45 s).
Data analysis was carried out using the delta delta-CT (2~*4t) method outlined by Livak
and Schmittgen [29]. The primer sequences used are shown in Table 1.

Table 1. Primers used in this study.

Primer Name Primer Sequence
Hyg-F TCGCCCTTCCTCCCTTTATTTCAG
Hyg-R CTACACAGCCATCGGTCCAGAC
SuR-F CTCTCCGTTGCTTATCCTTGCCTA
SuR-R CGCCATCACTACGCCTTGTCTT
FoCrpA-UP-F GATCTTCACTAGTGGGAATTCCCCGTGATGATTTGCCCAATGAAT
FoCrpA-UP-R TTGGGTACCGAGCTCGAATTCCGCCATGTTGACTGCTGTGAGA
FoCrpA-DN-F TGGGGATCCTCTAGAGTCGACTGGTATTGGCAGTGGTAGTGTTGG
FoCrpA-DN-R CTTGCATGCCTGCAGGTCGACCCGACGGAGGATCAAGATGTAAGC
Hup-R TGCTCACCGCCTGGACGACTAA
Hdn-F TGGACCGATGGCTGTGTAGAAGT
Cup AGGCTTGGAGGAGAATGGTTGG
Cdn AAGCCTTCCTTACGCCTGATGATG
FoCrpA-F TGCTCACCGCCTGGACGACTAA
FoCrpA-R TGGACCGATGGCTGTGTAGAAGT
C-FoCrpA-F CCGGGTACCGAGCTCGAATTCCCGTTGCTCTGCCGTATCTTGAA
C-FoCrpA-R AGCTGTCAAACATGAGAATTCAAGCCTTCCTTACGCCTGATGATG
Actin-F GTTGCCTGAGACTTGACGACGAT
Actin-R CTCCTCCGAACCATCCGCTACA

2.4. Phenotype Analysis

Myecelial plugs (5 mm diameter) from Fo21, AFoCrpA, and AFoCrpA-C were placed
on PDA plates. For colony morphology, plates were incubated in the dark at 25 °C for
7 days, and then colony diameter and morphology were measured [11]. For mycelial dry
weight and culture color, mycelial plugs were inoculated into 100 mL PDB medium and
incubated at 180 rpm at 25 °C for 2 days. Culture color was observed, and hyphae were
collected by centrifugation at 10,000 rpm for 15 min, dried at 80 °C to constant weight,
and weighed. For copper ion stress, mycelial plugs were incubated on PDA plates with
0mM, 0.25 mM, 0.5 mM, and 1 mM CuSOy in the dark at 25 °C for 5 days. For conidial
production and germination, mycelial plugs were inoculated into 50 mL PDB medium
incubated at 180 rpm at 25 °C for 2 days. Then, 100 uL suspension (1 x 10® spores/mL)
was inoculated into 40 mL germination medium (GM: 20 g Sucrose, 1 g NaNO3, 0.5 g
KH,POy4, 0.5 g NaCl, and 0.5 g MgSO, in 1 L of distilled water) in a shaker at 180 rpm at
25°Cfor 6 h, 9 h, and 12 h to calculate percentage of conidial germination. For stress
response, mycelial plugs were placed on PDA plates amended with 1 M sorbitol, 0.5 M
NaCl, 0.03% SDS, 1 mM Congo red, and 10 mM H,0O, and incubated in the dark at 25 °C
for 5 days. For penetration capacity evaluation, cellophane membranes were overlaid
on PDA plates. Post 48 h colonization, membranes were aseptically removed to assess
substrate penetration through residual colony development during extended incubation
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(24 h). The colony diameters were measured after being incubated and the inhibition
rates of various stress factors were calculated. Each experiment was repeated three times.

2.5. Toxicity Assays with Culture Filtrates and Pathogenicity Assay

Next, 5 mm myecelial plugs from Fo21, AFoCrpA, and AFoCrpA-C strains were cul-
tured in 100 mL PDB medium (25 °C, 100 rpm, 7 d). The culture was filtered, centrifuged
(4000 rpm, 15 min), and the supernatant filtered through 0.22 pm membranes to obtain
crude toxin extract. The surface-sterilized (70% ethanol, immersed for 1 min) rice seeds
were incubated with the extract (PDB medium as control) under 25 °C light for 5 d. Ger-
mination rate and shoot lengths were determined using three biological replicates, each
containing fifty rice seeds. For germination assessment, seeds with radicle emergence
> 2 mm were considered germinated. Shoot length was measured from coleoptile base
to tip using digital calipers.

Rice seeds were surface-sterilized with 70% ethanol for 1 min, rinsed 3 times with
sterile water, and subjected to germination pretreatment on sterile filter paper at 25 °C
for 2 days. Spore suspensions of Fo21, AFoCrpA, and AFoCrpA-C strain were prepared,
and conidial concentrations were adjusted to 1 x 10° conidia/mL. Germinated seeds
were soaked in the conidial suspensions for 30 min, with sterile water as the control,
then sown in pots on top of potting soil (vermiculite/soil ratio of 1:2) and covered with
autoclaved sterile soil. Disease progression was observed after 14 days of incubation
at 25 °C. Each treatment consisted of 50 rice plants with three replicates. Disease index
was calculated based on rice seedling blight grading standards from previous research
using a scale from 0 to 4, defined as follows [30]: 0 = no symptoms; 1 = a few small
lesions below 1/4 of the stem circumference; 2 = large lesions occupying 1/4-1/2
of stem circumference; 3 = large lesions occupying 1/2-3/4 of stem circumference;
4 = lesions occupying all stem circumference and plant die. The disease index was
calculated as follows: ) (No.of diseased plants x relative grade) x 100/ (total No. of
investigated plants x the highest grade).

2.6. Statistical Analysis

All experiments were performed at least thrice using independent assays. One-way
analysis of variance (ANOVA) was conducted using SPSS (version 22.0 for windows, 2013,
IBM, Armonk, NY, USA). The statistical significance of data comparisons was performed
between the wild type Fo21 and the deletion mutants with one-way analysis of variance
(ANOVA), followed by Duncan’s multiple range test. Values of p < 0.05 were labeled as
statistically significant.

3. Results
3.1. Identification of FoCrpA from F. oxysporum

Bioinformatic analysis of FoCrpA using the NCBI Conserved Domain Database (CDD)
identified its C-terminal region (residues 371-1081) as a canonical member of the P-type
ATPase superfamily (PF00122), specifically classified as a heavy metal-transporting ATPase
(HM-ATPase). Subsequent SMART analysis further resolved three conserved functional mod-
ules: (i) N-terminal HMA domain (PF00403, aa 45-86): A 3«3 metal-binding fold critical
for heavy metal ion recognition and chelation. (ii) Central E1-E2_ATPase domain (PF00122,
aa 210450): Characteristic catalytic core of P-type ATPases, comprising E1 ATP-binding
subdomain (aa 210-320) with conserved DKTGT phosphorylation motif and E2 transmem-
brane ion translocation subdomain (aa 350-450) containing CPC metal coordination residues;
(iii) C-terminal Hydrolase_3 domain (PF13343, aa 500-620): A HAD-family phosphatase
module potentially regulating ATPase autoinhibition (Figure 1A). Phylogenetic reconstruc-
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tion using maximume-likelihood methods (MEGA?7.0) of 15 ascomycete orthologs revealed
strong clustering of F. oxysporum FoCrpA with F. oxysporum £. sp. lycopersici (XP_018237293.1,
99% identity), forming a distinct clade from Fusarium odoratissimum (XP_031071559.1) and
Fusarium redolens (XP_046053860.1), while the protein from other fungi displays low similarity
with homologous proteins (Figure 1B). This phyletic pattern suggests vertical inheritance of
FoCrpA within the Fusarium genus, with functional conservation in metal homeostasis.

Low-complexity

o *100aa
Plam | Pfam Pfam
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Figure 1. Functional domain architecture and phylogenetic analysis of FoCrpA in F. oxysporum. (A) Do-
main prediction of FoCrpA via the SMART database identified three conserved motifs: 1. Pfam: HMA
(Heavy Metal-Associated) domain (aa 45-86): A 3-sandwich fold critical for heavy metal ion binding
and transport, conserved across prokaryotic and eukaryotic metal transporters. 2. Pfam: E1-E2_ATPase
(aa 210450): Characteristic of P-type ATPases, featuring an ATP hydrolysis module (E1, aa 210-320) for
energy release and a transmembrane ion translocation module (E2, aa 350-450). 3. Pfam: Hydrolase_3
(HAD-like) (aa 500-620): A haloacid dehalogenase superfamily domain catalyzing phosphatase/hydrolase
reactions, potentially linked to metal cofactor metabolism. (B) Maximum-likelihood phylogenetic tree
of FoCrpA homologs across 9 Fusarium species and 6 other fungal species, reconstructed with MEGA?7.0
(1000 bootstrap replicates).

3.2. Generation of FoCrpA Deletion Mutants and Complementation Assay

FoCrpA was deleted using a homologous recombination strategy (Figure 2A). The
gene knockout vector pXEH-C was transferred into Agrobacterium tumefaciens AGL-1 to
transform the wild-type Fo21 strain. The FoCrpA gene in F. oxysporum was replaced with the
hygromycin resistance gene via homologous recombination (Figure 2A). Four primer pairs
(Hyg-F/Hyg-R, Cup-Hup-R, Hdn-F/Cdn, FoCrpA-F/FoCrpA-R) were used to validate the
knockout mutant over three generations (Figure 2B). The results showed that two mutants
successfully integrated the hygromycin resistance gene (detected by Hyg-F/Hyg-R). The
upstream (1531 bp) and downstream (1102 bp) fragments of FoCrpA were correctly inte-
grated in two mutants (validated by Cup-Hup-R and Hdn-F/Cdn). Three mutants lacked
the FoCrpA gene (confirmed by FoCrpA-F/FoCrpA-R). These results confirmed the success-
ful knockout of the FoCrpA gene, and the mutant was named AFoCrpA.The FoCrpA locus
(4880 bp) was cloned from Fo21 into pSUL via BamHI, generating complementation vector
pSUL-C (PCR/restriction-verified). Agrobacterium tumefasciens-mediated transformation of
pSUL-C into AFoCrpA restored the target fragment (867 bp PCR-amplified in complemented
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strain AFoCrpA-C and WT, absent in AFoCrpA), confirming genetic complementation
(Figure 2C). Transcriptional validation via qRT-PCR using the internal reference gene
[-actin as a control demonstrated complete abolition of FoCrpA expression in AFoCrpA
(expression level <0.01% of wild-type Fo21, normalized to 1), with full transcriptional
restoration observed in the complemented strain AFoCrpA-C (Figure 2D). This indicates
that FoCrpA was disrupted successfully in AFoCrpA and reintegrated in AFoCrpA-C.

A WT UpP FoCrpA DN
Fo(‘rpA.-F FoCrpA-R
‘llup-R Hdn-l{.
pXEH-C | Up HPH DN -
Cup I ) Cdn
Hyg-F l Hyg-R
AFoCrpA UP HPH DN
B HPH Up-FoCrpA-Down FoCrpA

3 4 5 M 1 2 3 4 5 M 1 2 3 4 5 6
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7soopl 1 J -

Relative expression of FoCrpA

Figure 2. FoCrpA gene knockout strategy; PCR and qRT-PCR validation of knockout mutants and
complementation strains. (A) FoCrpA gene knockout strategy. (B) PCR validation of HPH gene
(M: DL2000 Ladder DNA Marker; 1-3: Mutant; 4: Fo21; 5: pXEH; 6: ddH;0); PCR validation of
the two side fragments of FoCrpA gene (M: DL2000 Ladder DNA Marker; 1-3: mutant; 4: Fo21;
5: ddH,0O); PCR validation of FoCrpA gene (M: DL5000 Ladder DNA Marker; 1-3: Mutant;
4: pXEH; 5: ddH,O; 6: Fo21). (C) C-FoCrpA gene fragment (M: 1 kb Ladder DNA Marker); pSUL-
C enzyme digestion validation (M: 1 kb Ladder DNA Marker); PCR validation of AFoCrpA-C (M:
DL5000 Ladder DNA Marker; 1-2: complementation mutant; 3: AFoCrpA; 4: Fo21; 5: ddH,0).
(D) Expression analysis of FoCrpA in WT Fo21 and its mutants strains with qRT-PCR. Duncan’s
multiple range test was performed to determine significant difference, ** p < 0.01.

3.3. Effects of FoCrpA on Vegetative Growth and Conidiogenesis

Colony phenotypic characterization of FoCrpA and its mutant strains demonstrated that
wild-type Fo21 and its mutant strains exhibited similar spreading growth patterns with com-
parable radial expansion rates, while AFoCrpA colonies displayed significant pigmentation
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attenuation compared to the wild-type Fo21 and complemented strains, which showed in-
distinguishable colony coloration (Figure 3A). For the color of the liquid culture, AFoCrpA
also produced visibly lighter extracellular pigments than wild-type and complemented strains
(Figure 3B). Liquid cultures grown in PDB medium revealed no significant differences in
mycelial biomass accumulation among strains (Figure 3C), demonstrating that FoCrpA dele-
tion does not impair hyphal growth under standard nutrient conditions. Tolerance assays
on CuSOy-supplemented PDA (0-1 mM) demonstrated that AFoCrpA exhibited significant
growth suppression at 0.5 mM and complete growth arrest at 1 mM CuSO,, whereas wild-type
and complemented strains maintained partial viability (Figure 3D). Conidial production and
germination were similar between WT Fo21 and its mutant strains (Figure 3E,F). These results
demonstrate that FoCrpA specifically modulates pigment biosynthesis and copper ion home-
ostasis in F. oxysporum, while exhibiting no significant regulatory effects on mycelial biomass
accumulation, conidiogenesis, or conidial germination.
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Figure 3. Phenotypic analysis of FoCrpA and its mutant strains. (A) Colony phenotypic charac-
terization of Fo21, AFoCrpA, and AFoCrpA-C on PDA plates after incubation of 7 days at 25 °C.
(B) Observing culture color of Fo21, AFoCrpA, and AFoCrpA-C strains grown in 100 mL PDB in a
shaker at 180 rpm at 25 °C for 2 days. (C) Mycelial biomass was measured by determining the
dry weight of Fo21, AFoCrpA, and AFoCrpA-C strains grown in 100 mL PDB in a shaker at 180 rpm
at 25 °C for 3 days. (D) Colony morphology of Fo21, AFoCrpA, and AFoCrpA-C under Cu stress,
amended with CuSOy at different concentrations indicated in the figure and cultured at 25 °C for
5 days. (E) Conidial production of Fo21, AFoCrpA and AFoCrpA-C grown in 50 mL PDB in a shaker at
180 rpm at 25 °C for 2 days. (F) Conidial germination was compared between Fo21 and its mutants
by re-suspending the conidia in 40 mL liquid GM in a shaker at 180 rpm at 25 °C for 6 h, 9 h, and 12 h.
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3.4. Response of FoCrpA to Stress Agents

To investigate the regulatory role of FoCrpA in environmental stress adaptation of
F. oxysporum, comparative phenotypic analyses were performed using wild-type Fo21,
AFoCrpA, and AFoCrpA-C on PDA plates supplemented with different stress agents, in-
cluding NaCl and sorbitol (osmotic stresses), SDS and CR (cell wall stresses), and HyO,
(oxidative stress). After five-day incubation at 25 °C, the AFoCrpA mutant displayed signif-
icantly impaired growth under osmotic and oxidative stress conditions compared to the
wild-type Fo21 and complemented strain AFoCrpA-C, while maintaining wild-type-level
sensitivity to cell wall stressors (Figure 4A,B). These data collectively demonstrate that
FoCrpA specifically modulates F. oxysporum’s tolerance mechanisms against osmotic and
oxidative challenges.

A Mock NaCl Sorbitol SDS H20-

60—
B . Fo21
K % 3 AFoCrpA
_— T
I EE AFoCrpA-C
Sad *
2 1 b **
o —
= L
2
S
E 204
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NaCl  Sorbitol SDS CR H,0,

Figure 4. Deletion of FoCrpA affects various stress response. (A) Colony growth of Fo21, AFoCrpA,
and AFoCrpA-C strains on PDA plates supplied with 0.5 M NaCl, 1 M sorbitol, 0.03% SDS, 1 mM
Congo red, or 10 mM H,O; after incubation of 5 days at 25 °C. (B) Inhibition rate of colony growth
by different stress factors. Error bars represent the standard error of mean. Duncan’s multiple range
test was performed to determine significant difference,* p < 0.05,** p < 0.01.

3.5. Culture Filtrates Toxicity from FoCrpA Mutants

Toxicity assessment using culture filtrates from Fo21 and its mutants revealed signif-
icant suppression of rice seed germination and germ length compared to the PDB blank
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A
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Fo21
AFoCpA

AFoCrpA-C

control (Figure 5A). Notably, no statistically significant differences in these germination
parameters were observed among filtrate-treated groups (Figure 5B,C). These findings
demonstrate that F. oxysporum secretes germination-inhibitory metabolites into the ex-
tracellular milieu, while crucially establishing that FoCrpA does not participate in the
biosynthesis or secretion of these toxic compounds.

B C

304

n
=]
L

Germ length(mm)
3

Seed germination rate (%)

L

Figure 5. Toxicity of culture filtrates from Fo21 and FoCrpA mutants on the growth of rice seeds.
(A) Culture filtrates of Fo21, AFoCrpA, and AFoCrpA-C strains caused defects in rice seeds growing.
PDB medium without culture filtrates was used as the blank control. (B) Differences of germ length
were examined after incubation under light at 25 °C for 5 days. (C) Seed germination rate was
compared between WT Fo21 and its mutants after incubation under light at 25 °C for 5 days. Error
bars represent the standard error of mean. Duncan’s multiple range test was performed to determine
significant difference,* p < 0.01.

3.6. Effect of FoCrpA Mutants on Pathogenicity

The infection—penetration assay conducted with Fo21, AFoCrpA, and AFoCrpA-C
strains demonstrated comparable growth patterns across all strains when cultured on PDA
plates overlaid with cellophane membranes. However, upon removal of the cellophane
barrier followed by 24 h incubation, Fo21 and AFoCrpA-C strains exhibited normal tissue
penetration capabilities, and AFoCrpA displayed significantly impaired colonization effi-
ciency, as evidenced by reduced colony diameter (Figure 6A). This phenotypic divergence
strongly suggests that FoCrpA plays a critical role in mediating host tissue invasion and
penetration processes in F. oxysporum.

Pathogenicity assay results showed that most of the stems of rice seedlings inoculated
with Fo21 and AFoCrpA-C strain turned brown, and some leaves turned yellow and wilted
with a disease index of 74.30 and 76.37, respectively (Table 2). However, rice seedlings
inoculated with AFoCrpA strain showed milder symptoms than those with Fo21 and
AFoCrpA-C (Figure 6B,C). The results suggest that the deletion of FoCrpA reduces the
pathogenicity of F. oxysporum.

Table 2. Disease index of the wild-type F. oxysporum Fo21 and mutant strains.

Stains Disease Index
Fo21 7430 £ 5.11a
AFoCrpA 4890 +4.85b
AFoCrpA-C 76.37 + 3.65a

Mean + SD was calculated from the results of three independent experiments. Values on the table followed by the
same letter are not significantly different at p < 0.01 according to Duncan’s multiple range test. Each experiment
was replicated three times.
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Figure 6. Pathogenicity of Fo21 and FoCrpA mutants on the stem base of rice seedlings. (A) Compari-

son of infection—penetration morphology caused by inoculation with Fo21, AFoCrpA, and AFoCrpA-C
strains on cellophane membranes after 3 days of incubation at 25 °C. (B) Differences of colony diam-
eter incubating 1 day at 25 °C after removing cellophane. (C) Disease symptoms on the stem base
of rice seedlings observed at 14 dpi wtih Fo21, AFoCrpA, and AFoCrpA-C strains. (D) Disease index
of rice seedlings was determined at 14 dpi wtih Fo21, AFoCrpA, and AFoCrpA-C strains. Fifty rice
seedlings were inoculated per replication. Error bars represent the standard error of mean. Duncan’s
multiple range test was performed to determine significant difference,” p < 0.01.

4. Discussion

Copper performs a comprehensive and vital function in biological systems. It or-
chestrates the conformational and catalytic properties of numerous metalloproteins and
enzymes, as typified by cytochrome oxidase and superoxide dismutase. Additionally,
due to the propensity of copper to react with non-specific proteins and engender toxic
manifestations, a highly intricate and elaborate system is requisite for the accomplishment
of processes such as its assimilation, concentration regulation, translocation to specific
protein-binding sites, and expulsion. This complex assemblage comprises small carriers,
molecular chaperones, and active transporters [31]. From our established mutant library of
F. oxysporum, a Cu-ATPase belonging to the HMA subfamily was discovered. It is specu-
lated that it plays a role in the pathogenic process of F. oxysporum. The functional domain
analysis of the encoded protein showed that the FoCrpA gene encoded protein belongs to
the P-type heavy metal transport ATPase family, which is located on the plasma membrane.
In Aspergillus nidulans, gene CrpA coordinates the transport of copper ions between the
plasma membrane, endoplasmic reticulum, Golgi apparatus, and other organelles [32]. In
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this study, by analyzing the biological functions of wild-type strain Fo21, knockout mutant
AFoCrpA, and complementation mutant AFoCrpA-C, we investigated the function of the
FoCrpA gene in F. oxysporum. It was found that AFoCrpA had no significant differences
in mycelial dry weight, spore production, spore germination rate, and tolerance to cell
membrane stress and cell wall stress compared to wild-type strains. However, compared
with the wild-type strain, the colony and liquid color of AFoCrpA and its tolerance to high
osmotic stress and oxidative stress decreased.

Cu-ATPase is involved in regulating the dynamic balance of copper metabolism, and
copper is a cofactor for various copper-containing proteins, such as Cu/Zn superoxide
dismutase (Cu/Zn SOD), laccase, etc. [33,34]. These enzymes are key enzymes in many
biological reactions, such as Cu/Zn SOD, which can catalyze the decomposition of su-
peroxide anions (O%) into less toxic hydrogen peroxide [35,36]. When pathogens invade
host plants, it helps them resist the extracellular ROS produced by the host plants [37-39].
Moreover, laccase is involved in various biological processes such as fungal morphogenesis,
pathogen infection, pigment synthesis, and stress response [40]. In this study, we found
that compared with the wild-type strain Fo21, the colony and liquid color of the knockout
mutant AFoCrpA and its tolerance to high osmotic stress and oxidative stress decreased,
indicating that the FoCrpA gene can affect the pigment accumulation of F. oxysporum and
its tolerance to exogenous osmotic stress and oxidative stress. Together with previous
studies performed in other pathogenic fungi, such as in Verticillium dahliae, the knockout
mutant AVASODI of the Cu/Zn SOD gene has reduced tolerance to oxidative stress [41].
In Colletotrichum gloeosporiides, the colony color of deletion mutant AA2LAC1 changed from
gray-black to nearly white, significantly reducing its pathogenicity to mangoes [42]. These
results indicated that Cu-ATPase and other copper-containing proteins play a significant
role in the growth and development of plant pathogenic fungi.

Our study also found that the deletion of the FoCrpA gene can lead to a decrease in
the penetration ability of F. oxysporum, indicating that the FoCrpA gene plays an important
regulatory role in the penetration ability of F. oxysporum. When F. oxysporum infects colo-
nized host plants, it produces infection structures such as infection mats and attachment
cells. In Botrytis cinerea, the deletion of the BcCcc2 gene resulted in a diminished capacity to
form attachment cells and infection mats, consequently impairing the fungus’s ability to
invade plant epidermal tissues [43]. It is hypothesized that the functionality of infection
structures, including infection pads and attachment cells, might depend on unidentified
and essential copper-containing proteins. Cu-ATPase potentially modulates the activity of
these proteins. Similarly, the deletion of the FoCrpA gene can reduce the pathogenicity of
F. oxysporum, indicating that the FoCrpA gene may affect the pathogenicity of F. oxysporum
by reducing its invasion and penetration ability.

Excessive intracellular copper ions can affect cell structure, leading to disruptions
in cell division and enzymatic systems, thereby affecting fungal growth. Cu-ATPase can
eliminate excess copper ions from the cell and alleviate the inhibitory effect of excessive
copper ions on fungal growth. For example, after knocking out Cu-ATPase CrpA in
Aspergillus fumigatus, the strain is more sensitive to high concentrations of copper ions [44].
After knocking out the FgCrpA gene of F. graminearum, the knockout mutant showed
inhibition of hyphal growth, decreased spore production and germination rate, reduced
tolerance to reactive oxygen species, and decreased production of toxin deoxynivalenol
under copper ion stress compared to the wild type [45]. Therefore, this study conducted
colony growth experiments under copper stress on wild-type strains, AFoCrpA strains,
and AFoCrpA-C strains. It was found that compared with the wild-type, AFoCrpA was
more sensitive to copper ions, and the colony diameter of AFoCrpA under the same copper
ion concentration was smaller, and the mycelial growth was sparser. When copper ions
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increased to a certain concentration, AFoCrpA almost did not grow, while the wild-type
strain could continue to grow. The deletion of the FoCrpA gene can exacerbate the inhibitory
effect of excessive copper ions on fungus growth.

Opverall, the FoCrpA gene is involved in osmotic and oxidative stress, affecting the invasion
and penetration ability and pathogenicity of F. oxysporum. The FoCrpA study identifies copper
homeostasis as a key vulnerability in F. oxysporum. Targeting this system—via Cu-ATPase
inhibitors, optimized copper fungicides, or host-enhanced ROS—could reduce fungal virulence
and improve crop resistance sustainably. FoCrpA also offers biotechnological potential: gene
editing (e.g., CRISPR) or plant-derived inhibitors could engineer wilt-resistant crops, while
structure-guided antifungal agents may selectively block fungal copper transport with minimal
environmental impact. Crucially, FoCrpA regulates osmotic/oxidative stress adaptation and
infection structures, making it pivotal for both understanding pathogenesis and developing
control strategies for rice seedling blight. Future work should validate field applications,
explore copper-immune synergies, and refine targeted inhibitors to bridge lab discoveries with
agricultural practice.
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Abstract: Penicillium expansum is a ubiquitous pathogenic fungus that causes blue mold
decay of apple fruit postharvest, and another member of the genus, Penicillium chrysogenum,
is a well-studied saprophyte valued for antibiotic and small molecule production. While
these two fungi have been investigated individually, a recent discovery revealed that
P. chrysogenum can block P. expansum-mediated decay of apple fruit. To shed light on
this observation, we conducted a comparative genomic, transcriptomic, and metabolomic
study of two P. chrysogenum (404 and 413) and two P. expansum (Pe21 and R19) isolates.
Global transcriptional and metabolomic outputs were disparate between the species, nearly
identical for P. chrysogenum isolates, and different between P. expansum isolates. Further,
the two P. chrysogenum genomes revealed secondary metabolite gene clusters that varied
widely from P. expansum. This included the absence of an intact patulin gene cluster
in P. chrysogenum, which corroborates the metabolomic data regarding its inability to
produce patulin. Additionally, a core subset of P. expansum virulence gene homologues
were identified in P. chrysogenum and were similarly transcriptionally regulated in vitro.
Molecules with varying biological activities, and phytohormone-like compounds were
detected for the first time in P. expansum while antibiotics like penicillin G and other
biologically active molecules were discovered in P. chrysogenum culture supernatants.
Our findings provide a solid omics-based foundation of small molecule production in
these two fungal species with implications in postharvest context and expand the current
knowledge of the Penicillium-derived chemical repertoire for broader fundamental and
practical applications.

Keywords: apple; blue mold; Penicillium expansum; Penicillium chrysogenum; metabolomics;
secondary metabolites; patulin; transcriptomics; whole genome sequencing; comparative
genomics
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1. Introduction

Blue mold decay, caused primarily by Penicillium expansum, is a major contributor to
pome fruit losses, such as apple or pear, during postharvest storage [1]. Decay is initiated
when conidia enter wounds or natural openings in the fruit. Once inside the fruit, the fungi
cause watery, brown lesions that radiate from the initial wound. Additionally, mycotoxins
like patulin are produced by the fungus during infection. Patulin is a genotoxic, cytotoxic,
and carcinogenic compound, thus the mandatory limits in many countries are very low for
fruit and fruit products [2-6]. Given that fungal rot negatively impacts the fruit quality and,
in cases of mycotoxin producers, renders the fruit unsafe for human consumption, measures
to mitigate rot are of utmost importance. However, current industry practices for fungal
postharvest decay management are not sufficient in fully preventing blue mold decay.
This issue is further compounded by increasing numbers of reports concerning fungicide
resistance to all four fungicides utilized in the U.S. apple industry [7-12]. Moreover, many
countries have lowered the allowable level of fungicide residues on imported fruit thus
restricting their use. Additional mitigation strategies are needed to effectively address this
growing agricultural challenge.

P. expansum causes blue mold decay through numerous virulence factors [1,13]. For ex-
ample, patulin production impacts virulence, as demonstrated through experiments using
genetically defined mutants in P. expansum and in pharmacologically-based studies [14-16].
Other virulence factors associated with blue mold include polygalacturonases (e.g., PepG1),
pH modifiers (e.g., PacC), and effectors (e.g., PePrt, NLP1, Scp) [13,17-20]. Additionally,
many proteins (e.g., Blisteringl, LaeA, CreA, SntB, PacC, and VeA) are known to reg-
ulate these virulence factors, modulate secondary metabolite production, alter ambient
pH, and impact general catabolism [14,20-25]. Together, these diverse activities act in an
orchestrated manner to facilitate decay in the fruit host.

Penicillium spp. occupy different ecological niches and serve as human pathogens,
saprophytes, and plant pathogens [26]. Unlike P. expansum, Penicillium chrysogenum does
not cause decay when inoculated into wounded apple fruit [13,27]. P. chrysogenum has
been exploited by industry for production of the widely used antibiotic, penicillin [28].
Indeed, the penicillin biosynthetic gene cluster was the first fungal biosynthetic gene cluster
described, and extensive research has been performed to optimize its production and to
understand P. chrysogenum metabolism [29].

Development of novel treatments to combat postharvest fungal phytopathogens is
critical with the rise of fungicide resistance strains. One increasingly popular approach has
been the use of biocontrol organisms and their natural products for the development of new
biorationales. Biocontrol agents are successful through a variety of functional mechanisms,
including direct microbial antagonism, reduction of nutrient availability and induction of
host defense responses [30-32]. A recent study by our group found that two P. chrysogenum
isolates, 404 and 413, were non-pathogenic in apple fruit, and significantly reduced blue
mold decay when co-inoculated with two highly virulent P. expansum strains, Pe21 and
R19 [27]. Because of these findings, there is great appeal to further understand the potential
of these two isolates to antagonize P. expansum. However, investigation into their small
molecule repertoire, toxin production potential, and virulence mechanism is necessary to
determine their suitability for use in a postharvest context.

In this study, we investigated two P. chrysogenum isolates that cannot cause decay of
apple fruit, 404 and 413, at the genomic, transcriptomic, and metabolomic levels in vitro,
and compared them with two highly aggressive P. expansum R19 and Pe21 strains that cause
significant blue mold decay. Through these comparative studies, insights into P. expansum
virulence, patulin production, and unique genes and metabolites of both species were found.
Further, the described strains may be useful for genetic manipulation and exploitation
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to produce compounds of interest and/or as biocontrol antagonists that can outcompete
pathogenic blue mold strains.

2. Materials and Methods
2.1. Fungal Isolate Propagation and Sample Inoculation

Four fungal strains, Penicillium expansum R19, P. expansum Pe21, Penicillium chryso-
genum 404, and P. chrysogenum 413 were obtained from previous studies [27,33,34], Each
were grown on potato dextrose agar (PDA; Thermo Fisher Scientific, Waltham, MA, USA)
plates for 7 days at 25 °C. Conidia were washed from the plate using Tween-treated water
(0.1% Tween-20, Sigma Aldrich, St. Louis, MO, USA) and adjusted to 1 x 10° conidia/mL.
Flasks containing 50 mL of potato dextrose broth (PDB; Thermo Fisher Scientific, Waltham,
MA, USA) were individually inoculated with 100 pL of conidial suspension. Cultures were
grown for 7 days, shaking at 25 °C (125 RPM; Innova 42R, Eppendorf, Hamburg, Germany).
Each flask was vacuum filtered through a sterile 0.2 pM cellulose acetate filter. The mycelial
mat was aseptically transferred to a 50 mL conical tube. Filtered broth was transferred sep-
arately to 50 mL conical tubes. Mycelial mats were weighed for each sample, and pH was
measured for each broth culture (Figure S1). All broth and mycelial mats were immediately
submerged in liquid N, and stored at —80 °C. Broth samples were subsequently used for
metabolite extraction for LC-MS and HPLC, whereas the mycelial mats were used for both
DNA and RNA extractions for genomic DNA and RNA sequencing.

2.2. Fungal Genomic DNA Extraction

High-quality genomes of Pe21, 404, and 413, were produced to compare to each other
and to the existing P. expansum R19 genome (NCBI GCA_004302965.1). Mycelial mats of
Pe21, 404 and 413 were ground to a fine powder using a sterile mortar and pestle with liquid
N,. DNA was extracted using a phenol-chloroform extraction method (Pacific Biosciences,
Menlo Park, CA) with an added RNAse (Thermo Fisher Scientific, Waltham, MA, USA)
treatment for 30 min at 37 °C. DNA was resuspended in EB buffer, then visualized for
quality via agarose gel electrophoresis (0.8% agarose, 90 volts for 45 min). Samples were
quantified using Qubit (Invitrogen Qubit dsDNA H5, Waltham, MA, USA) And stored at
—80 °C.

2.3. Oxford Nanopore Technology Sequencing

High-molecular weight (HMW) DNA obtained from the isolate samples of Pe21, 404,
and 413 was used to prepare Oxford Nanopore Technologies (ONT; Oxford, UK) sequencing
libraries using the V14 kit enabled with duplex reads (SQK-LSK114). Generated libraries
were evaluated for quantity and quality using a TapeStation 4150 (Agilent, Santa Clara, CA,
USA) with the genomic DNA ScreenTape and ladder for fragments >60 Kb. Libraries with
>10-20 fmols of 50 Kb or greater fragments were chosen for sequencing on a ONT MinION
device. All sequencing and preparation was done in-house. Each respective sample was
sequenced on its own ONT R10.4.1 flow cell for ~72 h with reads <1000 bp filtered from the
output using ONT sequencing software MinKNOW (v23.04.6). Real-time basecalling was
disabled and POD?5 files were the chosen output format. The resulting PODS files were used
as input into ONT pytorch basecaller, Dorado (v0.3.3), using the high accuracy (HAC) base-
calling model dna_r10.4.1_e8.2_400bps_hac@v4.2.0 with default settings for the Pe21 sam-
ple and the super accurate (SUP) basecalling model dna_r10.4.1_e8.2_400bps_sup@v4.2.0
with default settings for the 404 and 413 samples. Additionally, all POD5s were rebase-
called for duplex reads using the Dorado duplex function. The resulting output bam files
were sorted for duplex and simplex reads using samtools (v1.7) and converted into fastq
files [35]. The fastq files were then evaluated for read length and base pair quality calls
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using NanoPlot (v1.40.0) [36] and then processed for adapter sequences using Porechop
(v0.2.4; https:/ /github.com /rrwick /Porechop (accessed on 1 October 2023)) with default
settings. Lastly, the adapter-removed fastq files were additionally filtered for reads >20 kb
using NanoFilt (v2.8.0) [37].

2.4. Fungal Total RNA Extraction

Mycelial mats from four vacuum filtered liquid cultures of R19, Pe21, 404, and 413
were flash-frozen in liquid Ny, then ground with mortar and pestle. Each sample (approxi-
mately 0.1 mg/ powdered sample) was then processed with the TRIzol reagent protocol
(Invitrogen) with slight modification. Briefly, a 25:24:1 phenol:chloroform:isoamyl alcohol
(PCIL Sigma-Aldrich, St. Louis, MO, USA) step was added after the initial separation, where
the aqueous layer from the TRIzol separation step was mixed 1:1 with PCI, incubated 5 min
at 4 °C, centrifuged at 13,500 g for 15 min, and aqueous phase transferred for subsequent
precipitation and washing steps per manufacturer’s protocol. RNA was dissolved in 50 pL
DEPC water and heated for 30 min at 65 °C. Initial quantification and quality of each
sample was performed using a Nanodrop spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA) and by agarose gel electrophoresis (1% agarose, 90 volts, 30 min).
Each sample was then stored at —80 °C until sequenced.

2.5. RNA Sequencing

RNA samples were sent for RNA sequencing at Novogene (Sacramento, CA, USA).
Sample quality was assessed with Agilent 5400, then library prep (polyA enrichment), and
finally short read (150 bp reads) paired-end sequencing was performed with a NovaSeq
platform. Each strain had four individual RNA sequencing (RNA-seq) libraries generated.

2.6. Fungal Genome Assembly and Annotation

The sequencing provided opportunity to evaluate multiple assembly methods using
the emergent duplex reads, simplex reads, and combined read types. For this, the focus
was on 404 as it was the first sample sequenced. The first assembly was completed with
Flye (v2.9.2) [38] using the --nano-hq parameter and only the simplex reads used. We also
ran Flye in a module-based approach with the initial assembly from simplex reads used as
input followed by the Flye -resume-from-polish module with the duplex reads. The second
assembly was with HiFiasm (v0.19.5) [39] using the duplex reads the HiFi input and the
simplex reads in the -UL input for ultra-long reads. The third method utilized Verkko
(v1.4.1) [40] with the duplex reads used as --hifi inputs and the simplex reads as --nano
inputs. If the assembler required estimated genome size, a value of 32.4 Mb was used as
input. Comparisons of the resulting assemblies were performed using genometools seqstat
(v.1.6.2; http:/ /genometools.org/ (accessed on 1 October 2023)).

For the 413 genome, we followed the same approach of using Flye (v2.9.2), followed
by Flye -resume-from-polishing step. However, the assembly was more fragmented than
404 and thus we performed homology-based scaffolding. The homology-based scaffolded
utilized the RagTag software (v2.1.0) [41] with the 404 assembly used as a guide. For the
Pe21 genome, ONT sequencing yielded few duplex reads and thus was assembled only
from the simplex reads using Flye. We also used the homology based scaffolding approach
for Pe21 with a separate assembly of a mutant Pe21 strain Pe_T1 (unpublished) followed
by RagTag patch to gap fill using the NCBI GCA_000769735.1 accession (Pe21; synonym
D1 strain) [34]. Genome and scaffolding stats were assessed using genometools seqstat and
BUSCO (v5.3.1) [42] with the eurotiales_odb10 database. We further filtered all assemblies
for sequencing artifacts and contig fragments with lengths <100 Kb and coverage that
was >2 fold of the four longest contigs using seqtk (v1.4; https:/ /github.com/1h3/seqtk
(accessed on 1 October 2023)) prior to scaffolding.
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In addition to the three genomes of Pe21, 404, and 413, we additionally set out to
annotate the existing P. expansum R19 genome (NCBI GCA_004302965.1). The aim was to
generate annotations for all four assemblies using the same extensive approach previously
used for Fusarium and P. fuscoglaucum genomes [43,44]. The resulting assemblies were first
annotated for transposable elements and other repetitive features using RepeatModeler
(v.2.0.1) [45] and RepeatMasker (v.4.1.1) [46] hosted on the GenSAS server (v6.0) [47]. Gen-
SAS’ consensus repeat annotation was then invoked to generate a GFF file that combined
the features identified by both RepeatModeler and RepeatMasker along with soft masked
and hard masked fasta files. The RNA-seq files were first processed to trim adapter se-
quences and low-quality bases using fastp (v0.23.2) [48]. The processed reads files were
then mapped to the hard masked sequences for each respective assembly using HiSAT2
(v2.2.1) [49] using the —-max-intronlen setting of 2000 bp. The resulting alignment sam
files were then sorted, indexed, and merged using SAMtools. The merged mappings were
then used as input in StringTie2 de novo transcriptome assembled using default settings
(v2.2.0) [50]. The resulting annotation file (gtf) was used as input into gffread (v0.12.7) [51]
along with the hard masked sequence file to extract transcript sequences to serve as pseudo
expression sequence tags (ESTs) evidence during ab initio gene annotation. For the ab
initio gene annotation, we used the Maker (v.3.01.03) [52] pipeline with the pseudo-EST
and protein evidence from P. camemberti from NCBI (GCA_000513335.1) [53] as inputs in
the first round of annotation for Pe21 and 404. Following the first round of evidence-based
Maker annotation, we trained Augustus (v.3.4.0) [54] and SNAP (v2006-07-28) [55]. We then
ran a second round of Maker using the trained Augustus and SNAP models for ab initio
annotation followed by a second round of training for each gene predictor. A final round of
Maker annotation was performed, and the resulting predicted annotations were assigned
functional annotation using BLASTP (v2.14.0) [56] and Interproscan (v5.61-90.3) [57]. For
R19 and 413, we employed only a single round of Maker annotation using the Augustus
and SNAP models generated for Pe21 and 404, respectively. We also included strain-specific
pseudo-ESTs and the same P. camemberti protein fasta as additional evidence into the Maker
pipeline. Non-coding genes (e.g., TRNA, tRNA) were annotated using the Infernal software
suite (v1.1.4) [58] with default inputs. Lastly, annotation quality and descriptive statis-
tics were calculated using BUSCO with the eurotiales_odb10 database and AGAT (v0.9.1;
https:/ /github.com/NBISweden/AGAT#publication-using-agat (accessed on 1 October
2023)), respectively.

2.7. Comparative Genomics

To determine regions of synteny and collinearity between the four assembled
genomes, the python MCScanX pipeline (https://github.com/tanghaibao/jcvi/wiki/
MCscan-(Python-version) (accessed on 1 October 2023)) [59] approach was employed. Here,
the annotation gff files for each genome was converted to bed format using the MCScanX
python version jevi.formats.gff function. We then ensured that the fasta transcript files from
each assembly were also of a compatible format using the jcvi.formats.fasta function. Then,
synteny was classified in a pairwise fashion using the jcvi.compara.catalog function for
R19 vs. Pe21, Pe21 vs. 404, and 404 vs. 413, then performed the jcvi.compara.synteny func-
tion using the --minspan = 30 and --simple parameters. Matching layout and seqids files
were then created as directed in the protocol (https:/ /github.com/tanghaibao/jcvi/wiki/
MCscan-(Python-version)#workflow (accessed on 1 October 2023)). Finally, figures were
generated using the jcvi.graphics.karyotype function. Additionally, Orthofinder (v2.5.5)
was used to identify orthogroups between the four assemblies [60]. Orthogroups were
identified by using the annotated protein fasta files generated during genome annotation as
input into Orthofinder (v2.5.5) while invoking the -M msa command. Annotated virulence
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genes from P. expansum were compiled from the primary literature (Table S1) and fastas
were obtained from their respective NCBI accessions. These fastas were concatenated in a
single fasta and used to identify their corresponding transcripts in the R19 transcript anno-
tation using blastn. The blastn results were then used to identify single copy orthologues
for each virulence gene across the four Penicillium samples using the Orthofinder results.

For secondary metabolite cluster identification, antiSMASH (v7.0.1) was run for each
of the new 404, 413, and Pe21 genomic fasta files, and the re-annotated R19 genome (see
Genome Annotation) [61]. Every “extra feature” was selected and executed using the
‘relaxed” parameters within the fungal database.

2.8. Gene Expression Analysis

To compare gene expression profiles for each of the four samples, we used the RNA-
seq mappings generated during genome annotation as input into StringTie2. StringTie2
was executed with the -B and -e commands to calculate expression statistics. The reference
annotation for each respective sample was used as the -G input into the StringTie2 com-
mand. The resulting gtf files were then used as input in the PrepDE.py3 script provided
by StringTie2 to extract hypothetical read counts per transcript information. Transcripts
per million (TPM) measurements were then extracted as text files and used as input into R
(v4.3.2) [62] for transcriptome visualization. TPM for each ortholog was then visualized
using the heatmap function in R.

2.9. Metabolite Extraction

Filter-sterilized (0.2 um) spent growth medium (50 mL; see ‘Fungal isolate propagation
and sample inoculation’) from three independent cultures of Pe21, R19, 404, and 413
and uninoculated medium (five aliquots) was processed as previously described [21].
Each were centrifuged for 30 min at 15,000 g (rotor JA-12, Beckman Coulter, Brea, CA,
USA). Chloroform was added to 3 mL medium at a 1:1 ratio before centrifuging again
at 10,000x g for 10 min. The supernatant was transferred to a tube containing 3 mL
60% methanol:ddH,O and vortexed for 2 min (Vortex Genie 2, Scientific Instruments,
Schaumburg, IL, USA), then mixed with 5 mL of ethyl acetate. The top organic layer was
transferred to a 15 mL conical tube and evaporated to dryness with continual flow of
nitrogen gas using an N-EVAP nitrogen evaporator (Organomation, Berlin, MA, USA),
then stored at —80 °C until resuspension.

2.10. Metabolomic Analysis

Three 404, 413, Pe21, and R19 sample residuals from the metabolite extraction were
resuspended in 100 pL 50% methanol/0.1% formic acid. Twenty pL from each sample
were pooled to make a quality control (QC) sample. Three samples of PDB without
fungus were processed similarly but were not included in the QC. Five pL of the samples
were separated on a 40 °C heated, 150 x 2.1 mm Hypersil GOLD VANQUISH HPLC
column with 1.9 um particles (Thermo Fisher Scientific, Waltham, MA, USA) coupled to a
Vanquish HPLC pump (Thermo Fisher Scientific, Waltham, MA, USA) controlling a 10-min
linear gradient from 0% to 95% acetonitrile and 0.1% formic acid at a flow rate of 0.2 mL
per minute. Eluent was electrosprayed at 3.5 kV positive polarity into an Exploris 240
mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) using an internal mass
calibrant. Sheath gas was 35, auxiliary gas was 7, and sweep gas was 1 (arbitrary units).
The ion transfer tube temperature was 325 °C and the vaporizer temperature was 275 °C.
Advanced peak determination, mild trapping, and internal mass calibration was enabled.
Default charge state was one and the expected peak width was 6 s. AcquireX software
(accessed 1 July 2023) was used to create a background ion exclusion list from a blank
sample consisting of 50% methanol/0.1% formic acid and an inclusion ion list from the QC
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sample [63]. Subsequently, five injections of QC were performed to generate MS? spectra.
After each of those injections, the resolved ions were appended to the exclusion list for
the subsequent injection. Survey scans were recorded in the Orbitrap at 60,000 resolution
over a mass range of m/z 70-800. The RF lens was 70%. Monoisotopic precursor selection
was enabled, the minimum intensity was 5000, charge states were filtered to one and
automated dynamic exclusion was enabled. Twenty precursors selected within a 1.0 Da
isolation window were fragmented by high energy collision-induced dissociation (30%,
50%, 70% normalized stepped collision energy), and fragment ions were resolved in
the Orbitrap at 30,000 resolution. Next, all test samples were analyzed alongside four
intermittent injections of QC and blank consisting of 50% methanol/0.1% formic acid.
Survey scans were recorded in the Orbitrap at 120,000 resolution over a mass range of
m/z 70-800. The RF lens was 70%. The samples were also analyzed in negative ion mode
at —2.5 kV but with the same other settings. These mass spectrometry data files can be
retrieved from massive.ucsd.edu (MSV000095703). All samples were prepared and run
in-house.

Result raw files were analyzed with Compound Discoverer version 3.3 (Thermo Fisher
Scientific, Waltham, MA, USA). The ChromAlign node was used to align chromatographic
peaks in all files to a QC replicate. The Detect Compounds node was used with 2 ppm
mass tolerance, 10,000 minimum peak intensity, at least five scans per peak, 0.25 min
maximum peak width, and compound detection of [M + H]*! ions (positive ion mode) or
[M — H] ! ions (negative ion mode) to create peak areas. The Group Compounds node
was used with 2 ppm mass tolerance, 0.25 min retention time (RT) tolerance, and a peak
rating threshold of four for a minimum of five files. The Fill Gaps node was used with
2 ppm mass tolerance, the SERRF QC Correction node was used with 75% QC coverage
to normalize the peak area results, and the Mark Background Components node was
enabled. The Search mzCloud node was used to compare MS2 spectra to all compound
classes at a precursor mass tolerance of 5 ppm and fragment mass tolerance of 5 ppm. The
Search mzVault node was used to compare MS? spectra to the NIST_2020_MSMS High
Resolution library at fragment mass tolerances of 10 ppm. The Predict Compositions nodes
were used with 2 ppm mass tolerances. The software performed a one-way ANOVA to
estimate compound peak area statistical differences and used the Benjamini and Hochberg
method to estimate the false discovery rate (FDR). Filtering of results was performed
to limit background ions, to use normalized peak areas, and to require MS? supporting
spectra. Results were further filtered to require one match score greater than or equal to 70,
R19/PDB compound peak area ratios greater than or equal to 2 log, (with a similar increase
in Pe21/PDB and almost no increase or a slight increase/decrease for both 404/PDB and
413/PDB) and have a FDR less than 5%. This yielded compounds with substantial increases
for R19/404. A second result list was generated with 404/PDB compound peak area ratios
greater than or equal to 2 log, (with a similar increase in 413/PDB and almost no increase
or a slight increase/decrease for both R19/PDB and Pe21/PDB). This yielded compounds
with substantial increases in 404/R19. Results were examined by hand and discarded if the
chromatographic peaks were substandard or if the MS? identifying spectrum did not fall
within the assigned chromatographic peak area.

2.11. HPLC-High Resolution Mass Spectrometry

Filtered samples of supernatant were analyzed for patulin using an Agilent 1290
UHPLC coupled to an Agilent 6545XT hybrid quadrupole/time-of-flight mass spectrome-
ter (Santa Clara, CA, USA). Samples were prepared and run in-house. Separations were
performed on a Peek-lined AdvanceBio MS Spent Media column (2.1 x 100 mm, 2.7 pm)
with a binary solvent gradient having an overall flow of 250 pL/min. Solvent A was
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10 mM ammonium acetate in HPLC-MS grade water (Sigma Aldrich, St. Louis, MO,
USA) and solvent B was 95:5 methanol: 200 mM ammonium acetate. Samples were sep-
arated using the following gradient: 0-5 min, 2% solvent B; 3-3.5 min, 10% solvent B;
3.5—4 min, 100% solvent B; 4-8 min, 100% solvent B; 8-8.2 min, 2% solvent B. Data were
collected over a mass range of 100-1000 Da. Patulin was identified using three ions previ-
ously described [64]: m/z = 155.0339, [M + H]*!; m/z = 169.0495, [M—H,0O + CHzOH]*!;
m/z = 137.0233, [M—OH]*!. Source parameters were optimized to increase detection of
m/z = 137.0233, which was used as the quantitating ion, with m/z = 169.0495 used as a
qualifying ion (Table S2). Quantitation was performed using a matrix-matched external
calibration set with patulin concentrations of 0.5, 1, 5, 10, 25, 100, and 250 pg/mL. The
calibration data was collected in triplicate and fit with second-order polynomial.

3. Results
3.1. Fungal Genome Sequencing and Assembly

Whole genome sequencing using nanopore technology was used to obtain improved
quality of the available genomic resources for Penicillium chrysogenum 404, 413, and
Penicillium expansum Pe21. We averaged 9.9 Gb of sequence for each sample with a mean
phred score of Q16.9 (Table S3). Following filtering, the resulting sequence datasets had an
average size of 2.2 Gb with read N5y between 22 Kb and 32 Kb. We also performed duplex
basecalling where each dataset yielded between 0.34 Gb to 1.1 Gb of sequence. The duplex
reads had an average N5 of 8175 bp and mean phred score of Q24.8. The duplex read output
was 5% to 10% of the total sequence data (e.g., duplex efficiency) (Table S3). The duplex
datasets were deemed too low in sequence amount for accurate de novo assembly. For the
filtered simplex data, we achieved a minimum of 48 x coverage for a genome of an estimated
32.4 Mb in length (Table S3). This resulting sequence was of sufficient coverage to proceed
with de novo genome assembly. The 404-sequencing yielded sufficient coverage of duplex
only reads to attempt duplex-based assembly and thus was a proof case for evaluation of
different assembly methods and inputs. We utilized Flye with simplex only reads for the
initial assembly and employed the Flye polishing module with the duplex reads. The initial
N5 read length was 5.4, 9.1, and 6.4 Mb for Pe21, 404, and 413 respectively (Table 1).

Table 1. Whole genome sequencing and de novo assembly of P. chrysogenum 404 and 413, and P.

expansum R19 and Pe21.
Genome R191 Pe21 404 413
Species P. expansum P. expansum P. chrysogenum P. chrysogenum
Initial Assembly Statistics
Sequencing Platform PacBio Oxford Nanopore = Oxford Nanopore  Oxford Nanopore
Length (bp) - 32,558,303 32,571,984 32,551,633
Contig Number - 10 6 9
N50 - 5,397,789 9,112,179 6,356,666
Post-processing Assembly Statistics
Length (bp) 32,896,497 32,468,381 32,569,297 32,630,660
Contig Number 16 5 4 4
N50 8,173,214 7,894,026 9,112,601 9,112,742
GC Content 47.28% 47.48% 48.81% 48.82%
Busco Complete 96.0% 96.5% 96.8% 96.8%
Busco Complete, single copy 95.9% 96.4% 96.4% 96.4%
Busco Complete, duplicated 0.1% 0.1% 0.4% 0.4%
Busco Fragmented 1.0% 0.7% 0.5% 0.5%
Busco Missing 3.0% 2.8% 2.7% 2.7%

! Using NCBI assembly accession PRINA497398.
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Comparing these two resulting assemblies, the polishing resulted in some “scaffolding”
of shorter contigs and slight decreases in total length and N5, (Table 1). This suggests that
the polishing with duplex reads was able to correct and place some contigs to increase the
contiguity of the assembly. We also performed mixed assemblies with HiFiasm and Verkko
using the duplex reads as a pseudo HiFi input. In both cases, the resulting assemblies were
more fragmented suggesting Flye assembled superior genomes for this study (Table 2). We
decided to move forward with Flye and duplex polishing as our primary assembly method
except for Pe21 where not enough duplex reads were generated. We additionally employed
some scaffolding and gap filling (i.e., patching) for the 413 and Pe21 assemblies.

Table 2. Genome assembly comparisons for P. chrysogenum 404.

Assembly Software Flye Flg(ﬁfg\?ggx HiFiasm Verkko
Simplex sequence used Yes Yes Yes Yes
Duplex sequence used No Yes Yes Yes
Number of contigs 6 6 99 24
Total contig length (bp) 32,621,534 32,571,904 36,183,816 33,335,027
Contigs > 500 bp 6 6 99 24
Contigs > 1 Kb 6 5 99 24
Contigs > 10 Kb 6 4 74 24
Contigs > 100 Kb 4 4 27 5
Contigs > 1 Mb 4 4 15 5
N50 9,113,167 9,112,179 1,734,376 6,357,403

Our final assemblies, following the polishing, scaffolding, and/or patching, resulted in
highly contiguous genomes (Table 1). The assembly for Pe21 had a total length of 32.4 Mb,
which is similar to the previously published R19 strain for P. expansum [65]. Moreover,
GC content between the two only differed by 0.2%. Furthermore, BUSCO scores for both
P. expansum genomes were above 96.0% complete with the Pe21 being 0.5% higher than R19
along with lower fragmented and missing BUSCOs. For the two P. chrysogenum genomes,
404 was more contiguous after the initial assembly step and thus served as a reference for
the scaffolding of 413. Both assemblies were 32.5 Mb in length but 413 increased by another
100 Kb following scaffolding. The N50 for both post processed assemblies were nearly
identical with values of 9.11 Mb and identical BUSCO scores. Overall, the assemblies for
each species and two strains were highly similar in quality and contiguity, suggesting our
assembly approaches were sound and effective (Table 1).

3.2. Penicillium spp. Genome Annotation

Using the three high quality genomes we assembled, in addition to the unannotated
P. expansum R19 genomic resource available (NCBI accession PRINA497398), we set out
to thoroughly annotate each genome independently. For the P. expansum strains, we
identified 9740 and 10,536 features of repetitive nature (e.g., transposable elements, simple
repeats) (Table 3). Similarly, the P. chrysogenum yielded 10,111 to 10,400 repetitive elements.
However, the total length of the repeats was >1 Mb more in P. chrysogenum than P. expansum.
For the gene annotation, P. expansum had between 11,326 and 11,911 protein coding genes,
whereas P. chrysogenum had between 12,246 and 12,774 protein coding genes. Average
gene lengths between all the four assemblies were similar, with a range of 1661 bp for
Pe21 to 1890 bp for R19. The average number of exons per gene was also similar with
3.2 for P. expansum and 3.1 for P. chrysogenum. Overall, all four genomes were thoroughly
annotated with a BUSCO completeness score above 98.1% and a max of 1.2% missing
BUSCOs (Table 3).
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Table 3. Genome annotation of P. chrysogenum 404 and 413, and P. expansum R19 and Pe21.

Genome R191! Pe21 404 413
Species P. expansum P. expansum P. chrysogenum P. chrysogenum
Transposable Elements and Repeats
RepeatMasker 7442 7071 7140 7163
RepeatModeler 3094 2669 2971 3237
Consensus Features 10,536 9740 10,111 10,400
Total Length (bp) 1,461,084 1,685,573 2,576,305 2,836,205
Genes
Number of gene 11,911 11,326 12,246 12,774
Average gene length (bp) 1890 1661 1743 1698
Average number of exons 3.2 32 3.1 31
Busco Complete 98.2% 98.1% 98.4% 98.2%
Busco Complete, single copy 95.4% 97.9% 96.2% 96.1%
Busco Complete, duplicated 2.8% 0.2% 2.2% 2.1%
Busco Fragmented 0.9% 0.7% 0.8% 1.0%
Busco Missing 0.9% 1.2% 0.8% 0.8%
Non-coding Genes
rRNA 63 37 51 65
tRNA 204 150 156 157

! Using NCBI assembly accession PRINA497398.

3.3. Macro- and Micro-Synteny in Penicillium Species

To evaluate the synteny and collinearity of the genomes both inter- and intra-
specifically, we performed ortholog block identification using MCScanX. The resulting
analysis demonstrated high intra-specific collinearity between the strains, whereas the inter-
specific synteny was highly decayed between the two species (Figure 1). The P. chrysogenum
genomes were each composed of four chromosomes, whereas the P. expansum genomes
spanned five, matching previously published numbers and sizes for each species [66,67].
Further, it appears the two P. expansum isolates also have an inversion in the fifth assembled
contig. Many blocks of colinear genes were maintained between the species but were
inverted, translocated, and/or rearranged to the point where chromosomes were no longer
homologous (Figure 1).

Figure 1. Genome macrosynteny between P. expansum R19 (blue), P. expansum Pe2l (orange)
P. chrysogenum 404 (green), and P. chrysogenum 413 (pink) chromosomes (chr). Gray lines represent
regions of synteny and connect to similar areas across chromosomal regions.
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3.4. Secondary Metabolic Gene Clusters

The program antiSMASH was used to discover secondary metabolic (SM) gene clusters
that are present in the four genomes. In strains 404 and 413, 56 SM clusters were identified,

of which 21 were associated with known biochemical pathways (Table 4).

Table 4. Percent similarity of biosynthetic gene cluster in each Penicillium spp. isolate !.

Type Most Similar Known Cluster 404 413 R19 Pe21
Terpene 14-(N,N-dimethylleucyloxy)paspalinine / 14-(leucyloxy)paspahmne / 30 30 nd. nd.
14-hydroxypaspalinine
T1PKS 4-oxomacrophorin A /macrophorin A /5'-epimacrophorin B 100 100 54 54
T1PKS, NRPS AbT1 n.d. n.d. 100 100
T1PKS ACT-Toxin I n.d. n.d. n.d. 100
T1PKS, NRPS andrastin A 100 100 100 100
fungal-RiPP-like ankaflavin/monascin/rubropunctatine /monascorubrin n.d. n.d. 12 8
T1PKS azasperpyranone A /azasperpyranone B/azasperpyranone C/azasperpyranone 12 1 1 12
D/azasperpyranone E/azasperpyranone F/azasperpyranone G/azasperpyranone H
NRPS-like Choline 100 100 100 100
NRPS chrysogine 83 83 n.d. n.d.
NRPS chrysoxanthone A /chrysoxanthone B/chrysoxanthone C (685) (685) 17 17
T1PKS, terpene Citrinin n.d. n.d. 56 56
NRPS, indole Clapurines n.d. n.d. 72 72
TIPKS, indole communesin A/communesin B/ corpmunesin C/ communesin D/communesin nd nd. 100 100
E/communesin G/communesin H
Terpene Conidiogenone 100 100 n.d. n.d.
cyclo-(D-Phe-L-Phe-D-Val-L-Val)/ cyclo-(D-Tyr-L-Phe-D-Val-L-Val) / cyclo-(D-Tyr-L-
Trp-D-Val-L-Val)/ cyclo-(D-Phe-L-Trp-D-Val-L-Val) / cyclo-(D-Phe-L-Phe-D-Val-L-
NRPS Ile)/ cyclo-(D-Phe-L-Phe-D-Ile-L-Val) / cyclo-(D-Tyr-L-Trp-D-Val-L-Ile) / cyclo-(D-Tyr- n.d. n.d. 100 n.d.
L-Trp-D-lIle-L-Val)/ cyclo-(D-Tyr-L-Phe-D-Val-L-Ile) / cyclo-(D-Tyr-L-Phe-D-Ile-L-Val)
T1PKS, NRPS Equisetin n.d. n.d. 45 45
flavichalasine F/flavichalasine G/aspochalasin C/aspochalasin E/aspochalasin
NRPS, T1PKS M/ TMC-169/aspergillin PZ 18 18 36 (18) 36
NRPS Gliovirin n.d. n.d. 62 62
NRPS gramillin A/gramillin B 17 17 17 17
NRPS-like, NRPS, hancockiamide E/hancockiamide B/hancockiamide C/hancockiamide 25 25 nd nd
terpene D/hancockiamide A /hancockiamide F o o
T1PKS harziphilone/t22azaphilone/isoharziphilone-1/isoharziphilone-2/ nd. nd. 40 40
compound 4/compound 1
T1PKS HEx-pksl polyketide n.d. n.d. 60 60
. histidyltryptophanyldiketopiperazine/dehydrohistidyltryptophanyldiketopiperazine /
NRPS, indole roquefortine D/roquefortine C/glandicoline A/glandicoline B/meleagrine 100 100 57 57
NRPS loline /N-acetylnorloline /N-formylloline n.d. n.d. 66 66
metachelin C/metachelin A /metachelin A-CE/metachelin B/dimerumic acid 50 50
TIPKS, NRPS 11-mannoside/dimerumic acid (25) (25) n.d. n.d.
T1PKS, terpene Neosartorin n.d. n.d. 57 57
NRPS nidulanin A 75 75 n.d. 75
T1PKS Patulin 40 40 86 86
NRPS Penicillin 87 93 n.d. n.d.
NRPS Penitremane n.d. n.d. 17 17
NRPS, T1PKS Phomasetin n.d. n.d. 85 85
NRPS, T1PKS phyllostictine A /phyllostictine B n.d. n.d. 20 20
Terpene PR-toxin 100 100 n.d. n.d.
T1PKS Sorbicillin 100 100 n.d. n.d.
terpene, TIPKS squalestatin S1 60 60 60 60
NRPS-like viridicatumtoxin/previridicatumtoxin/ S-hydroxyanthrotamm / nd. nd. o7 27
8-O-desmethylanthrotainin
T1PKS YWA1 100 100 100 100
T1PKS Zopfiellin 16 16 n.d. n.d.

! Percentage and identification determined using the antiSMASH program. n.d. = no data result for that cluster
and isolate. Parentheses indicate a second match to the same cluster was detected.

The Pe21 and R19 genomes had a total of 66 and 67 secondary metabolite clusters,
respectively, with 28 and 27 annotated with known metabolite production. The identified
biosynthetic gene clusters were classified as (or like) non-ribosomal protein synthetases
(NRPS), type 1 polyketide synthases (T1PKS), indoles, terpenes, or fungal ribosomally
synthesized and post-translationally modified peptides (fungal-RiPP-like). Many instances
of identified clusters showed only partial matches, suggesting the potential for metabolite
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production may be varied despite some nucleotide sequence homology. Pe21, R19, 404, and
413 only matched 7, 6, 8, and 8 clusters at 100%, with lowered stringency of 50% cluster
matches for 18, 17, 14, and 14, respectively. Of the annotated clusters, seven were present
in all four isolates above 50%. Only three SM clusters, andrastin A, choline, and YWA1
(2,5,6,8-tetrahydroxy-2-methyl-2,3-dihydro-4H-naphtho [2,3-b]pyran-4-one), had a 100%
match in all four isolates, demonstrating that most of the secondary metabolic capacity is
distinct between the two species. For example, the P. expansum isolates had clusters with
at least 50% identity for AbT1, communesins, citrinin, clapurines, gliovirin, phomasetin,
Hex-pksl polyketide, and neosartorin. The P. chrysogenum-specific SM clusters included
conidiogenone, chrysogine, macrophorin A, PR-toxin, sorbicillin, penicillin, and metache-
lin/dimerumic acids. Two isolate-specific SM clusters were also exclusively detected in the
P. expansum genomes, which were ACT-Toxin II in Pe21, and cyclo-peptides in R19.

3.5. Conserved Expression for Virulence Gene Orthologues in Penicillium spp.

In addition to transcriptomic guidance to aid high-quality genomic annotation, we
sought to compare transcriptomic profiles across the species to further understand their
similarities and unique traits. A full list of conserved, single-copy gene orthologues
was generated across the four Penicillium genomes. The expression of the orthologues
across all isolates showed species-specific clustering with a principal component anal-
ysis (PCA; Figure 2). Further, 404 and 413 isolates clustered much closer together than
the two P. expansum isolates, demonstrating less gene expression variability within the
P. chrysogenum isolates in culture.
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Figure 2. Principal Component analysis of transcriptomic data for each Penicillium spp. isolate.
P. chrysogenum isolates 404 (red circles) and 413 (red triangles), P. expansum isolates R19 (blue triangles)

and Pe21 (blue circles) across four replicates.

3.6. P. chrysogenum Isolates Share P. expansum-Associated Virulence Gene Orthologues

A select number of P. expansum genes have been experimentally verified via gene
functional analysis to contribute to virulence during pome fruit decay (Table S1). Therefore,
the 404, 413, R19, and Pe21 genomes were comprehensively searched for virulence gene
orthologues to investigate the observed non-virulent phenotype of P. chrysogenum in apple
fruit. Thirty-nine single-copy orthologues were found within each of the four genomes
(Table S1). The P. chrysogenum genomes did not have any orthologues for four genes
encoding PeLysM5, PeLysMS8, PeLysM11, and PeLysM16. PeLysM7 was found in each
genome except in 404. The remaining 12 orthologues were identified with multiple copy
numbers within at least one of the genomes. Expression (log2 TPM) of the 39 single copy
orthologues was evaluated (Figure S2). Most of the genes were similarly expressed in
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culture within and between species, with little transcript detected for the gene encoding
PeLysM15 in all isolates, and PeLysM14 in P. expansum isolates grown in culture (Figure S2).

3.7. Penicillium spp. Produce an Array of Metabolites In Vitro

Untargeted metabolomic profiling was performed on the spent liquid culture broth
for each isolate. Across all samples, 4478 and 4448 compound features (by m/z and RT)
were detected in positive and negative ion modes, respectively. PCA revealed species-
level differences in the metabolomic profiles like the transcriptomic PCA, with 404 and
413 clustering tightly with each other but separately from R19 and Pe21 (Figure 3). These
patterns indicate congruence between gene expression and small molecule production at a
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Figure 3. Principal Component analysis of metabolomic data for each Penicillium spp. isolate.
P. chrysogenum isolates 404 (navy blue) and 413 (orange), P. expansum isolates R19 (green) and
Pe21 (brown), and the PDB control samples (teal). Samples were analyzed in both positive ion
mode (left) and negative ion mode (right).

Individual compounds were selected based on their spectral library match scores (>70)
and accumulation differences (peak area significance p < 0.05) compared to the PDB control
samples and higher abundance in one or both P. chrysogenum (Table 5) or P. expansum
isolates (Table 6).

Many of the compounds identified can be grouped into one or more category based on
potential biological activity. For example, multiple abundant compounds in P. chrysogenum
have possible pharmacological activity, including anticancer and anti-inflammatory com-
pounds like luteolin, rubiadin, citreorosein, and N-acetyltyramine, or other potential
functions, like 6-methoxy-2-oxo-2H-1-benzopyran-3-carboxylic acid, a diuretic. Another
subset in P. chrysogenum was previously shown to be antibacterial, antiviral, or antifungal,
such as penicillin G, 5-methyl-L-uridine, 5-methylcytidine, and scopoletin. It should be
noted that many of the preceding compounds have several known biological activities that
may depend on biological context.
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Table 5. Selected abundant matched compounds in P. chrysogenum 404 and 413 versus P. expansum
R19 and Pe21 culture broth (compared to control PDB) 1

Mono- Retention Library Reference Peak Peak Peak Peak
Compound Formula Chemical Class Isotopic Time Match Ton Area Area Area Area
Mass (min) Score 404/PDB  413/PDB  Pe21/PDB  R19/PDB
3,8-Dihydroxy-6-
methyl-9-0x0-9H- - 095 1430 06 Xanthone 286.05 7.684 80 - 931.83  1055.25 0.96 275
xanthene-1-
carboxylic acid
3-Phenyllactic acid C9 H10 O3 Phenylpropanoic acid 166.06 6.515 9931 — 6.58 7.02 0.34 0.16
4-(7-Hydroxy-4-oxo-
4H-chromen-3-
yl)phenyl hydrogen C15H1007 S Isoflavone 334.01 7.811 91.6 — 7998.47 6071.54 19.79 4.76
sulfate
5-Methyleytidine CIOBISNS Nucleoside 257.10 3.004 91.6 + 15.36 10.94 0.79 0.74
5-methyl-L-uridine 10 H14N2 Nucleoside 258.09 4331 87.9 + 20.08 14.43 1.09 177
6-methoxy-2-oxo-
2H-1-benzopyran-3- C11 H8 O5 Coumarin 220.04 7.762 72.1 — 275.72 358.32 2.14 9.94
carboxylic acid
Archin C15 H10 O5 Flavenoid 270.05 9.737 96.1 — 54.73 29.23 0.86 0.78
Chrysophanic acid C15 H10 O4 Anthraquinone 254.06 10.582 70.3 - 40.34 12.37 0.61 0.81
Citreorosein C15 H10 O6 Hydroxyanthraquinone 286.05 7.172 84.5 — 412.60 359.93 27.79 3.36
Luteolin C15 H10 O6 Flavone 286.05 8.044 883" — 222.00 209.18 1.48 3.98
N-Acetyldopamine CI0H13N O3 Catechol 195.09 5.194 98.8t + 16.89 18.05 1.64 1.06
N-Acetyltyramine C1I0HI3N O2 Tyramine 179.09 6.122 87.7 — 1337.65 1373.87 2.08 4.48
Penicillin G CI6EISNZ - Betalactam antibiotic 334,10 7.735 948" + 36649 13466 115 249
Rubiadin C15 H10 O4 Anthraquinone 254.06 7.811 76171 — 273.48 198.02 1.44 3.37
Scopoletin C10 H8 O4 Coumarin 192.04 7918 79 + 72.25 67.67 1.53 1.71
1 Bold indicates adj. p <0.05. “+”" =[M + H] + 1, “—” = [M — H] — 1. Match to NIST library or to mzCloud library
(“*” demarcation).
Table 6. Selected abundant matched compounds in P. expansum Pe21 and R19 versus P. chrysogenum
404 and 413 culture broth (compared to control PDB) !.
Mono- Retention Library Reference Peak Peak Peak Peak
Compound Formula Chemical Class Isotopic Time Match Ton Area Area Area Area
Mass (min) Score 404/PDB 413/PDB Pe21/PDB  R19/PDB
12:0xo phytodienoic  c1g g 0 Oxlipin 29220 7.153 862 + 411 3.51 32.80 349.47
3'5'dimegg’é°rseuini° CI0H1204  Dihydroxybenzoicacid ~ 196.07 7.542 92.1 + 0.85 1.00 22.00 324.74
3-carboxy-4-methyl-5-
propyl-2- C12 H16 O5 Fuanoid fatty acid 240.10 6.72 79.2 — 0.27 1.58 1.80 842.44
furanpropionic acid
d-Methoxydinnamic 19 H19 03 Cinnamic acid 178.06 754 918t + 098 071 5.06 73.42
Citraconic acid C5H6 O4 Dicarboxylic acid 130.03 4.296 996t — 1.84 1.48 11.64 17.88
Corchorifatty acid F C18 H32 O5 Oxylipin 328.23 7.171 72.7 — 3.09 2.81 19.39 134.01
Lo Trihydroxybenzoic
Gallic acid C7 H6 O5 acid 170.02 4972 86.7 + 1.40 1.18 513.84 1189.03
Gentisic acid C7H6 O4 Hydroxybenzoic acid 154.03 5.534 99.6*t - 1.25 3.21 406.10 716.38
Indole-3-acetic acid C10 H9 N 02 Carboxylic acid 175.06 5.89 841" + 2.67 1.60 14.95 28.70
Patulin C7 H6 O4 Polyketide 154.03 4.907 85 — 5.16 2.74 209.10 259.56
Perillic acid clomigop  Cyelohexenecarboxylic g4 10 5227 73t - 154 142 1116 244.80
Phenol C6H6 O Aromatic 94.04 5.921 9991t — 1.24 1.29 41.53 39.81
Sorbic acid C6 H8 O2 Hexadianoic acid 112.05 4.175 76 + 0.27 0.59 7.58 9.45
! Bold indicates adj. p < 0.05. “+” = [M + H] + 1; “—” = [M — H] — 1. Match to NIST library or to mzCloud library
(“*” demarcation).

In P. expansum, a completely different set of antimicrobials was produced, including
the mycotoxin patulin, 3,5-dimethylorsellinic acid, perillic acid, 4-methoxycinnamic acid,
and gentisic acid. A subset of compounds produced by P. expansum may also act as plant
metabolites, including gallic acid, gentisic acid, and an isomer of indole-3-acetic acid (IAA).

3.8. Linking Patulin and Penicillin G Gene Clusters, Expression and Metabolite Production

The biosynthetic pathways for penicillin G, produced by the P. chrysogenum isolates,
and patulin, produced by the P. expansum isolates, are characterized. To exemplify the
utility of the multi-omics approach, we compiled the gene, expression, and metabolite
production data for patulin and penicillin G from all isolates (Figures 4 and 5).
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Figure 4. Patulin genomic, transcriptomic, and metabolomic presence in each Penicillium isolate.
(A) Complete 15-gene patulin biosynthetic gene cluster in P. expansum found localized to one lo-
cation in R19 and Pe21 (top, orange line). In 404 and 413, the native orthologous cluster only
contains 6 genes (bottom, star), with the remaining orthologues found across the four chromosomes
(blue lines). (B) Expression (Log2 TPM) of each patulin cluster gene orthologue across the four iso-
lates. Darker red indicates higher expression, and gray means transcript levels were below the
threshold. TPM = transcripts per million. (C) Average patulin production detected in each iso-
late over the average potato dextrose broth (PDB) control. Values are average peak area ratios

across replicates.

The patulin biosynthetic cluster was identified in R19 and Pe21 with an 86% homology
match, whereas only 40% of the cluster was found in 404 and 413 using AntiSMASH. Micro-
synteny analysis confirmed that R19 and Pe21 have the entire 15-gene cluster in one location
within each genome. However, 404 and 413 only have a partial cluster in one location,
containing the six gene orthologues for patH, patG, patL, patl, pat], and patK (Figure 4A). The
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remaining orthologues with partial similarities were identified and were scattered across
the other P. chrysogenum chromosomes (Figure 4A). There was no orthologue identified
for patF in 404 or 413. All patulin cluster genes were expressed in R19 and Pe21 at higher
levels than for any of the existing 404 and 413 orthologues (Figure 4B). The 404 patC
orthologue did not have a corresponding transcript, and the 413 patA ortholog did not have
corresponding transcript. The expression data for the gene clusters correlated with the
patulin production in R19 and Pe21. The lack of patulin production in 404 and 413 can be
definitively explained by reduced gene expression and absence of patF (Figure 4C). Targeted
mass spectrometry confirmed patulin production for R19 and Pe21; patulin was not found
at levels significantly above baseline in 404 and 413 growth media (Figure S3). Indeed,
patulin peak areas were observed for each individual sample, and it can be confirmed
the mean peak area shown for 404 and 413 have poor resolution and are likely isomers,
adjacent peak tails, or background.
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Figure 5. Penicillin G genomic, transcriptomic, and metabolomic presence in each Penicillium isolate.
(A) Penicillin G biosynthetic gene cluster in P. chrysogenum (top, orange line) chromosome 1, which
were absent in R19 and Pe21. The 404 pcbC gene shows a larger segment that suggests a tandem
repeat compared to the 413 genome. (B) Expression (Log2 TPM) of each penicillin G cluster gene
orthologue across the two isolates. Darker red indicates higher expression, and gray means transcript
levels were below the threshold. TPM = transcripts per million. (C) Average penicillin G production
detected in each isolate over the average potato dextrose broth (PDB) control. Values are average
peak area ratios across replicates.
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The penicillin G three-gene cluster was present in both P. chrysogenum isolates but
absent in R19 and Pe21 (Table 4). Further analysis of the micro-synteny revealed that 404
has a possible tandem duplication for the pcbC gene (Figure 5A). All of the genes were
expressed in 413, while 404 lacked expression of the duplicated pcbC region (Figure 5B).
Finally, both 404 and 413 produced penicillin G (Figure 5C). Penicillin G could not be
significantly resolved above baseline in R19 and Pe21 growth medium (Figure 5C), and
peaks examination individually confirmed off-target readings.

4. Discussion

Postharvest decay and mycotoxin contamination are a major economic challenge
for the pome fruit industry, especially with the rise of fungicide resistance. Recent
advances have been made to improve alternative control options to mitigate posthar-
vest disease, including the use of biocontrol products like Bio-Save®, formulated from
Pseudomonas syringae [68]. The two P. chrysogenum isolates examined in this study, 404 and
413, were recently shown to successfully reduce blue mold decay in apple if applied prior
to the aggressive P. expansum isolates [27]. A comparative omics-based approach was
implemented to provide resources to guide future studies in fungal-fungal interactions
in postharvest systems, further understand the mode of action behind the previously ob-
served decay reduction, and to explore the production of industrially useful compounds.
Genomic, transcriptomic, and metabolomic data was generated from in vitro cultures and
revealed a swath of differences between the two Penicillium species. The results expand
on differences in fungal virulence genes and SM clusters and SM production between the
two Penicillium spp.

A recent study confirmed that P. chrysogenum isolates 404 and 413 cause minimal
decay in apple fruit, which provides a unique opportunity to study disparities concerning
infection biology using an aggressive blue mold causing species like P. expansum [27].
Of all the P. expansum virulence factors that have been confirmed to be involved in
apple fruit decay via functional genetics (e.g., creA, veA, pacC) or enzymatic activity
(e.g., PEPGI = polygalacturonase), only four loci of the lysM gene family (5, 8, 11, and
16) did not have homologues in either 404 or 413. None of the missing genes have been
shown to manifest in non-virulent phenotypes in P. expansum when deleted. Instead, the
four lysM genes showed an increase in P. expansum decay when deleted, suggesting they
could be negative regulators of virulence [69]. Therefore, it is unlikely that the absence
of these genes is the primary contributing factor behind the observed 404 and 413 avir-
ulence phenotype in apple fruit. Indeed, most of the P. expansum virulence factors had
orthologues in P. chrysogenum which evidently do not equate to conserved functionality in
P. chrysogenum. As expected, the in vitro data did not show stark differences in expression
of the known P. expansum virulence genes, as growth in axenic culture does not mimic the
specific apple host environment nor does it mimic apple cell physiology. However, due
to the lack of growth exhibited by P. chrysogenum in apple, axenic culture serves as the
most appropriate milieu to study differences in small molecules produced by each species
that may mediate fungal-fungal interactions and/or facilitate apple fruit decay. Taken
together, we hypothesize that the simple model of presence or absence of fungal virulence
genes is likely not a major underpinning of P. expansum’s aggressive nature. Instead, the
ability of P. expansum to aggressively decay fruit is likely due to complex gene regulation
and peptide or small molecule production during apple infection, which is the subject for
future investigation.

The genome sequences generated in this study are improved resources for the fungal
genetics community due to their contiguous, near-chromosomal level assemblies, high
read quality and sequencing depth, and improved annotation accuracy/calling due to
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the corresponding RNA-Seq dataset. All of the -omics data generated in this study was
derived from the same culture conditions (e.g., mycelial mats from same flask were used to
isolate gDNA, total RNA and broths used for metabolomics analysis), allowing accurate,
streamlined comparison between data types and across fungal isolates. These genomic
resources provide a strong foundation for understanding biology of two Penicillium spp.
with contrasting fungal lifestyles. For example, it was previously found that isolates 404 and
413 had a missing gene homologue from the patulin cluster, patF, while R19 and Pe21 had
complete patulin biosynthesis clusters [27]. However, the short-read genomes did not allow
the level of resolution required for determining synteny when assembled de novo. Further,
patulin production was not experimentally determined for the P. chrysogenum 404 and 413
isolates in that study. Here, genome mining via SM cluster analysis confirmed partial,
localized patulin biosynthetic gene clusters in 404 and 413 on chromosome 2, while R19 and
Pe21 had high homology of the entire, intact 15-gene cluster on P. expansum chromosome 4.
Visualization of the partial cluster synteny in 404 and 413 supported the initial SM cluster
match, as only six genes (patGHIJKL) were identified in a localized area. Expression of the
cluster orthologues exhibited relatively higher abundance for the two P. expansum isolates
for most of the genes. Subsequent metabolomics analyses demonstrated that both 404 and
413 do not produce patulin, whereas both P. expansum isolates produced copious amounts
of the toxin in culture. Taken together, the integration of omics-based data for the patulin
biosynthetic gene cluster provides definitive support that P. chrysogenum does not produce
patulin, while P. expansum does, corroborating previous findings in the literature [27,34].
In addition, we show here for the first time the chromosomal location(s) of the patulin
gene cluster in both Penicillium species and hypothesize that P. chrysogenum lost the central
portion of the cluster to a recombination event during evolutionary divergence of the
species that resulted in retention of only the flanking cluster genes, patGHIJKL.

Published P. chrysogenum genomic studies have shown bioinformatically and ex-
perimentally (e.g., pulse-field gel electrophoresis) that the genome is comprised of
four chromosomes, consistent with the 404 and 413 assemblies in this study [66]. Fur-
ther, previous comparative genomics of P. chrysogenum isolates showed a larger number of
genetic duplications and overall larger chromosomes than other Penicillium species, with
13% of the gene families in P. chrysogenum found to be species-specific [34]. Similarly, 404
and 413 had larger chromosomes, almost 1000 more identified protein coding sequences,
longer repeats (>1 Mb), and unique SM clusters identified than the R19 and Pe21 assemblies.
However, many discrepancies have been observed across published representatives of
P. chrysogenum, likely attributed, in part, to intentional selection pressure and mutagenic
approaches to generate strains with high production of penicillin [66]. Here, the high
similarity between the 404 and 413 isolates in genomic composition, SM cluster identifi-
cation, expression, and small molecule production could be attributed to their identical
geographical origin. The new R19 and Pe21 genome-level sequence assemblies also match
the contig number of a recently available P. expansum isolate, IBT 35385, with 10 genomic
contigs; however to our knowledge, no experimental confirmation of chromosome number
has been demonstrated for this species (NCBI GenBank: GCA_028827855.1). Nonetheless,
there were clear differences between the R19 and Pe21 expression profiles and metabolites
produced in culture. Considering R19 was isolated from Pennsylvania, USA in 2011 and
Pe21 from Israel in 2012 (NCBI BioSample: SAMN02928572), likely from apples with dif-
fering physiology (i.e., cultivars, maturity, storage regimens), the intraspecies differences
may indicate evolutionary divergence. Indeed, as both are successful apple pathogens, the
dissimilarities may further highlight niche pressures or biological variation amongst strict
necrotrophs but may not represent necessities for virulence in apple fruit.

121



J. Fungi 2025, 11, 14

An untargeted metabolomics approach was used to putatively identify compounds
produced by these two Penicillium species in culture. It should be noted misidentifications
(e.g., isomers) could be indicated despite careful measures taken to ensure compound
accuracy, as many of these molecules were not verified with purified chemical standards,
nor examined for biological activity within each fungal species. Even so, many metabolites
found suggest a unique fungal chemical repertoire for each of the species. For instance,
multiple phytohormone-like compounds were detected exclusively in the P. expansum broth
cultures. The capacity of the fungus to produce phytohormones, including an isomer of
indole 3-acetic acid (IAA), phloroglucinol-related compounds (auxin and cytokinin-like
activity), gallic acid (jasmonic acid (JA) and phenylpropanoid pathway induction), and
gentisic acid (associated with salicylic acid (SA) pathway), as well as the JA precursor,
12-oxo phytodienoic acid, could suggest that the pathogen may manipulate the apple
metabolism and defense response. To the best of our knowledge, this is the first indication
of production of these compounds by P. expansum in axenic culture. Studies have shown
that plant pathogens may produce phytohormones to help evade plant immune response,
and to improve fungal virulence [70,71]. For example, it was confirmed that Penicillium
digitatum can produce IAA, JA, 12-oxo phytodienoic acid, and SA, and that phytohor-
mones are altered to facilitate infection in citrus [72]. Further, more mature apples with
physiological shifts (i.e., reduced firmness, higher available sugar, etc.) have been linked
to increased P. expansum tissue colonization [73], and P. expansum colonization appears
to enhance ripening during infection as evidenced by increased ethylene detection [74].
Considering IAA and JA have previously been shown to stimulate ethylene production
and ripening in apple fruit [75], it seems plausible that production of these compounds by
P. expansum could aid the fungus in altering the apple fruit physiology. During P. expansum
apple infection, ethylene-mediated defense responses are altered compared to a non-host
interaction with P. digitatum [70]. Additionally, gallic acid levels increase in P. expansum-
infected apples and have a concomitant increase in patulin [76]. Whether these compounds
are produced to behave as or mimic phytohormones in vivo by P. expansum, by the apple,
or both in concert during infection has yet to be determined but could significantly shift
existing postharvest fungal-plant interactions paradigms to possibly leverage for new
decay control mechanisms.

Among some of the most abundantly produced antimicrobials by P. expansum were
corchorifatty acid F, perillic acid, and sorbic acid. Corchorifatty acid F is a lineolic acid
derivative originally identified from Corchorus olitorius L. leaf tissue, and is a potential
antifungal compound [77,78]. Perillic acid is a cyclohexenecarboxylic acid with antimicro-
bial activity against Gram-positive bacteria (Staphylococcus aureus, Bacillus subtilis), yeast
(Candida albicans), and fungi (Aspergillus brasiliensis) that is commonly used as an antimi-
crobial in cosmetics [79]. Sorbic acid is a weak acid used as a food preservative with
fungistatic activity that has been shown to delay germination in Aspergillus niger due
to lowered cytosolic pH [80,81]. It is possible that P. expansum produces sorbic acid to
compete against acid-sensitive species or utilizes sorbic acid production to stimulate the
production of patulin [82]. Overall, these compounds may benefit the pathogen through
competitive advantage against other sensitive organisms in the postharvest infection court.
Furthermore, future biocontrol organisms used against P. expansum must have tolerance to
these compounds, if found to be produced by the fungus during decay. Notwithstanding,
utilizing P. expansum strains as a source of these compounds in scale up fermentation
processes and/or by mining their genomes for biosynthetic clusters to move them into
other organisms (e.g., yeast) for industrial scale production is of high value.

Industry has used P. chrysogenum for many years as a “biofactory” due to the height-
ened capacity of the species to produce the antibiotic penicillin [28]. Confirmation of an
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intact penicillin SM cluster, gene expression, and production of penicillin G was observed in
404 and 413 presented in this work. Expanding the utility of P. chrysogenum to produce more
compounds of interest beyond penicillin could be useful to the broader fungal scientific
community and industry alike [28]. The untargeted metabolomics data was mined to find
additional metabolites produced by P. chrysogenum with natural product potential. Many
metabolites with therapeutic potential were produced by P. chrysogenum in these condi-
tions, including 3,8-dihydroxy-6-methyl-9-oxo-9H-xanthene-1-carboxylic acid (anticancer),
6-methoxy-2-oxo-2H-1-benzopyran-3-carboxylic acid (diuretic), archin (anti-inflammatory,
antitumor), luteolin (anticancer), N-acetyldopamine (anti-inflammatory), N-acetyltyramine
(antitumor), and chrysophanic acid (anticancer). Other produced antimicrobial compounds
besides penicillin may contribute toward a potential role of P. chrysogenum as an effective
biocontrol agent against a variety of microbial pathogens. For example, n-acetyltyramine
has been shown to inhibit acyl-homoserine lactone-based quorum sensing systems [83]
and has also demonstrated mild antifungal activity [84]. Scopoletin is a coumarin that has
antioxidant and antifungal properties [85]. When produced by Penicillium janthinellum, it
has been shown to be effective against soybean nematode while simultaneously improving
soybean health [86]. Finally, some P. chrysogenum-produced compounds may allow for
apple host recognition or induction of defense that would normally be undetected or
unstimulated when P. expansum is present alone. Daidzein 4’-sulfate (4-(7-hydroxy-4-oxo-
4H-chromen-3-yl) phenyl hydrogen sulfate), a highly abundant compound produced by iso-
lates 404 and 413 is an isoflavone. Isoflavones, like daidzein, are linked to phenylpropanoid
metabolism and defensive phytoalexins in legume plants against fungal phytopathogens,
though little is known of their role in apple fruit [87,88]. This explanation does support the
observed efficacy of P. chrysogenum correlated with advanced establishment in the apple
fruit [27], however, more functional work with the compounds is warranted. The list of
desirable bioactive compounds could be further expanded with changes to production
conditions, such as fermentation or induction of desired biosynthesis pathways. Further,
some metabolites have more than one identified biological function, further supporting
production interest and need for in-depth analysis in multiple biological contexts. The
prospect of metabolomic production and manipulation is now further substantiated by the
plethora of omics-based resources and functional genetic tools to optimize these strains in
the laboratory and at an industrial level.

Degradation, inhibition, or sequestration of virulence factors could also reduce rot
and postharvest decay incited by P. expansum. For instance, the antifungal activity that
can be overcome by some fungi (e.g., Penicillium spp.), and degradation of this known
virulence factor was shown in vitro with Monolinia fructicola [16,27,89]. As isolates 404
and 413 can tolerate patulin and have partial genetic similarity to the patulin biosynthetic
cluster, it is plausible they too have an existing mechanism to reduce or disable patulin [27].
Hence, P. chrysogenum can be explored and manipulated for use as a model system to
understand genus-level patulin tolerance mechanisms in the fungus. Further, the lack of
patulin production shown here in conjunction with toxin tolerance and absence of decay
symptoms highlight this species as a prime candidate for biocontrol agent development
against patulin-producing pathogens like P. expansum.

5. Conclusions

Blue mold is a major problem for the postharvest pome fruit storage, packing and
processing industries. Current mitigation strategies are not sufficient in eliminating the
disease, nor to abate the production and accumulation of the mycotoxin patulin in processed
pome fruit products. Understanding the omics-based differences between virulent and
nonvirulent species of Penicillium is one way to determine fungal genetic requirements,
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signaling mechanisms, and metabolomic suites necessary for apple-fruit infection. These
factors can then be the main targets to serve for the development of novel decay control
strategies. Additionally, through the integrated study of metabolomics, genomics, and
exploring phenotypic differences between the species, the P. chrysogenum strains in this
study have the potential to be optimized as biocontrol antagonists against blue mold decay,
as contemporary laboratory tools for studying Penicillium spp. virulence factors, and as
“fungal biofactories” to produce compounds of industrial importance.
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genomes [90-109]; Table S2: Source parameters for patulin measurement using HPLC-high resolution
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Abstract: With rapid globalization and the increasing demand for traditional Chinese
medicines, quality and safety has become a critical priority for both domestic and interna-
tional markets. However, traditional Chinese medicines are susceptible to contamination by
pathogenic microorganisms during the process of cultivation, growth, processing, storage,
and transportation, which can lead to mycotoxin contamination that adversely affect the
quality and safety of traditional Chinese medicines, and may pose potential threats to
human health. This review summarizes mycotoxin contamination, the common detection
methods, prevention and control measures, and regulatory recommendations, aiming to pro-
vide references for improving the quality standards and ensuring safety of these medications.

Keywords: traditional Chinese medicine; mycotoxin contamination; detection methods;
regulatory recommendations

1. Introduction

Traditional Chinese medicines have been integral to health practices in China for over
2000 years. However, they are susceptible to contamination by pathogenic microorganisms
during the process of cultivation, growth, processing, storage, and transportation, which
lead to mycotoxin accumulation, posing potential health risks, including carcinogenicity,
hepatotoxicity, and nephrotoxicity [1]. Mycotoxins are secondary metabolites produced by
certain filamentous fungi under suitable temperature and humidity conditions [2,3]. As the
world’s largest producer, consumer, and exporter of traditional Chinese medicines, China
plays a pivotal role in the global medicine sales market. In 2022, China’s annual output of
traditional Chinese medicinal materials exceeded 20 million tons, accounting for over 70%
of global production. The domestic consumption scale reached approximately 1.1 trillion
yuan in 2023. The export value of traditional Chinese medicine products (including Chinese
medicinal materials, extracts, Chinese patent medicines and decoction pieces) amounted
to $4.2 billion, with major market in Japan, South Korea, and Southeast Asia. Currently,
the main exported medicinal materials, such as Ginseng, Astragalus, Wolfberry, Angelica
sinensis, Honeysuckle, and Licorice, are highly sought after, yet the quality and safety of
traditional Chinese medicines caused by mycotoxins has become a trade barrier. Although
the Chinese Pharmacopoeia has updated and gradually included mycotoxin testing re-
quirements for a variety of traditional Chinese medicines, as well as to add some detection
methods and permissible limit values; however, the formulation of relevant standards and

J. Fungi 2025, 11, 411

130

https://doi.org/10.3390/jof11060411



J. Fungi 2025, 11, 411

management measures are still lacking. Significant gaps remain in standardization and
regulatory oversight.

In this review, we focus on the current situation of mycotoxin contamination in
traditional Chinese medicines, summarize the types of mycotoxin contamination in
different kinds of medicinal materials, and present mycotoxin detection methods and
regulatory recommendations.

2. Mycotoxin Contamination in Traditional Chinese Medicines

With increasing attention being paid to the quality and safety of traditional Chinese
medicines by consumers, the issue of mycotoxin contamination in traditional Chinese
medicines has also garnered widespread concern. The contamination level of mycotoxins is
related to the types of traditional Chinese medicines and the species of fungi. Mycotoxins
are produced by certain species of Aspergillus, Fusarium, Alternaria, and Penicillium under
appropriate temperature and humidity conditions during growth, storage, processing,
and transportation. These fungi have the ability to produce more than 400 mycotoxins;
however, only a few mycotoxins have been detected in traditional Chinese medicines,
including aflatoxins (AFs), ochratoxins (OTs), zearalenone (ZEN), deoxynivalenol (DON,
also known as vomitoxin), fumonisins (FBs), and patulin (PAT) [4-8]. These mycotoxins
exhibit carcinogenic, teratogenic, mutagenic, and immunosuppressive effects [9,10], among
others, and pose unpredictable threats to the health of animals and humans, even at low
dose levels [11,12].

The Chinese Pharmacopoeia has been paying increasing attention to the types of tradi-
tional Chinese medicines that are susceptible to mycotoxin contamination. The 2010 edition
of the Chinese Pharmacopoeia included aflatoxin testing requirements for the first time,
covering five types of traditional Chinese medicines: Bombyx batryticatus, Citri reticulatae
pericarpium, Ziziphi spinosae semen, Persicae semen, and Sterculiae lychnophorae semen. On
this basis, the 2015 edition of the Chinese Pharmacopoeia added 14 types of AF testing
requirements for traditional Chinese medicines (including Jujubae fructus, Hirudo, Pheretima,
Myristicae semen, Scorpio, Cassiae semen, Hordei fructus germinatus, Polygalae radix, Quisqualis
fructus, Platycladi semen, Nelumbinis semen, Scolopendra, Arecae semen, and Coicis semen). Fur-
ther expanding on the 2015 edition, the 2020 edition added five types of traditional Chinese
medicines, including Corydalis rhizoma, Eupolyphaga steleophaga, Aspongopus, Vespae nidus,
and Strychni semen. The 2025 edition of the Chinese Pharmacopoeia further strengthens the
control of mycotoxins in traditional Chinese medicines and decoction pieces. The aflatoxin
testing requirements now include bran-fried Coix seed decoction pieces. Additionally, the
zearalenone testing requirements, which previously applied to Coicis semen in the 2020 edi-
tion, have been expanded to include bran-fried Coix seed decoction pieces. Furthermore,
ochratoxin A testing requirements have been introduced for the first time for medicinal
materials such as Astragalus radix and Arecae semen (Figure 1). With the continuous im-
provement and updates to the Chinese Pharmacopoeia, the mycotoxin contamination in
traditional Chinese medicines remain a subject of concern for consumers.

The most common detected mycotoxins in traditional Chinese medicines include
AFB;, AFB;, AFG;, AFG,, ZEN, DON, OTA, T-2 toxin, FB, FB,, and PAT [13,14], which
are contaminated by the fungal genera Penicillium, Fusarium, Aspergillus, and Alternaria.
In general, aflatoxins and ochratoxins are primarily produced by the Aspergillus species
(such as, A. flavus, A. parasiticus, A. ochraceus, A. niger, and A. carbonarius). Fusarium
toxins are mainly produced by Fusarium spp. (including F. graminearum, F. verticillioides,
F. equiseti, F. culmorum, and F. asiaticum), mainly including ZEN, DON, T-2 toxin, and
FBs, among others. Patulin is primarily produced by Penicillium expansum [15,16]. Based
on the carcinogenicity of mycotoxins, the International Agency for Research on Cancer
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(IARC) classified mycotoxins into three groups in 1993. AFs were classified as Group 1
(carcinogenic to humans) due to their sufficient evidence of carcinogenicity in humans; OTs
and FB; were classified as Group 2B (possibly carcinogenic to humans), for which there is
limited but not conclusive evidence of carcinogenicity from human, experimental animal
and/or mechanistic data. ZEN, DON, T-2 toxin, and PAT were classified as Group 3 (not
classifiable as to its carcinogenicity to humans), for which there is limited and inadequate
evidence, or no data in human and experimental animals to classify these [17] (Figure 2).
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Figure 1. The varieties of traditional Chinese medicines tested for mycotoxins in the 2010 to 2025
editions of the Chinese Pharmacopoeia.
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Figure 2. Classification and carcinogenicity of common mycotoxins in the Chinese medicinal material.

Group 1 mycotoxins (carcinogenic to humans), which includes aflatoxins (AFs), are
secondary metabolites with a dihydrofuran coumarin structure, and are produced by
Aspergillus spp., particularly A. flavus and A. parasiticus [4,18,19]. More than 20 kinds of
aflatoxins with clearly defined structures have been found, including aflatoxin By, By,
G1, Gy, M1, My, Ba,, Gpa, BMy,, and GMy,, among others [20]. AFB;, AFB,;, AFG, and
AFG;, are the main aflatoxins contamination in traditional Chinese medicines, among
which, AFB; is the most common and the most toxic aflatoxin. In recent years, there have
been many reports about AF contamination in traditional Chinese medicines. Su et al.
detected AFB; at a concentration of 4.54 ng/kg in Astragalus membranaceus infected by
Aspergillus and Penicillium species [5]. Yang et al. detected AFs (AFB;, AFB;, AFG;, and
AFG») in 34 batches of traditional Chinese medicines, AFB; and AFB, were detected in
3 batches of Semen ziziphi spinosae, among them, the detection values of AFB; and AFB,
were 0.41~1.47 ug/kg and 2.74~20.98 pg/kg, respectively. Yang et al. also reported the
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presence of AFG, in Paeoniae radix alba, with a concentration of 0.45 ng/kg [21]. Wang et al.
found that two batches of Licorice root samples and one batch of Fritillary bulbs tested
positive for AFB;. The AFB; content in the Licorice root was 12.56 nug/kg and 26.11 pg/kg,
while the AFB; content in the Fritillary bulbs was 10.06 pg/kg, all of which exceeded the
maximum limits of 5 pg/kg [22]. High levels of AFB;, up to 52.0 pg/kg, were detected
in Platycladi [23]. A total of 30.8% of Nutmeg samples were contaminated with AFB,, at
levels ranging from 0.73 to 16.31 ug/kg, and 23.1% of the analyzed samples were co-
contaminated with at least two different mycotoxins (AFB;, AFB;, AFG;, and AFG,) [24].
AFs have been classified as Group 1 mycotoxins (carcinogenic to humans). They are
hepatotoxic, mutagenic, teratogenic, carcinogenic and immunosuppressive, posing severe
threats to human health [25-28].

Group 2B mycotoxins (possibly carcinogenic to humans), which include ochratox-
ins (OTs), are one of the most common naturally occurring mycotoxins produced by
A. ochraceus, A. niger, A. carbonarius, P. viridicatum, and P. verrucosum, as well as other
Penicillium species [29-31]. OTs are isocoumarin toxins, including seven structurally similar
compounds, among which OTA, OTB, OTC, and OTD are the main varieties. OTA is the
most widely found ochratoxin in traditional Chinese medicines, and it exhibits the highest
toxicity within the ochratoxin group [32]. Yang et al. reported that, for 31 of the visibly
moldy traditional Chinese medicines and for 26 of the not visibly moldy samples tested,
74.2% of the visibly moldy samples and 7.7% of the not visibly moldy were contaminated
with OTA. Specifically, OTA contamination was detected in Licorice root, Mongolian milkvetch
root, Baikal skullcap root, Barley sprout, Medicated leaven, Common turmeric rhizoma, Upland
cotton root, and Sowthistle tasselflower herb at different levels in the range of 1.3~84.4 ug/kg,
87.7~158.7 ug/kg, 1.6~1.8 ug/kg, 10.7 ug/kg, 2.4 ng/kg, 10.6 pug/kg, 27.1 ng/kg, and
12.9 ug/kg, respectively [33]. High levels of OTA (92.3 ng/kg) were also detected in tanger-
ine seeds [23]. OTA was detected in the Massa medicata fermentata, with the concentration
ranging from 1.2 to 5.9 pg/kg [34]. OTA is known to be nephrotoxic, hepatotoxic, immuno-
suppressive, genotoxic, neurotoxic, carcinogenic, teratogenic, and embryotoxic, posing
severe risks to human health [35-38].

Fumonisins (FBs) are a group of secondary metabolites produced by Fusarium spp.,
such as F. verticillioides, F. proliferatum, F. oxysporum, and other related species. They are clas-
sified into four categories (A, B, C, and P), with the B series being the most significant and
widely studied [39,40]; among these, FB; and FB, are the most common toxins. FBy is the
strongest level toxicity, with heat-stable and water-soluble properties [19]. Li et al. detected
FB; and FB, in Eupolyphaga steleophaga and Chinese medicinal preparations containing
Eupolyphaga steleophaga; among these samples, the content of FB; and FB; was 13.51 ug/kg
and 6.31 pg/kg, respectively. In Chinese medicinal preparations containing Eupolyphaga
steleophaga, the detection values of FB; and FB, ranged from 2.38 ug/kg to 17.87 ug/kg and
from 3.01 ng/kg to 7.89 ug/kg, respectively [41]. Wang et al. established a determination
method for 26 kinds of mycotoxins with UPLC-MS/MS in Notoginseng radix et rhizoma, and
one batch sample detected FB,, with a detection value of 1.2 pug/kg [42]. Among 20 batches
of Ophiopogonis radix samples, FB, was detected in 14 samples, with the levels ranging from
4.99 to 378.99 ug/kg, and a positive detection rate of 70% [43]. FBs mainly damage the
heart, lungs, liver, kidneys, and other organs of animals. Additionally, the exposure to FBs
has been linked to human esophageal cancer and neural tube defects [39,44].

Group 3 mycotoxins (not classifiable as to its carcinogenicity to humans) include
ZEN, DON, T-2 toxin, and PAT. ZEN is an estrogenic mycotoxin produced by Fusarium
spp. (primarily including F. graminearum, F. asiaticum, F. equiseti, and F. culmorum) under
specific environmental conditions, such as high humidity and moderate temperatures [45].
ZEN is also a non-steroidal estrogenic toxin [46], which often co-occurs with DON and
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AFs [47]. The natural occurrence of ZEN has been reported in many countries [48-50]. ZEN
contamination was detected in 107 tested Coix seed samples, with 55.6% of them exceeding
the Chinese regulatory standards [51]. The detection rate of ZEN in Coix seed samples is rel-
atively high, with the content of ZEN ranging from 0.343 ug/kg to 129.767 ug/kg [52]. ZEN
contamination levels in the Coicis semen samples ranged from 2.77 ng/kg to 1076.18 ug/kg,
with a detection rate of 84% and an over-standard rate of 6% [53]. Xu et al. detected ZEN
in Quisqualis indica L., with a detection rate of 1.52% [54]. Zhang et al. reported the levels
of ZEN in Massa medicata fermentata ranging from 22.0 to 557.0 pug/kg [34]. ZEN mainly
damages human endocrine and reproductive functions, leading to adverse effects, such as
infertility, miscarriage, and other phenomena [55].

DON is one kind of trichothecene mycotoxin produced by the Fusarium species (mainly
including F. graminearum, F. culmorum, F. pseudograminearum, and F. sporotrichioides) during
the growth of agricultural crops [38]. It is the most common mycotoxin contaminating
traditional Chinese medicines. DON is a representative of the type-B trichothecenes [56,57],
and its contamination is widespread. In Coicis semen samples, DON contamination levels
ranged from 1.54 to 360.12 ng/kg, with a detection rate of 36% [53]. Ten mycotoxins were
detected in 483 traditional Chinese medicines, with a detection rate of 4.8%, and an average
content of 52.9 nug/kg in positive samples [58]. DON mainly causes vomiting, diarrhea,
gastrointestinal discomfort, headache, nausea, and other symptoms in humans and animals.
In severe cases, DON can damage the hematopoietic system and even lead to death, and
can often have synergistic effects with other mycotoxins [59,60].

T-2 toxin is a type A trichothecene mycotoxin primarily produced by certain Fusarium
species, notably F. sporotrichioides and F. langsethiae under specific environmental conditions.
It is a representative of the type-A trichothecene that is one of the most toxic mycotoxins
among the type-A trichothecene. Li et al. reported T-2 contaminations in Polygonum
multiflorum and Panax notoginseng, and the content level was 1.93 pg/kg [61]. Zhao et al.
detected 10 mycotoxins in 30 batches of traditional Chinese medicines. Among them, the
positive detection rates were 80%, 60% and 70%, and the average concentration levels were
1.19 £+ 0.54 ug/kg, 0.86 £ 0.61 pg/kg, and 1.00 £ 0.45 ug/kg for Polygalae radix, Coicis
semen, and Eupolyphaga steleophaga, respectively, which were all less than 2.0 ug/kg [62].
Although the contamination levels of T-2 toxin reported in traditional Chinese medicines
were low, its toxicity should be paid attention to. T-2 toxin can directly stimulate the skin
and mucosa, causing inflammation, and can also damage bone marrow hematopoietic
tissue, enhance capillary permeability, and cause incomplete blood coagulation, resulting
in visceral bleeding [15,63]. In addition, T-2 toxin can cause pathological changes in liver
tissue and damage to the immune system [64].

PAT, also known as patulin, is a polyacetal lactone compound that is a secondary
metabolite generated by Penicillium, Aspergillus, Byssochlomys, and Paecilomyces species
under favorable conditions; it is usually found in pome fruits and their derivative prod-
ucts [65]. Zhang et al. found the blue mold tissues of Lanzhou Lily to be contaminated
with patulin, produced by P. gladioli and P. polonicum, with a content of 2.38 pug/mL and
1.51 pg/mlL, respectively [66]. PAT was detected in fresh Codonopsis pilosula infected by
P. expansum, and HT-2 toxin and 15-acetyl-deoxynivalenol were also found in fresh Codonop-
sis pilosula infected by F. acuminatum, while DON, HT-2 toxin, and 15-acetyl-deoxynivalenol
were detected in fresh Codonopsis pilosula infected by Trichothecium roseum [67]. PAT, sterig-
matocystin, and 15-acetyl-deoxynivalenol were detected in fresh Angelica sinensis inoculated
with P. polonicum, Aspergillus versicolor, and F. solani, respectively [68]. All the above re-
sults indicated that PAT existed widely in traditional Chinese medicines. PAT has broad
toxicity, and exposure to PAT can cause a variety of symptoms in humans and animals,
including nausea, vomiting, convulsions, and coma [69]. Furthermore, PAT has cytotoxicity,
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teratogenicity, carcinogenicity, and mutagenicity toxicity, as well as immunotoxicity at high
doses [70-72].

3. Detection Methods of Mycotoxins in Traditional Chinese Medicines
3.1. Detection Methods and Limited Standards of Mycotoxins in the Chinese Pharmacopoeia

The 2010 edition of the Chinese Pharmacopoeia stipulates the AF determination
method to be high performance liquid chromatography (HPLC), including high per-
formance liquid chromatography—iodine derivatization and high performance liquid
chromatography-photochemical derivatization. The 2015 edition of the AF determina-
tion method adds high-performance liquid chromatography tandem mass spectrometry
(HPLC-MS/MS). The 2020 edition of the AF determination method adds enzyme-linked
immunosorbent assay (ELISA), as well as HPLC and HPLC-MS/MS for the determination
of OTA, ZEN, and DON, HPLC-MS/MS for PAT, and high performance liquid chromatogra-
phy with fluorescence detection (HPLC-FLD) for the determination of ZEN. The appendix
includes HPLC-MS/MS for the determination of multiple mycotoxins, covering a total of
seven categories and 11 types of toxins, namely AFB;, AFB,, AFG;, AFG,;, OTA, DON,
ZEN, PAT, FBy, FB,, and T-2 toxin.

The 2020 edition of the Chinese Pharmacopoeia stipulates a permissible limit of
5 pug/kg for AFB; and 10 pg/kg for the total AFs (the sum of AFB;, AFB,, AFG;, and
AFGy;) in 24 types of traditional Chinese medicines. It also adds a permissible limit of
500 pug/kg for ZEN in Coicis semen for the first time (Table 1). There are no detection
methods developed for other mycotoxins, and there is no clear limit standard.

Table 1. The limit values of mycotoxins in the 2020 edition of the Chinese Pharmacopoeia.

The Limit Value of Mycotoxins (ug/kg)
Total AFs AFB, ZEN

Traditional Chinese Medicines

Bombyx batryticatus, Citri reticulatae
pericarpium, Ziziphi spinosae semen,
Persicae semen, Hirudo, Sterculiae
lychnophorae semen, Jujubae fructus,
Pheretima, Myristicae semen, Cassiae
semen, Hordei fructus germinatus,
Quisqualis fructus, Polygalae radix,
Platycladi semen, Scorpio, Nelumbinis
semen, Scolopendra, Arecae semen, Coicis
semen, Corydalis rhizoma, Aspongopus,
Eupolyphaga steleophaga, Vespae nidus,
and Strychni semen.

Coicis semen / / 500

10 5 /

3.2. The Process of Common Detection Methods for Mycotoxins

It is well known that traditional Chinese medicines have a complex matrix, which
makes it extremely difficult to determine the contamination of mycotoxins. However, with
the rapid and continuous development of detection technology and the diversification
of detection techniques, it is possible to meet the needs of the detection of mycotoxins in
complex matrices. In recent years, the major detection methods for common mycotoxins
in traditional Chinese medicines mainly included HPLC, HPLC-MS/MS, rapid detection
technology, and field real-time monitoring technology. A variety of pre-treatment methods
have currently been implemented. The most commonly used methods for mycotoxin
treatment are solid phase extraction (SPE), immune-affinity columns (IAC), multifunctional
cleanup columns, column chromatography, and QUEChERS. A flow diagram of common
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steps for mycotoxin analysis in traditional Chinese medicines is presented in Figure 3.
These technologies have their own advantages and disadvantages, and should be selected
according to different application scenarios to provide help for the detection, analysis,
and quality safety control of mycotoxins in traditional Chinese medicines. The contamina-
tion status of mycotoxins detected by these instrumental methods in traditional Chinese
medicines are shown in Table 2.
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Figure 3. Flow diagram of common steps in mycotoxin analysis.

3.2.1. Liquid Chromatography

High performance liquid chromatography (HPLC) is based on the different retention
time of different components in the chromatography column to be separated effectively,
which places higher requirements on the sample, as most of the pretreatment requires im-
munoaffinity column to clean up and derivatization determination, including pre-column
derivatizations [73], post-column derivatizations [21,74], photochemical derivatizations,
and electrochemical derivatizations [75]. The pretreatment steps are complex, the detection
cost is high, often only used to determine a single mycotoxin or a group of chemically
related mycotoxins, and not suitable for the screening of large-batch samples. Yang et al.
established HPLC methods combined with post-column photochemical derivatization after
immunoaffinity column purification to determine aflatoxin By, By, G1, and G, in 34 batches
of traditional Chinese medicines. Among them, AFs were detected in three batches of Semen
ziziphi spinosae, and AFB; in one batch exceeded the national standard limit (5 pg/kg) [21].
Yin et al. detected the content of four aflatoxins (AFBy, AFB,, AFG;, AFG,) in 21 kinds of
traditional Chinese medicines by high performance liquid chromatography—post column
iodine derivatization. All four batches of Platycladi semen and six batches of Coicis semen
were contaminated by aflatoxins, with a positive detection rate of 100%. Moreover, the afla-
toxin content in Platycladi semen and Coicis semen exceeded the legal standard limit, with an
unqualified rate of 75% and 33%, respectively [76]. Kong et al. simultaneously determined
the content of aflatoxins (AFB;, AFB;, AFG;, AFG,) and OTA in 13 batches of Myristicae se-
men using ultrasound-assisted solid-liquid extraction and immunoaffinity column clean-up
combined with HPLC and on-line post-column photochemical derivatization—fluorescence
detection (USLE-IAC-HPLC-PCD-FLD), and found that four batches of Myristicae semen
were detected with contamination by AFs and one with OTA, the detection rate of AFB;
was 30.8%, with the content levels of 0.73-16.31 pg/kg. Furthermore, at least two different
mycotoxins co-occurred in three samples [24]. Yang et al. used immunoaffinity column
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purification combined with HPLC-fluorescence detection (HPLC-FLD) to determine OTA in
57 batches of traditional Chinese medicines, such as Licorice, Astragalus, Scutellaria baicalen-
sis, Barley, and Angelica, among others. The results showed that both moldy and non-moldy
samples of traditional Chinese medicines may be contaminated by OTA, and the levels
of contamination are different. A total of 23 of the visibly moldy samples and 2 of the
not visibly moldy were contaminated with OTA levels in the range of 1.2-158.7 ug/kg
and 2.5-5.6 ug/kg, respectively [33]. Yang et al. established a method of immunoaffinity
column purification combined with HPLC-FLD to detect aflatoxins By, By, G1, and G, in
traditional Chinese medicines, such as Herba ephedra, Platycladi semen, Corydalis rhizoma, and
Coicis semen, among others. The aflatoxin detection rate was 15.78%, with the content of
the total aflatoxins ranging from 2.90 pg/kg to 32.18 ug/kg [77]. Zheng et al. determined
AFs in 56 batches of 11 kinds of traditional Chinese medicines by HPLC, and found that
AF contamination was more severe in Bombyx batryticatus, Ziziphi spinosae semen, Coicis
semen, and Sterculiae lychnophorae semen; moreover, their group also suggested that samples
with aflatoxins did not present apparent moldy symptom [78]. A total of 75 batches of
traditional Chinese medicines were analyzed by the established method of immunoaffinity
column purification-high performance liquid chromatography fluorescence detector (IAC-
HPLC-FLD), the results showed that the positive detection rates of aflatoxins in Platycladi
seeds, Coix seed, and Cassia were 77%, 29%, and 7%, respectively [79]. Wang et al. found
the mycotoxin contamination level of AFB;, AFB,, and ZEN in Coix seed was different
under different storage conditions (such as cryogenic seal, high temperature and humidity,
aeration, and drying) by HPLC-FLD [80]. In brief, the contamination of mycotoxins in
traditional Chinese medicines is related to the sample types or species.

3.2.2. Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS)

High performance liquid chromatography-tandem mass spectrometry (HPLC-MS/MS)
has become the mainstream method for the qualitative and quantitative analysis of myco-
toxins and their metabolites in traditional Chinese medicines, due to its high separation
performance in chromatography, its specificity and high sensitivity in mass spectrometry,
and its simultaneous determination of multiple mycotoxins, which greatly improves the
detection efficiency of samples. Moreover, the method of LC-MS/MS does not require
too high a purity for test samples, and is suitable for large-scale sample screening and
simultaneous determination of multi-component samples, which has certain advantages
over samples with complex matrices especially.

Traditional Chinese medicines often contain various components, such as lipids,
proteins, starch, tannins, and volatile oils, among other components. HPLC-MS/MS is
more suitable for traditional Chinese medicines (rich in lipids, proteins, starch, and tannins)
determination. Wu et al. employed HPLC-MS/MS to determine the traditional Chinese
medicines that are rich in protein and lipid substrates, and found that the mycotoxin
detection rate was higher in these traditional Chinese medicines, while the detection
rate of mycotoxin was lower in traditional Chinese medicines containing high starch,
volatile oils, and cellulose. It can be seen that the production of mycotoxins has a certain
correlation with the composition of the matrix [1]. The complex matrix components
can cause interferences to the detection; nevertheless, the advantages of LC-MS/MS can
effectively reduce the matrix interference. Currently, numerous studies have reported on
the simultaneous detection of multiple mycotoxins. It can be seen from Table 1 that there
are multiple mycotoxin co-occurrences in a single kind of traditional Chinese medicines,
such as Myristicae semen [81,82], Eupolyphaga steleophaga [41], Angelica sinensis [83], Persicae
semen [84], Coicis semen [53], Astragali radix [85], Notoginseng radix et rhizoma [42,54], and
Platycladi semen [54]; whereas LC-MS/MS can screen multiple mycotoxins simultaneously,
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and will not be limited by the types of mycotoxin. Zhao et al. established a determination
method for 10 mycotoxins using a multifunctional immune affinity column (multi-IAC)
combined with HPLC-MS/MS for traditional Chinese medicine materials, and investigated
a total of 30 samples (such as Polygalae radix, Coicis semen, and Eupolyphaga steleophaga)
with mycotoxin contamination and co-occurrence. The results showed that all the samples
in this study contained more than five mycotoxins, and AFB;-AFs, AFB;—-DON, AFB;—
FBs, and AFB;-T-2 are the most observed co-occurrences; a synergistic toxicity was also
observed between AFB;—OTA [62]. Li et al. established an analytical method for the
determination of 16 mycotoxins in traditional Chinese medicine materials by isotope
labeling—ultra performance liquid chromatography tandem mass spectrometry (UPLC-
MS/MS), and found that 10 mycotoxins were detected in the 483 batches of samples,
and ZEN has the highest detection rate, with an average content of positive samples of
71.2 ug/kg; among them, 3.11% of the samples exceeded the reference limit specified in the
national standards [58]. Li et al. developed and established a UPLC-ESI-MS/MS method
to simultaneously determine 12 mycotoxins (AFBy, By, Gy, Gy, OTA, OTB, FBy, FB,, T-2
toxin, HT-2 toxin, DON, and ZEN) in Polygoni multiflori radix, and found that 8 kinds of
mycotoxins, including AFB;, AFG,, FBy, FB,, OTA, OTB, T-2, and HT-2, were detected;
their contents ranged approximately from 0.51 to 1643.2 ug/kg. Among them, AFB; in one
batch of sample, with the content of 6.8 ng/kg, was beyond its limit standard [61]. Qin et al.
determined 10 mycotoxins in 10 batches of Dichondra micrantha UID by UPLC-MS/MS, and
the positive rate of the samples was 70% and 6 mycotoxins were detected; at the same time,
the mycotoxins had a mixed contamination [86]. The types of mycotoxins contaminated
in different traditional Chinese medicines are different [43,87,88]. The advantages of LC-
MS/MS detection technology can meet the needs of the simultaneous determination of
different kinds of toxins, and it is also a powerful technical means for confirming the
mycotoxins in traditional Chinese medicines.

3.2.3. Rapid Detection Technology

To monitor and control the contamination by mycotoxins, rapid detection technology
has become the research focus due to its relative simplicity, convenience, accuracy, and
efficiency. Rapid detection techniques mainly include enzyme-linked immunosorbent assay
(ELISA) and immunochromatography:.

Enzyme-linked immunosorbent assay (ELISA) is a detection technique based on anti-
gen and antibody specific binding reactions, which opens up a new field of rapid mycotoxin
analysis. This technology has the advantages of simple pretreatment, rapid detection speed,
strong specificity, high sensitivity, and convenience. ELISA can be used for the preliminary
screening of mycotoxins in large numbers of samples, and is suitable for on-site rapid
detection, both of which are commonly employed in the field. However, the method has
some drawbacks, including numerous preparation steps, washing frequency, and long
diffusion times required for antigen—antibody binding [89], thus it is time-consuming. The
results have poor reproducibility, poor enzyme stability, and limited application in fast
detection. Occasionally, it also produces false positive results [90]. Yang et al. determined
AFB; in seven Dendrobium candidum samples with known concentrations by the ELISA
method, and found that the results of AFB; content were basically consistent with those
of HPLC [91]. Liu et al. determined the total AFs in Ziziphi spinosae semen, Persicae semen,
Hordei fructus germinatus, Polygalae radix, Cassiae semen, and Platycladi semen by ELISA, and
the results were basically consistent with those of HPLC [92]. Currently, using the ELISA
method can specifically identify the contents of AFB; and the total AFs [93,94]. ELISA is
commonly used for the detection of AFs, OTA, ZEN, and DON [90]. Among the established
ELISA method for detecting mycotoxins in traditional Chinese medicines, AFB; is the most
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mature and widely applied. The 2020 edition of the Chinese Pharmacopoeia first included
the ELISA method, providing a technical option for the effective control of mycotoxins in
traditional Chinese medicine materials.

Immunochromatographic assay (ICA) is a rapid immunoassay method that adopts
colloidal gold or quantum dots as a labeled probe to detect multiple components by the
specific binding reaction of antigen and antibody. IAC has the characteristics of rapid,
simple, low cost, high sensitivity, and strong specificity, and is a research focus in the field
of rapid detection. Huo et al. established a simultaneous and rapid detection method of
mycotoxins (such as AFBy, OTA, and ZEN) in Ginseng, Astragalus, and Angelica samples by
fluorescent nanoparticle-based immunochromatography, and found that the coincidence
rate of the results between the actual sample and the HPLC method was consistent [94].
Hou et al. employed colloidal gold immunochromatography to achieve the one-step rapid
detection of FB;, DON, and ZEN. The results were consistent with those of LC-MS/MS,
which can verify the feasibility of this method [95]. However, the immunochromatographic
detection technology also has some problems, such as poor stability, difficulty in long-term
storage, and inaccurate quantification. Zhang et al. used IAC technology to capture and
concentrate OTA in medicinal samples, and then determined it using ELISA technology. The
two technologies were used in synergy for detection, and the sensitivity was significantly
improved [96]. On one hand, by combining IAC with ELISA technology, it can improve
the sensitivity of the method; on the other hand, it does not require that sensitivity to
employ large-scale equipment to operate the detection. This method not only has good
applicability, but is conducive to the preliminary screening of large quantities of samples,
which can provide new ideas for the development of detection technology in the future.

3.2.4. Field Real-Time Monitoring Technology

Field real-time monitoring technologies include the spectroscopy method and sensor
technology. The spectroscopic method is widely applied in the field of food for the deter-
mination of mycotoxins due to its unique advantages of no sample pretreatment, good
reproducibility, and rapid detection. However, its application is rare in traditional Chinese
medicines. The sensor method mainly includes immunosensors, aptamer sensors, enzyme
sensors, and other sensors used for mycotoxin detection, all of which have the characteris-
tics of rapid detection, simplicity and convenience, good specificity, high sensitivity, and
low cost. They are suitable for the trace detection of small molecule substances and are an
effective means for mycotoxin identification [97,98]. Fan et al. designed electrochemical
biosensors for AFB; and OTA detection in Chinese herbal medicines [99]. Although the
detection limit and recovery rate can meet the detection requirements of mycotoxins in
Chinese herbal medicines, nevertheless, most sensors can only detect one toxin, and they
are unable to meet the actual requirements of multiple mycotoxins at the same time. The
rapid, convenient, low-cost, and high specificity of rapid detection technology has a driving
effect on the preliminary screening of samples. Therefore, there are still some challenges in
the practical application of these technologies.
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4. Comprehensive Prevention and Control Strategies for Mycotoxins in
Traditional Chinese Medicines

Traditional Chinese medicines can be contaminated by mycotoxins under unfavor-
able conditions of growth, processing, storage, and transportation. The production of
mycotoxins can be avoided by taking prevention and control strategies during the whole
industry chain for the processing of traditional Chinese medicines. Thus, some strategies
for controlling the mycotoxin contamination from the industrial chain need to be urgently
proposed. Firstly, it is necessary to reduce the possibility of mycotoxin contamination from
the source through to selecting the resistant variety of traditional Chinese medicines, and to
standardize field operation technology and cultivation management procedures, to prevent
traditional Chinese medicines from being infected by pathogenic fungi during planting.

To prevent and control the production of mycotoxins in traditional Chinese medicines
throughout the entire process, the following steps should be taken. After harvesting, it
is extremely crucial to keep traditional Chinese medicines dried in a timely manner, and
to control the temperature and humidity to reasonable levels during stacking. At the
same time, it is also necessary to standardize the drying, sterilization, and other operating
methods during the processing of traditional Chinese medicines. Moreover, it is essential to
strictly control the temperature, humidity, and the moisture content of products in storage
and transportation. Furthermore, it is essential to select suitable packaging materials, and
to establish processing and storage standards for traditional Chinese medicines.

In order to improve the quality and safety of traditional Chinese medicines, it is also
necessary to strengthen the awareness of the relevant personnel in the prevention and
control of mycotoxin contamination through training, which can improve the concept of
standardized planting, the technical level and monitoring ability of planting personnel, as
well as to collaborate with professionals from scientific research institutions to explore the
prevention and control measures of mycotoxins.

5. Regulatory Recommendations for Mycotoxins Contamination in
Traditional Chinese Medicines

5.1. Improve the Detection Standards

Mycotoxin contamination is one of the important risk factors affecting the quality
and safety of traditional Chinese medicines. How to quickly, accurately, and efficiently
detect mycotoxins in traditional Chinese medicines in large quantities has been the focus
of researchers. Although the 2020 edition of the Chinese Pharmacopoeia has listed some
detection methods for mycotoxins, it is still lacking for some research on mycotoxins in
traditional Chinese medicines and their preparations. At present, an instrumental method
is the main detection and analysis technology included in the Chinese Pharmacopoeia,
which has some issues, such as high experimental costs, strong operability, high technical
requirements for inspectors, and long inspection time. However, it is reliable in terms
of the accuracy and stability of the qualitative and quantitative analysis. The field rapid
detection and online monitoring technologies have great application prospects because
of their characteristics of high sensitivity, good repeatability, and low cost. However,
there are some challenges in practical applications. Currently, the rapid detection method
has not been included in the Chinese Pharmacopoeia. Traditional Chinese medicines
have complex matrix components, of which the chemical structure of some mycotoxins
is similar. During the detection process, it is not only affected by matrix interference, but
the chemical structures and chromatographic behaviors of most mycotoxins are similar,
making it challenging for the efficient analysis of multiple mycotoxin residues in traditional
Chinese medicines. It is urgent to establish an efficient, accurate, and reliable monitoring
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system for multiple mycotoxins, and it is recommended to accelerate the formulation and
improvement of relevant testing method standards.

5.2. Supplement Limit Regulations

At present, the limits of mycotoxins set for traditional Chinese medicines in the
pharmacopoeia of many countries are relatively few, which cannot meet actual needs. The
2020 edition of the Chinese Pharmacopoeia only stipulates the limits for AFs and ZEN,
and only includes 24 types of traditional Chinese medicines, which are far fewer than the
actual number of medicinal materials found to be contaminated with mycotoxins. At the
same time, the co-occurrence of multiple mycotoxins has not been given enough attention,
and no limits have been established. The existing limit standards cannot meet the practical
needs, making it difficult to evaluate and judge some test results for which there are no
regulatory restriction standards on other traditional Chinese medicines susceptible to
mycotoxins. Therefore, supervision work is also difficult to implement. It is suggested that
temporary limit regulations should be set for traditional Chinese medicines susceptible to
mycotoxin contamination, and for the mycotoxins frequently detected in traditional Chinese
medicines. Afterwards, it is necessary to gradually solve the relatively lagging problem in
the formulation of limit standards, and provide a basis for supervision and enforcement.

5.3. Strengthen Risk Monitoring Programs

At present, the monitoring data for mycotoxins in China are relatively scattered, and
lack systematic monitoring. In addition, a database resource has yet to be formed. The
monitoring of mycotoxin contamination levels in Chinese herbal medicine is relatively
insufficient, and the role of safety supervision is limited. It is necessary to develop a
reasonable risk monitoring plan for mycotoxins in traditional Chinese medicines, and to
carry out routine monitoring in a directional manner. It is essential to establish a monitoring
system and conduct a risk assessment, to identify high-risk varieties and mycotoxin factors,
and to enhance risk warnings.

6. Conclusions and Future Perspectives

Mycotoxin contamination in traditional Chinese medicines is extremely universal
and widespread, and poses severe health risks due to the multifaceted toxicity of these
fungal metabolites. The most common mycotoxins in traditional Chinese medicines in-
clude aflatoxins, ochratoxins, zearalenone, deoxynivalenol, fumonisins and patulin, and
T-2 toxin, which can affect the human exocrine and endocrine systems and suppress im-
mune function, thus causing teratogenicity, carcinogenicity, and mutagenicity. Current
detection methods for mycotoxins, including HPLC, HPLC-MS/MS, rapid detection tech-
nology, and field real-time monitoring technology, have played a crucial role in mycotoxin
surveillance. However, these methods remain limited by high costs, variable sensitivity,
false positives, or impractical field applicability. Thus, a rapid, accurate, highly-sensitive,
cost-effective, and deployable, in a real-world setting, detection method for mycotoxins in
traditional Chinese medicines still urgently needs to be developed. Moreover, it is essential
to prevent and control the mycotoxin contamination from the source. Therefore, some
suggestions should be put forward, such as to formulate uniform regulations for preharvest
and postharvest, develop rapid and synchronous detection methods, increase legal limit
regulations for common varieties of traditional Chinese medicines, as well as to strengthen
public awareness of prevention, control, and management.
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