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Abstract

toxicity, neurotoxicity, etc.

fungi transmitting to humans.

Background Traditionally, Pseudonectria foliicola has been considered to have high host specificity, mainly infecting
boxwood and causing typical leaf spot disease, with little threat to human health. However, in 2024, the first case

of human keratitis caused by P foliicola infection was reported in Zhejiang Provincial People’s Hospital, China. As a
clinically rare pathogenic fungus, the pathogenic mechanism of P, foliicola remains unclear.

Results This study analyzed the genetic basis of its human infection using genomics. We found at least 25 secondary
metabolite biosynthetic gene clusters, including 417 virulence - related genes (nearly 50% related to human
infections), and there is homology of virulence factors with known human pathogenic fungi. Fourteen compounds
were isolated and identified, 7 of which contain diketopiperazine structures, predicted to have significant respiratory

Conclusion This study further fills the research gap in the cross - kingdom infection mechanism of this fungus. It
provides new insights into the common rules of filamentous fungi breaking host barriers and is of great scientific
significance and clinical reference value for preventing and controlling the new public health risks of plant - derived
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Background

Infections caused by filamentous fungi have become a
significant threat to global public health, annually result-
ing in approximately 6.5 million cases of invasive infec-
tions and over 2.5 million direct deaths [1-3]. Currently,
the first WHO Fungal Priority Pathogen List released in
2022 has established a priority system for the prevention
and control of clinical fungal infections [4]. However,
with the increasing number of immunocompromised
individuals, the epidemiological characteristics of fun-
gal infections worldwide are undergoing major changes.
Besides common pathogenic species, some rare fungal
species are becoming increasingly active. In China, fun-
gal infections present a “triple feature”: stable superficial
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infections, rising invasive infections, and active local/rare
pathogenic species. Especially since 2000, rare patho-
genic species have been increasingly causing diseases.
For example, in 2012, meningitis caused by Filobasidium
uniguttulatum resistant to azoles was reported, and in
2013, onychomycosis in an immunocompetent individual
caused by Rhodotorula minuta was first reported [5].

The ability of a pathogen to infect a host and cause dis-
ease mostly depends on virulence factors. These virulence
factors are key for the pathogen to adhere to, invade, and
damage host tissues, while evading the host immune sys-
tem [6, 7]. Secondary metabolites are non-essential natu-
ral products produced by microorganisms under specific
conditions. Their ecological significance lies in enhanc-
ing the host’s environmental adaptability and survival
competitiveness. Although secondary metabolites do
not participate in the basic life activities of microorgan-
isms, these compounds significantly improve the survival
competitiveness of fungi in complex ecosystems (such as
inhibiting bacterial colonization and regulating quorum
sensing) through biological activities like antibacterial
effects [8, 9].

Diketopiperazine (DKP)-type natural products are an
important class of secondary metabolites. DKP com-
pounds can form a six-membered cyclic dipeptide basic
skeleton through the condensation of two a-amino acid
peptide bonds via the NRPS pathway or the cyclodipep-
tide synthases (CDPSs) pathway. This unique structural
formation method endows DKP compounds with high
rigidity and stability [10, 11]. On this basis, various types
of DKP compounds are derived, such as indole diketopi-
perazines, epipolythiodioxopiperazines (ETPs), and pro-
line-type diketopiperazines [12].

DKP compounds have rich biological activities, gener-
ally including antibacterial activity, cytotoxicity to vari-
ous cells (such as liver cells, spleen cells, and immune
cells), inhibitory effects on specific enzymes (such as
angiotensin-converting enzyme), as well as antiviral and
antioxidant biological activities [13]. DKP compounds
play important roles in the infection and pathogenic
processes of fungi, especially ETPs containing disul-
fide or polysulfide bonds. Current understanding of the
mechanisms of ETPs in pathogenesis is as follows: ETPs
in the oxidized state can be taken up by cells, and then
reduced by glutathione in the cells to generate reactive
oxygen species (ROS), which are then captured and accu-
mulated by the cells, ultimately leading to DNA damage.
This accumulation is believed to enhance their toxicity;
in addition, ETPs can also bind to accessible cysteine
residues in enzyme molecules, consume zinc ions related
to protein functions, and induce protein denaturation.
Therefore, ETPs do not exert their toxicity by target-
ing a single protein or a specific signaling pathway, but
through their disulfide bond moieties, which interact
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non-specifically with various functionally related biomol-
ecules in the cells, thereby exerting toxic effects [14].

Pseudonectria foliicola is a fungal species mainly asso-
ciated with plant diseases. Traditionally, P foliicola is
considered to have strong host specificity, mainly infect-
ing boxwood [15]. However, in recent years, the first case
of human keratitis caused by P foliicola infection was
reported in Zhejiang Province, China [16]. This suggests
that the host specificity of P, foliicola is not absolute, and
it may break through species barriers to infect humans
under specific conditions such as corneal trauma.
Regarding the basic biological characteristics and patho-
genic mechanisms of P. foliicola, apart from Yazmin Rive-
ra’s analysis of the genome of P. foliicola in 2018, current
research remains limited [17-19].

This study aims to explore the molecular basis of P, foli-
icola infecting humans through genomics and metabo-
lomics, approaches, and focuses on identifying some
secondary metabolite virulence factors. Our research
results will not only deepen our understanding of the
pathogenic mechanism of P foliicola, but also provide
valuable insights into the comprehensive understanding
of the mechanism of cross-kingdom infections by fila-
mentous fungi, which may have important implications
for the development of new diagnostic, preventive, and
therapeutic strategies for fungal infections.

Methods

Fungal materials

The fungus P. foliicola used in this study was isolated
from a patient with keratitis at Zhejiang Provincial Peo-
ple’s Hospital [14].

Screening of fungal growth conditions

P. foliicola was inoculated into six different media using
the three - point inoculation method, including Asper-
gillus Minimal Medium (AMM), Chromogenic Can-
dida Agar (CANA), Yeast Extract Peptone Dextrose
Medium (YPD), Oatmeal Agar (OA), Potato Dextrose
Agar (PDA), and Yeast Extract Glucose Chloramphenicol
Agar (YGC). The inoculated media were incubated at a
constant temperature of 28 ‘C and 37 ‘C. After 96 h, the
growth morphology was observed. Meanwhile, the fun-
gus - containing media under different culture conditions
were extracted with an extraction solution of ethyl ace-
tate: methanol: acetic acid =90:9:1. The extracted samples
were analyzed by LC-MS. The optimal growth conditions
for P, foliicola were confirmed.

Fine - scale genome mapping analysis of the fungus

According to the results determined in the previous step,
P, foliicola was cultured in YPD liquid medium under the
conditions of 28 °C, 200 rpm for 3 days. After the culti-
vation, the mycelia were collected by filtration, freeze
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- dried, and then sent to Beijing Novogene Technology
Co., Ltd. for fine - scale genome mapping sequencing of
the fungus. Based on phylogenetic relatedness, this study
selected Dactylonectria macrodidyma JAC15-245 (https
://www.ncbi.nlm.nih.gov/datasets/genome/GCA_0207
44425.1/) and Fusarium graminearum PH-1 (https://w
ww.ncbi.nlm.nih.gov/datasets/Genome/GCF_0002401
35.3/) as reference genomes for homologous prediction
of Pseudonectria follicola, with all genome data sourced
from the National Center for Biotechnology Information
(NCBI). This study implemented an integrated bioin-
formatics workflow for homology prediction and com-
parative genomics analysis of Pseudonectria foliicola: the
MAKER?2 v.2.31.6 pipeline was first employed, incorpo-
rating protein homology evidence from Fusarium gra-
minearum PH-1 and supported by ab initio prediction
using SNAP and AUGUSTUS v.3.2.1, to uniformly anno-
tate the genomes of P, foliicola, D. macrodidyma, and F
graminearum; subsequent genome-wide orthology clus-
tering was performed via the OrthoVenn platform (based
on a modified OrthoMCL algorithm) to identify core
and species-specific gene sets; buildingon this founda-
tion, a comprehensive functional comparison was con-
ducted using tools including antiSMASH and -base v.4.0
to profile secondary metabolite gene clusters and patho-
genicity-related genes, thereby elucidating the genomic
basis of P, foliicola as a narrow-host-range opportunistic
pathogen.

Analysis of some virulence - related metabolites of the
fungus

After enriching spores of the strain on YPD solid
medium, 1 mL of spore suspension (about 1.5 x 108)
was inoculated into 500 mL of YPD liquid medium
and cultured on a shaker at 28 °C and 200 rpm for 7
days. The 30 - L fermentation broth was extracted with
ethyl acetate (1:1, v/v) to obtain 5.5 g of crude extract.
Then, the crude extract was purified by reversed -
phase column chromatography (C18 packing, column
size: 50 mm x 250 mm, packing particle size 40 pum)
and HPLC (LC -20AR) to obtain 14 pure compounds.
During the purification process, a Phenomenex Luna
5 pm C18(2) 100 A column was used with a column
temperature set at 40°C. The detection wavelengths
were 254 nm and 220 nm, with an injection volume
of 100 pL per sample and a collection time of 20 min.
The specific separation conditions for each crude frac-
tion were as follows: The 20% and 30% fractions were
eluted at a flow rate of 2mL min~! with a mobile phase
consisting of 30% acetonitrile and 70% ultrapure water
under isocratic conditions. For the 40% fraction, sep-
aration was carried out at 2mL min~! using 40% ace-
tonitrile in ultrapure water (isocratic elution). The
50% fraction was separated at 3mL min~! with 40%
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acetonitrile in ultrapure water (isocratic elution). The
60% fraction was eluted at 3 mL min~! with a mobile
phase of 50% acetonitrile and 50% ultrapure water
under isocratic conditions.

The structures were analyzed by LC - MS (Zeno
TOFTM7600) and NMR (Bruker Avance III 600 MHz).
The toxicity was predicted using the ProTox-3 (https:/
/tox.charite.de/protox3/) platform, and the compounds
were compared with the Reaxys/SciFinder databases.

Results

Screening of culture medium for P. foliicola

The growth phenotypes of the fungus under different
temperature conditions, together with the Total Wave-
length Chromatogram (TWC) results obtained by
LC-MS, are shown in Fig. 1. P, foliicola exhibited a pink
and fluffy appearance across all six culture medias.
However, significant differences were observed in the
formation of its developmental structures under dif-
ferent conditions. At 28°C, the strain showed signifi-
cantly enhanced developmental structure formation.
The characteristic pink and fluffy morphology resulted
from dense and well-differentiated aerial mycelia, and
the colonies displayed intact structures with regular
margins. In contrast, at 37°C, developmental structure
formation was markedly impaired. The fluffy appear-
ance was substantially reduced, only sparse aerial
mycelia were observed, mycelial differentiation was
insufficient, and colony architecture appeared loose
and incomplete. These observations indicate that P
foliicola is better adapted to near-room-temperature
growth conditions.

Medium screening further demonstrated that devel-
opmental structure formation was most pronounced
in YPD medium. Under this condition, aerial mycelia
were thick and evenly distributed, forming a uniform
pink and fluffy morphology accompanied by well-orga-
nized and layered mycelial differentiation. This growth
performance was superior to that observed in CANA
and OA media, in which aerial mycelia developed to
a moderate extent and mycelial differentiation was
relatively well maintained. In contrast, developmental
structure formation was clearly restricted in AMM,
PDA, and YGC media. These media were character-
ized by sparse aerial mycelia, a weak fluffy appearance,
and poor mycelial differentiation.

Consistently, analysis of the TWC profiles revealed
that the number of detected secondary metabolite peaks
was highest in YPD medium, followed by CANA and
OA media. Taking both developmental structure for-
mation as an indicator of growth performance and the
requirements for metabolite detection into account, YPD
medium was selected for subsequent experiments in this
study.
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Fig. 1 Growth characteristics and metabolite profiles of Pseudonectria foliicola under different culture conditions. A Flow chart of P foliicola culture and its
metabolites detection; B Colony morphology of P foliicola on six media (AMM, CANA, YPD, OA, PDA, YGC) incubated at 28 C and 37 “C for 96 h. Enhanced
mycelial growth was observed at 28°C; CTWC (LC-MS) profiles of SMs under different culture media; D TWC profiles of SMs under YPD culture medium
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Analysis of the molecular basis of fungal pathogenicity
Analysis of fungal effectors

Prediction of secondary metabolite (SMs) gene clus-
ters Genomic mining analysis using antiSMASH soft-
ware (version 4.0.2) revealed that the genome of P. foli-
icola contains at least 25 SMs biosynthetic gene clusters,
with their specific distribution shown in Fig. 2. These clus-
ters include 7 NRPS/NRPS-like gene clusters, 5 PKS gene
clusters, 1 RiPPs gene cluster, 1 indole alkaloid synthesis
cluster, and 4 terpene synthesis gene clusters.

Cytochrome P450(CYP450) CYP450 is a superfamily
of heme-thiolate proteins that participate in the metabo-
lism of endogenous substances and exogenous substances
including drugs and environmental compounds. The
P450 database classifies genes into 16 categories based on
their positions in the InterPro database, and the statistical
results are shown in Fig. 3.

The number of matched genes varies significantly
among different P450 categories. As shown in Table 1,
E-class P450, group I has the largest number of matched
genes, reaching 33, which dominates the P450 gene fam-
ily. The number of matched genes for “Undetermined”
and E-class P450, group IV is 20 and 18 respectively,
both at relatively high levels. The former indicates that
a large number of genes remain unclassified, while the
latter plays an important role in the system. Both Cyto-
chrome P450 and P450, indomethylase-like have 11
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matched genes, and P450, CYP52 has 5, with relatively
limited influence. In contrast, E-class P450, CYP2D has
the smallest number of matched genes, only 2. This dif-
ference in quantity reflects the unbalanced composition
of the P450 gene family.

Transcription factor analysis Transcription factors
(TFs) are proteins that can bind to DNA in a sequence-
specific manner and regulate transcription. They control
chromatin and transcription by recognizing specific DNA
sequences, thereby forming a complex system that guides
genome expression. The amino acid sequences of the tar-
get species were aligned with the fungal transcription
factor database (http://ftfd.snu.ac.kr/), and annotation
results were obtained.

Analysis of the annotation results from the alignment
of the target species’ amino acid sequences with the fun-
gal transcription factor database showed that, in terms
of identity, the mean value was approximately 614.9, and
the median was about 530.0. This indicates that the iden-
tity of most alignment results is at a certain level, and the
data distribution may be somewhat skewed. The distri-
bution of alignment lengths (Align_length) was as fol-
lows: the total number was 1103.0, with a mean of 208.3,
a standard deviation of 167.68, a minimum value of 0.0,
a 25th percentile of 108.0, a 50th percentile of 171.0, a
75th percentile of 265.0, and a maximum value of 2265.0.
This suggests that the alignment lengths vary over a
large range, with significant differences in length among

| gene number
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Fig. 2 Distribution of secondary metabolite biosynthetic gene clusters in the Pseudonectria foliicola genome predicted by antiSMASH
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P450 classification
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Fig. 3 Classification and abundance of cytochrome P450 (CYP450) genes in Pseudonectria foliicola

Table 1 The number of matched genes across different P450

classes

P450_class class_name gene_number
1 P450,CYP52 5

2 E-classP450,CYP2D 2

3 Undeterminded 20

4 CytochromeP450 11

5 E-classP450,groupl 33

6 E-classP450,grouplV 18

7 Pisatindemethylase-like 11

different alignment tasks. The frequency of occurrence of
different subject identifiers (Subject_id) varied; for exam-
ple, the identifier 42.0 appeared 12 times, showing a rela-
tively high frequency. This reflects that some alignment
subjects appear more frequently in the overall alignment,
implying that these subjects may match the target spe-
cies’ amino acid sequences more commonly.

Based on the alignment and annotation results of the
target species’ amino acid sequences against the fungal
transcription factor database, a total of 1,103 genes were
involved, and the distribution of transcription factor (TF)
families exhibited diverse characteristics. Significant dif-
ferences were observed in the number of genes matched
among different TF categories. As shown in Table 2,

the ZnCys category contained the highest number of
matched genes, reaching 230, and dominated among
the TF gene families. The bHLH and Myb categories
matched 63 and 130 genes, respectively, also representing
relatively high numbers—the former is a core regulatory
category within TF families, while the latter plays a key
role in regulatory systems. The C2H2 category matched
115 genes, also holding an important position within this
family. In contrast, categories such as GRF, GCN5L_Fy,
HTH, and YL1_Tvg each matched only one gene, while
categories including APSES, BED, and DDT_Fv also
contained relatively few genes (4, 2, and 1, respectively),
indicating their limited influence within the TF fami-
lies. This marked disparity in gene numbers reflects the
imbalanced composition of the TF gene families. At the
family level, some transcription factor families corre-
sponded to a higher number of genes. For instance, the
ZnCys_Fv0617 (FVEG_11830.3) family contained eight
genes, accounting for 0.73% of the total gene count. In
contrast, other families corresponded to relatively fewer
genes. Overall, distinct differences were observed in gene
numbers among different transcription factor families,
which may reflect variations in their functional roles and
importance within the target species.
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Table 2 Gene counts by transcription factor family Functional annotation of fungal genes

TF_class class_name gene_number  Gene function annotation The genome of P. foliicola
! APSES 4 was systematically functionally annotated using Gene
2 AraC 4 Ontology (GO) and Kyoto Encyclopedia of Genes and
3 ARID_Fv 2 Genomes (KEGG).

4 BED 2 GO functional annotation (Fig. 4) showed that the
> BHLH._ 63 genes of P foliicola are widely distributed across three
6 BT 8 major categories: molecular function, cellular compo-
/ ozIP 4 nent, and biological process. At the molecular function
2 Eéi; ;1 > !evel, genes are mainly enriched in ?aFalytiC activ?ty, bind.-
0 CoHe . ing function, and transporter activity, suggesting their
" CENTB 1 core roles in material metabolism and signal transduc-
1 DT Fv 1 tion. In terms of cellular components, most genes are
3 DUHC . associated with cells, cell parts, and organelles, reflect-
” DR , ing the integrity of the fungal cell structure and the com-
15 E 4 plexity of its functions. At the biological process level,
16 GATA 10 genes are significantly involved in metabolic processes,
17 CRF . cellular processes, and biological regulation, indicat-
13 GH Fv . ing their activity in growth, reproduction, and environ-
19 GCN5LT Fyv . mental adaptation. These GO classification results reveal
20 MG 85 the diversity of gene functions in P foliicola and pro-
21 HOMEO 85 vide a functional basis for understanding its physiologi-
2 HTH 1 cal metabolism and pathogenesis-related molecular
23 HSF 2 mechanisms.

24 JUMONUI 3 KEGG metabolic pathway annotation (Fig. 5) further
25 Lacl_Fs 1 illustrates the distribution of genes across biological
26 Lambda 6 pathways. Among the major categories, genes related to
27 LSD1_Fg 1 Metabolism are the most abundant, covering pathways
28 LuxR 5 such as amino acid metabolism, carbohydrate metabo-
29 MADS 6 lism, and biosynthesis of secondary metabolites. In the
30 MIZ 4 Genetic Information Processing pathway, genes associ-
31 Myb 130 ated with transcription, translation, and protein folding/
32 NDT80 2 sorting/degradation account for a significant proportion,
33 NEG_Fv 1 reflecting the fungus’s ability to regulate gene expres-
34 NF-X1 2 sion and maintain protein homeostasis. Additionally,
35 Notl_Fs ! annotations of genes involved in infectious diseases and
36 OBFOLD 107 immune-related pathways within the Human Diseases
37 P53 4 category provide pathway-level clues to the potential
38 PsQ 2 mechanisms underlying the cross-kingdom infection of
39 Rad18 4 humans by this fungus. Overall, the KEGG annotation
40 RFX_Tvg W results reveal the core biological processes engaged in by
4 SARTI_Fs W P. foliicola, laying a foundation for dissecting its meta-
fé isGDTh]l_AFS ; bolic network and pathogenic mechanisms.

“ TEAFs T Analysis of fungal pathogenicity

12 IJ”BSBY i The aminf) acid sequences of t}}e target species were
e WING % aligned with the PHI database using Diamond software,
48 WRKY Bt 1 and the results are shown in Fig. 6A. The amino acid
49 v T;g 1 sequences of P foliicola were aligned with the DFVF
. ch_ys 30 database, with the results presented in Fig. 6B. The sta-

tistical data on the number of genes related to pathogen
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Fig. 4 Gene Ontology (GO) functional annotation of Pseudonectria foliicola genes. Genes are distributed across three main categories: molecular func-
tion (enriched in catalytic activity and binding), cellular component (mainly associated with cells and organelles), and biological process (dominant in

metabolic and cellular processes)

PHI phenotypic mutation types and the alignment results
of P. foliicola amino acid sequences with the DFVF data-
base are shown in Fig. 6B.

Systematic analysis based on PHI and DFVF databases
revealed the potential pathogenic mechanisms of P foli-
icola. The analysis indicated that there are 417 virulence-
related genes in the genome of P. foliicola, among which
nearly 50.0% are associated with human infections. Nota-
bly, 12.47% of these virulence factors have unknown
functions, suggesting the possible existence of novel
pathogenic mechanisms. Furthermore, it was found that
P. foliicola shares significant homology in certain viru-
lence factors with known human pathogenic fungi (e.g.,
Candida albicans), as shown in Table 1. These findings
provide a potential molecular basis for P, foliicola to break
through species barriers and infect humans (Table 3).

Analysis of partial secondary metabolite virulence factors

Fourteen compounds were identified by nuclear mag-
netic resonance spectroscopy and liquid chromatograph
mass spectrometer, as shown in Fig. 7. Compound 1 was
(3 S,7R,8 S)-7-hydroxy-3-isobutylhexahydropyrrolo[1,2-
a]pyrazine-1,4-dione [20]; Compound 2 was Cyclo-
(L-trans-(4-hydroxyprolinyl)-L-phenylalanine) [21];
Compound 3 was cis-Cyclo(L-Ile-L-Pro) [22]; Com-
pound 4 was 2-Aminobenzoic acid [23]; Compound
5 was cis-Cyclo(L-Leu-L-Pro) [24]; Compound 6 was
Cyclo[1-[2-(cyclopentanecarbonyl)-3-phenylpropanoyl]
pyrrolidine-2-carboxylicacid-(1-carbamoylpropyl)amide]
[25]; Compound 7 was Brevianamide F [26]; Compound
8 was N-phenethyl-acetamide [27]; Compound 9 was

N-(2-(1 H-indol-3-yl)ethyl) acetamide [28]; Compound
10 was 2-(1 H-Indol-3-yl)ethanol [29]; Compound 11 was
cis-Cyclo(L-Val-L-Phe) [22]; Compound 12 was Daidzein
[30]; Compound 13 was 3-phenylpropanoic acid [31]; and
Compound 14 was Genistein [32]. The retention times of
these compounds are 8.7 min, 6.4 min, 7.5 min, 12 min,
7.9 min, 8.7 min, 9.5 min, 13 min, 14.2 min, 15.6 min, 7
min, 11.2 min, 16.9 min and 13.2 min, with correspond-
ing isolated weights of 2.5 mg, 2.4 mg, 3.4 mg, 3.7 mg,
2.4 mg, 3.0 mg, 2.6 mg, 2.5 mg, 3.4 mg, 1.1 mg, 3.0 mg,
6.8 mg, 1.3 mg, 3.8 mg, respectively. Among them, Com-
pounds 1, 2, 3, 5, 6, 7, and 11 contain diketopiperazine
(DKP) structures. Additionally, compound 7 has been
reported that it can be obtainable from deep-sea-derived
Fusarium and exhibits certain cytotoxicity [33].

The toxicity profiles of compounds 1, 2, 3, 5, 6, 7, and
11, which possess DKP structures (typically formed via
NRPS cyclization), were systematically analyzed using
the ProTox-3 online prediction platform, with results
shown in Fig. 8. Compounds 1, 2, 3, 5, 6, and 7 exhib-
ited significant respiratory toxicity (P (respi) >0.7); com-
pounds 2, 5, 6, 7, and 11 displayed marked neurotoxicity
(P (neuro) >0.7); compounds 1, 2, 6, and 7 showed clini-
cal toxicity (P (clinical) >0.7); and compounds 3, 5, 7, and
11 were predicted to have blood-brain barrier penetra-
tion capability (P (bbb) >0.7).

Discussion

To further confirm the conserved role of DKP-type com-
pounds in fungal pathogenesis, additional examples from
other pathogenic fungi have been supplemented. For plant
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Fig.5 KEGG metabolic pathway classification chart for gene function annotation of samples. Most genes are involved in metabolic pathways, including
amino acid and carbohydrate metabolism, and biosynthesis of secondary metabolites

pathogenic fungi, Bacillus amyloliquefaciens, for secreting
a cyclic dipeptide, cyclo(l-leucyl-1-prolyl) (CLP), with effi-
cacies to attenuate the biofilm formation and virulence of
the most important oral pathogen, Streptococcus mutans
[34]. For animal pathogenic fungi, Candida albicans, a
common human opportunistic pathogen, produces 3-ben-
zyl-6-isobutylidene-2,5-piperazinedione and cyclo(L-
Pro-L-Leu), which regulates the morphological transition
from yeast to hyphal form—this transition is a key viru-
lence trait enabling C. albicans to break through host
epithelial barriers and cause deep infections [35]. Beyond
their roles in regulating fungal infection and virulence
as discussed earlier, DKP-type compounds also possess
diverse biological activities that have garnered significant

research attention, with potential implications for both
therapeutic development and pathogenic mechanism
exploration. Based on previous studies on DKP-related
compounds, DKP-type compounds generally exhibit not
only antibacterial activity but also widespread cytotoxic-
ity against various cells (e.g., lung cancer cells and hepa-
tocytes), making them regarded as a source of antitumor
drugs. Additionally, most DKP compounds interact with
various ions or neurotransmitters, rendering them poten-
tial neuroprotective agents. Some compounds can cross
the blood-brain barrier through passive diffusion, thus
serving as ideal candidates for treating brain diseases [12,
14, 36]. Among previously identified DKP compounds,
gliotoxin produced by Aspergillus fumigatus is recognized
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Function Annotation (B) Fungal virulence factor prediction

Table 3 Partially similar virulence factors

Similar strains EMBL_ID Similar virulence factors

Candida albicans EAK95794.1 SIMILARITY: Belongs to the small
GTPase superfamily. Rab family.

Candida albicans EAK97431.1 SIMILARITY: Belongs to the actin
family.

Penicillium AAN04057.1 SIMILARITY: Belongs to the

marneffei peroxidase family. Peroxidase/
catalase subfamily.

Fusarium sp ACZ56011.1 SIMILARITY: Belongs to the

histone H3 family.

as a typical DKP-type secondary metabolite that promotes
fungal infections. It exerts cascading immunosuppressive
effects, including inhibiting macrophage phagocytosis,
blocking the formation of neutrophil extracellular traps,
inducing apoptosis, and suppressing the NF-«B signaling
pathway, thereby contributing to A. fumigatus infection
and pathogenesis [37-39].

DKP-type secondary metabolites identified in this
study are proposed as potential virulence-associated
compounds based on their known biological activi-
ties and their detection in the clinical isolate, rather
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Fig.7 Chemical structures of 14 secondary metabolites isolated from Pseudonectria foliicola. Compounds 1,2, 3,5,6,7,and 11 contain a diketopiperazine

(DKP) scaffold

than being claimed as clinical isolate-specific markers.
Through systematic literature retrieval, we confirmed
that all 14 metabolites reported in our study, including
11 typical DKP-type compounds (Compounds 1-3, 5-7,
11) and 3 structurally related derivatives (Compounds
4, 8-10, 12-14) are widely distributed in fungi, bacteria,
and even plants, rather than being specific to the clinical
isolate of P, foliicola [40—43]. Although these compounds
are not unique to P, foliicola, existing literature indicates
that secondary metabolite profiles (including DKPs)

exhibit significant strain-specific variation within the
same fungal species, which is closely related to ecologi-
cal niches and host adaptation. Among them, Compound
7 (Brevianamide F) has been extensively investigated. In
addition to its antibacterial and antitumor activities, its
antithrombotic effects were confirmed using zebrafish
models, RNA-seq, and qRT-PCR, with inferences that
it regulates the MAPK signaling pathway and coagula-
tion cascade [44]. Furthermore, Compounds 1 and 5
were verified in cellular experiments to exhibit low-level
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Fig. 8 ProTox-3 predicted potential toxicity network diagram of selected
compounds. Compounds 1, 2, 3,5, 6, and 7 show high respiratory toxicity
(P>0.7); compounds 2, 5,6,7,and 11 exhibit notable neurotoxicity; several
compounds are predicted to penetrate the blood-brain barrier (BBB)

cytotoxicity [45]. These findings validate the predicted
activities of the compounds. Their biological activities,
which often induce headaches, are consistent with clini-
cal manifestations such as headache in keratitis patients,
indicating that the isolated DKP compounds, as virulence
factors, contribute to the pathogenicity of P. foliicola to a
certain extent.

Importantly, the biological activities of these isolated
DKP compounds (e.g., neuroactive effects) are closely
associated with clinical manifestations of P foliicola-
induced infections. Specifically, their ability to induce
headaches is consistent with the clinical symptom of
headache observed in keratitis patients infected with P,
foliicola. This correlation strongly indicates that the iso-
lated DKP compounds act as virulence factors, contribut-
ing to the pathogenicity of P, foliicola to a certain extent.
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Comparative analyses involving plant-derived P. foliicola
and their produced DKP compounds will be essential in
future studies to determine strain specificity and to fur-
ther elucidate the contribution of DKP-type metabolites
to pathogenicity.

Conclusion

This study provides the first systematic elucidation of the
molecular mechanisms underlying the cross-kingdom
human infection by the plant-derived fungus P foliicola.
Genomic analysis revealed that the strain harbors 417 vir-
ulence-associated genes, with 50% directly linked to human
infection pathways. Notably, these genes are enriched in
secondary metabolite gene clusters, including non-ribo-
somal peptide synthetase (NRPS) and polyketide synthase
(PKS), providing a genetic basis for its adaptation to mam-
malian hosts. Metabolomic investigation led to the isolation
and identification of 14 compounds. Among these, indole
diketopiperazine derivatives featuring a diketopiperazine
(DKP) structure demonstrated potent neurotoxic and respi-
ratory toxic effects, along with the ability to penetrate the
blood-brain barrier. This toxicity profile aligns with neuro-
logical symptoms, such as headaches, observed in clinical
cases of keratitis, suggesting that these compounds may
facilitate pathogenesis by disrupting host cellular respira-
tion, invading neural tissue, and breaching immune barri-
ers. Furthermore, this study reports the first identification of
flavonoid biosynthesis-related genes and their products in
P, foliicola. This finding suggests the potential acquisition of
plant-derived metabolic pathways via horizontal gene trans-
fer, offering a novel perspective on cross-kingdom interac-
tions among fungi, plants, and humans.
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