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A B S T R A C T

Cordyceps militaris is a widely cultivated mushroom with multiple medicinal properties. However, the emergence 
of white mildew disease caused by Calcarisporium cordycipiticola has become a serious dilemma, leading to 
economic losses in its industrial production. The genome of Ca. cordycipiticola possesses more secondary 
metabolite biosynthetic gene clusters and a smaller number of genes encoding for carbohydrate-active enzyme 
secretion than other mycoparasites. To uncover those functional metabolites correlated with the infection pro-
cess, metabolomic profiles between healthy C. militaris fruit bodies (CK) and healthy (HFB) and diseased (DFB) 
parts of infected C. militaris fruit bodies by Ca. cordicipiticola were compared based on untargeted metabolomic 
analyses. The function of different metabolites during the pathogen infection and host response processes were 
further analyzed according to their respective metabolic pathways. Results of key metabolic pathway analyses 
suggested that a sterigmatocystin-like metabolite functions as one of the virulence factors of white mildew 
disease on C. militaris, whereas S-adenosyl-L-methionine represents a hub intermediate in both processes of 
pathogen infection and host response, highlighting the relevance of methyl group turnovers in this battle. More 
importantly, the detection of toxic metabolites in diseased C. militaris fruiting bodies suggests that this macro-
fungus contaminated by Ca. cordycipiticola should not be consumed due to the risk that it may contain related 
instead toxins. This study hypothesizes on the scenario of key metabolic biosynthesis in the battle between Ca. 
cordycipiticola and C. militaris. Our instead findings not only shed light on the interaction between the pathogen 
and the host but also provide crucial insights for the development of effective prevention and control strategies in 
the future.
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1. Introduction

Calcarisporium cordycipiticola is a mycoparasite characterized by 
hyaline, erect, whorled conidiophores and sympodial conidiations, 
which has so far only been encountered on the fruiting bodies of Cor-
dyceps militaris (Sun et al., 2016). After detecting the host, this pathogen 
first invades the hyphal interstices of the host in a biotrophic lifestyle 
while suppressing the host’s immune response and then degrades the 
hyphal cells before starting a mode of saprobic life, which is the cause of 
downy mildew disease, representing a significant economic losses (Liu 
and Dong, 2023; Liu et al., 2021; Sun et al., 2016). The genome of Ca. 
cordycipiticola is similar in size to those of Trichoderma spp. mycopar-
asites but has a much smaller number of carbohydrate-active enzymes 
(CAZymes) than those of other mycoparasites, particularly those 
encoding cell wall-degrading proteins; it has a large number of biosyn-
thetic gene clusters (BGCs), including those involved in mycotoxins 
production (Liu et al., 2021). This indicates the use of different infection 
strategies than other mycotrophic fungi, such as Clonostachys and Tri-
choderma species, which typically kill host fungi by secreting cell wall 
degrading enzymes (Karlsson et al., 2015), making Ca. cordycipiticola 
specifically infecting C. militaris (Liu et al., 2021).

Previous OMIC studies on Ca. cordycipiticola infecting C. militaris 
focused on genomic and transcriptomic analyses, while metabolomic 
studies have yet to be performed (Chen et al., 2019; Liu and Dong, 2023; 
Liu et al., 2021). Metabolomics focuses on the analysis of primary and 
secondary metabolites, end products of cellular regulatory processes, the 
levels of which can be considered the ultimate response of biological 
systems to various stressors and environmental changes (Fiehn, 2002; 
Matich et al., 2019). Fungicolous fungi generally possess a large number 
of BGCs, but most of them are silent under laboratory conditions (Cheng 
et al., 2021). There are 66 core BGCs of secondary metabolites identified 
in the genome of Ca. cordycipiticola, which is double the number found 
in its host, C. militaris. These include non-ribosomal peptide synthases 
(NRPSs), type I polyketide synthases (T1PKSs), NRPS-PKS hybrids, pu-
tative NRPS-like enzymes, indoles, and terpenes (Liu et al., 2021).

Comparison of these BGCs against the Minimum information about a 
biosynthetic gene cluster (MiBiG) database allowed the annotation of 
aureobasidin A1, botryenalol, clavaric acid, depudecin, dimethylcopr-
ogen, phomopsins, and pyranonigrin E clusters (Liu et al., 2021). In 

addition, there were 66 BGCs of secondary metabolites being revealed in 
the genome of another mycoparasitic species of Ca. arbuscula, including 
gene clusters for aflatoxin (AF), alternariol, aurovertin, citrinin, des-
truxin, isoflavipucine, and other mycotoxins (Cheng et al., 2020). 
Nevertheless, there is still a lack of knowledge on the production of 
secondary metabolites produced by Calcarisporium species, especially 
those related to the pathogen-host interactions.

To uncover functional metabolites that correlate with the infection 
process of Ca. cordycipiticola and the host response, untargeted metab-
olomic analyses between healthy and diseased C. militaris fruiting bodies 
were conducted based on liquid chromatography coupled with tandem 
mass spectrometry (LC-MS/MS) . Secondary metabolites were then pu-
tatively identified and significantly differential mycotoxin-like metab-
olites were selected for further analyses. Their correlative metabolic 
pathways and function in pathogen infection and host response pro-
cesses were systematically investigated. The presence of key virulence 
metabolites was further demonstrated using metabolic pathway analysis 
and BGC synteny analysis. This study investigated the steady-state end 
products of the deleterious fungus–mushroom interaction between Ca. 
cordycipiticola and C. militaris, which charts a more explicit picture of the 
entire infection process combining genomic and metabolomic data.

2. Materials and methods

2.1. Sample collections and preparation

Healthy and diseased fruiting bodies of three-month-old C. militaris 
were collected for this study (Fig. 1). They were divided into three 
groups each for future analyses, including healthy fruiting bodies for 
control (denotes as CK) with four replicates, healthy parts of infected 
fruiting bodies (denotes as HFB) with three replicates, and diseased parts 
of infected fruiting bodies (denotes as DFB) with three replicates. Each 
group was a mix of three different mushroom samples. The quality 
control (QC) sample was prepared by mixing samples from the above 
three groups.

Sixty milligrams of samples from each group were placed in a 2 mL 
centrifuge tube containing a 100 mg glass bead inside. One mL of a 50 % 
hydro-methanolic mixture (stored at 4 ◦C) was then added to the tube 
and vortexed for 30 s. After placing the tube in a 2 mL adapter matching 

Abbreviations

AF Aflatoxin
AFB1 Aflatoxin B1
ATP Adenosine triphosphate
BGCs Biosynthetic gene clusters
CAZymes Carbohydrate-active enzymes
CK Healthy fruiting bodies for control
DAD Diode array detector
dSAM S-adenosylmethioninamine
dU 2′-deoxyuridine
DFB Diseased parts of infected fruiting bodies
DH DFB vs HFB
DC DFB vs CK
HC HFB vs CK
HFB Healthy parts of infected fruiting bodies
ESI Electrospray ion source
FC Fold change
HMT Homocysteine S-methyltransferase
HPLC High-performance liquid chromatography
Ins(1,3,4,5,6)P5 1D-myo-inositol 1,3,4,5,6-pentakisphosphate
Ins(3,4,5,6)P4 D-myo-inositol 3,4,5,6-tetrakisphosphate
KGDHC α-Ketoglutarate dehydrogenase complex

LC Liquid chromatography
LC-MS/MS Liquid chromatography coupled with tandem mass 

spectrometry
m/z Mass-to-charge ratio
Met L-methionine
MS Mass spectrometry
MTA 5′-methylthioadenosine
OPLS-DA Orthogonal partial least squares-discriminant analysis
p p-value
PCA Principal component analysis
PLS-DA Partial least squares-discriminant analysis
QC Quality control
ROS Reactive oxygen species
RT Retention time
SAH S-adenosyl-L-homocysteine
SAM S-adenosyl-L-methionine
SIH S-inosyl-L-homocysteine
SMM S-methyl-L-methionine
ST Sterigmatocystin
UTP Uridine triphosphate
UV–Vis Ultraviolet–visible
VIP Variable importance in projection
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the instrument, it was immersed in the liquid nitrogen for 5 min. The 
mushroom sample was then ground using a tissue grinder at 55 Hz for 2 
min, repeated twice. After freezing was completed, the tube was 
centrifuged at 12,000 rpm for 10 min, and its supernatant was trans-
ferred to a new centrifuge tube for concentration and drying. Finally, 
300 μL of 2-chloro-L-phenylalanine solution (4 ppm) prepared with 50 
% hydro-methanolic solution (stored at 4 ◦C) was added to dissolve the 
sample again, and then the supernatant was filtered by a 0.22 μm 
membrane in the detection bottle. All three groups (10 replicates) were 
analyzed using the LC-MS/MS system at PANOMIX Biomedical Tech Co., 
Ltd. (Shuzhou, China).

2.2. Global untargeted metabolomic analysis

Liquid chromatography (LC) analysis was performed on an Ultimate 
3000 UHPLC System (Thermo Fisher Scientific, USA). Chromatography 
was carried out with an ACQUITY UPLC® HSS T3 (150 × 2.1 mm, 1.8 
μm) (Waters, Milford, MA, USA). The column was maintained at 40 ◦C. 
The flow rate and injection volume were set at 0.25 mL/min and 2 μL, 
respectively. The mobile phases for positive ion mode consisted of 0.1 % 
(v/v) formic acid in a mixture of acetonitrile and water. For negative ion 
mode, the analysis was carried out with acetonitrile and ammonium 
formate (5 mM) in water. Separations were conducted under the 
following gradient of both mobile phases: 0–1 min at 2 %, 1–9 min from 
2% to 50 %, 9–12 min from 50% to 98 %, 12–13.5 min at 98 %, 13.5–14 
min from 98% to 2%, and 14–20 min at 2 %.

Mass spectrometric (MS) detection of metabolites was performed on 
the Q Exactive mass spectrometer (Thermo Fisher Scientific, USA) with 
an electrospray ion source (ESI). Full MS followed by data-dependent 
MS/MS mode was used with the following parameters: 3.50 kV and 
− 2.50 kV spray voltage for ESI (+) and (− ) respectively, 30 arb sheath 
gas pressure and 10 arb aux gas flow, 325 ◦C capillary temperature, 
70000 and 17500 FWHM (full width at half maximum) resolving power 
for MS and MS/MS respectively, the mass-to-charge ratio (m/z) 81–1000 
MS range, 10 data-dependent scans per cycle, 30 eV normalized collision 
energy, automatic dynamic exclusion time.

2.3. Data processing and multivariate statistical analysis

The raw data were firstly converted to mzXmL formatted by 
MSConvert in ProteoWizard software package (v3.0.8789) and pro-
cessed using XCMS package in R software for feature detection, RT 
correction and alignment (ppm = 15, peakwidth = c(5, 30), mzdiff =
0.01, method = centWave). Missing values were imputed with k nearest 
neighbors (KNN) algorithm (k = 10, distance = Euclidean) (Troyanskaya 
et al., 2001). The quality control–based robust LOESS (locally estimated 
scatterplot smoothing) signal correction (QC-RLSC) was applied for data 
normalization to correct for any systematic bias (Dunn et al., 2011). 
After normalization, only ion peaks with relative standard deviations 
(RSDs) less than 30 % in QC were kept to ensure proper metabolite 
identification.

Data were mean-centered using scaling before multivariate data 
analyses and models. Both unsupervised and supervised analyses were 
conducted using the Ropls package in R software (Thévenot et al., 2015). 
Models were built on principal component analysis (PCA), partial least 
squares-discriminant analysis (PLS-DA), and orthogonal partial least 
squares-discriminant analysis (OPLS-DA). All the models evaluated were 
tested for over fitting with methods of permutation tests. The descriptive 
performance of the models was determined by R2X (cumulative) (per-
fect model: R2X (cum) = 1) and R2Y (cumulative) (perfect model: R2Y 
(cum) = 1) values, while their prediction performance was measured by 
Q2 (cumulative) (perfect model: Q2 (cum) = 1) and a permutation test.

2.4. Identification and selection of significantly differential metabolites

Metabolites were putatively identified based on a comparison of 
their retention time (RT), as well as m/z and MS/MS spectra that 
matched with the Human Metabolites Database (HMDB) (http://www. 
hmdb.ca), MassBank (http://www.massbank.jp/), LipidMaps (http: 
//www.lipidmaps.org), mzcloud (https://www.mzcloud.org), Kyoto 
Encyclopedia of Genes and Genomes (KEGG) (http://www.genome.jp/ 
kegg) and the metabolite database of Panomix Biomedical Tech Co., 
Ltd. (Shuzhou, China). The p-value, variable importance in projection 
(VIP) produced by OPLS-DA, and fold change (FC) were applied to 
determine the variable contribution for the abundance of metabolites in 
the comparison of DFB vs CK (DC), DFB vs HFB (DH) and HFB vs CK 
(HC). Finally, metabolites with P < 0.05 and VIP>1 were considered to 
be statistically significant, and those metabolites that have been re-
ported from microorganisms with |log2FC|>4 (FC > 16 or FC < 0.0625) 
were selected as candidates for further functional analyses. Correlation 
analysis of these candidates was conducted by calculating the Pearson’s 
correlation coefficient of each metabolite.

2.5. Metabolic pathway and BGC analyses

Metabolites only altered in the diseased part (|log2FC|>4 in both DC 
and DH and |log2FC|<2 in HC) were considered to be significant me-
tabolites during the infection process, while those only in the healthy 
part (|log2FC|>4 in DC and HC and |log2FC|<2 in DH) were metabolites 
involved in the host response. Chemical structures and reported bio-
logical activities of metabolites were obtained from PubChem (https://p 
ubchem.ncbi.nlm.nih.gov/) and previous publications. Metabolic path-
ways associated with those functional metabolites were obtained from 
the KEGG database and previous publications. Information on reference 
proteins involved in the investigated pathways was obtained from the 
KEGG and UniProt (https://www.uniprot.org/) databases. Protein se-
quences obtained from the genomic data of Ca. arbuscula NRRL 3705 
(ASM982864v1) and C. militaris (CmilitarisCM01_v01) were further 
matched using the tBLASTn in NCBI, as the genomic data of Ca. cordy-
cipiticola (PRJNA766243) in GenBank is not assembled (Cheng et al., 
2020; Zheng et al., 2011).

To identify the responsible BGCs, the pathogen genomes were first 

Fig. 1. Diseased fruiting bodies (A) and healthy fruiting bodies (B) of Cordyceps militaris used in this study.
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annotated using the fungal version of antiSMASH version 7.0 (http 
s://antismash.secondarymetabolites.org/) and the proper reference. 
Homology analysis between two modules BGC (BGC0000011 and 
BGC0000152) from Aspergillus spp., and the detected BGC in the Ca. 
arbuscula genome was then conducted with clinker via the CompArative 
GEne Cluster Analysis Toolbox (CAGECAT) (van den Belt et al., 2023).

2.6. Verification of significant metabolites

Candidate metabolites that were suspected to be the virulence factors 
were further analyzed separately on an HPCL system (1260 Infinity II LC 
System Agilent, USA) using a C18 column (ZORBAX SB 250 mm × 4.6 
mm, 5 μm, Agilent, USA) with a sample injection volume of 10 μL. All 
samples were filtered through a microporous membrane (0.45 μm) 
before detection. The standards of aflatoxin B1 (AFB1) (1 mg), and 
sterigmatocystin (ST) (1 mg), were purchased from Guizhou Senzhiyuan 
Agricultural Technology Co., Ltd. and dissolved in 50 % methanol and 
90 % acetonitrile, respectively.

AFB1 detection: The sample for detecting AFB1 was extracted by 
mixing 10 g of dried C. militaris powder, 3 g of sodium chloride, and 75 
mL of 70 % methanol into a 250 mL reaction tube, which was then 
stirred at 12,000 rpm for 2 min and centrifuge at 2500 rpm for 5 min. 
The mobile phase for detecting AFB1 consisted of 4:1 (v/v) 50 % 
methanol and acetonitrile with a constant flow rate of 1 mL/min. The 
temperature of the column was kept at 30 ◦C and UV–Vis data was 
recorded with a diode array detector (DAD) at 365 nm and 450 nm.

ST Detection: The sample for detecting ST was first extracted by 
mixing 5 g of dried C. militaris powder with 25 mL acetonitrile into a 50 
mL centrifuge tube, which was then vortexed for 1 min and sonicated for 
7 min. Afterward, 1 g anhydrous MgSO4 and 1 g NaCl were added and 
mixed, followed by centrifuging at 4500 rpm for 5 min. Finally, the 
supernatant was mixed with 50 mg primary secondary amine (PSA) and 
centrifuged at 4500 rpm for 5 min. The mobile phase for detecting ST 
consisted of a combination of 0.1 % formic acid and acetonitrile with a 

constant flow rate of 1 mL/min. The gradient elution process began with 
50 % acetonitrile for 10 min and gradually increased to 50–100 % 
acetonitrile for 20 min. The temperature of the column was kept at 40 ◦C 
and UV–Vis data was recorded with a DAD at 238 nm.

3. Results

3.1. Data processing and identification of differential metabolites

The LC-MS/MS analysis detected 11,054 positive ion features and 
12,448 negative ion features after normalization. Results from PCA, PLS- 
DA, and OPLS-DA all revealed an evident separation of the three groups 
in either positive or negative ionization mode, suggesting a significant 
difference in the metabolic profiles of the tested groups (Fig. 2). After-
wards, 513 differential metabolites were putatively identified among 
the three groups through MS/MS analysis. (Fig. 3), with the distribution 
of significantly differential metabolites (P < 0.05 and VIP>1) among the 
three groups shown in Fig. 4. After screened by the variable contribu-
tion, 50 candidate metabolites were finally selected for further analyses 
(Table 1). Most of the candidate metabolites are positively correlated to 
others, with the exception of some nucleotides and amino acids (Fig. 5).

3.2. Key metabolites and metabolic pathways related to the infection 
process

There are 17 significant metabolites and 24 pathways found in the 
infection process of the pathogen (Fig. 6). An AFB1-like compound (m/z 
= 311.0597, RT = 694.2 s) is the most notably elevated first metabolite 
during the infection, which is the only mycotoxin accumulated in the 
diseased part. AFB1 is the most hepatotoxic and carcinogenic of the AFs. 
Its cytotoxicity is implicated in the pathways of excess reactive oxygen 
species (ROS) production, DNA damage, oxidative stress, lipid peroxi-
dation, apoptosis, mitochondrial dysfunction, autophagy, necrosis, and 
inflammatory response (Dai et al., 2022; Wu et al., 2024; Geng et al., 

Fig. 2. OPLS-DA score plot and permutation test for positive ion (A, C) and negative ion (B, D) of DFB, HFB, and CK group.
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2024).
The second metabolite with significantly increased abundance is a 3- 

methyl-2-oxovaleric acid-like compound (m/z = 131.0704, RT = 558.9 
s), which is produced from isoleucine by cytosolic branched chain 
aminotransferase 1 and plays a critical role in neurological damage 
(Wang et al., 2019). It can also be a specific inhibitor for O2

- /H2O2 
production by KGDHC, which decreases ROS during α-ketoglutarate and 
pyruvate oxidation (Slade et al., 2017).

The most significantly decreased metabolite in the diseased part was 
a compound of the type D-myo-inositol 3,4,5,6-tetrakisphosphate (Ins 
(3,4,5,6)P4) (m/z = 480.9091, RT = 63.4 s), multifunctional signaling 
molecule produced by 1D-myo-inositol 1,3,4,5,6-pentakisphosphate 
(Ins(1,3,4,5,6)P5) in the metabolism of myo-inositol phosphate, the 
intermediate products of which are involved in various cellular meta-
bolic pools as well as in signal transduction (Chatree et al., 2020; Eck-
mann et al., 1997; Sahu et al., 2024; Sauer and Cooke, 2010). Ins(1,3,4, 
5,6)P5 is also the precursor of phytic acid, an antifungal agent, as well as 
the end product of myo-inositol phosphate metabolism pathway, which 
has the impact on regulating glycerophospholipid metabolism through 
several mechanisms such as a signaling molecule, modulation of phos-
pholipase activity and activation of certain kinases (Chatree et al., 2020; 
Ghoshal et al., 2016; Li et al., 2023; Sahu et al., 2024). Reduction of Ins 
(3,4,5,6)P4 may indicate a metabolic disorder or death of cells in the 
diseased part after infection.

Both pathways of AFB1 and polyamine biosynthesis are indicated to 
be functional during the infection (Fig. 7). Activation of AFB1 biosyn-
thetic pathway is suspected to be relevant to the initial infection process, 

whereas polyamines such as putrescine, spermidine, and spermine are 
small, ubiquitous organic polycations (having a positive charge on each 
nitrogen atom) found in archaeal, eubacterial and eukaryotic cells, 
which plays an important role in cell growth, cell proliferation, differ-
entiation, nucleic acid synthesis.

3.3. Verification of key metabolites during the infection

To further confirm the accumulated mycotoxin in the diseased part, 
the complete biosynthetic pathway of AFB1 was analyzed based on the 
module of Aspergillus flavus NRRL3357 in KEGG (accessed on May 
2023), and the homology analysis between module ST BGCs and the 
detected BGC in the Ca. arbuscula genome was conducted. The pathogen 
has homologs in its genome with high similarities to enzymes involved 
in the AFB1 synthesis pathway, whereas those in the host genome were 
poorly matched (Fig. 8). This indicates that the pathogen has an almost 
complete set of ABF1 synthetic genes, except for the last two steps that 
start from ST. The synteny analysis also showed high degree of conser-
vation for the core biosynthetic genes involved in ST biosynthesis, which 
implies that the product from contig31 in the Ca. arbuscula genome 
belongs to the ST mycotoxin class (Fig. 9). ST is the precursor for AFB1 
biosynthesis, which also shares a similar cytotoxicity with AFB1, such as 
increasing ROS level and inducing DNA damage (Zingales et al., 2020). 
Therefore, a ST-like metabolite is indicated as a suspected virulent fac-
tor, produced by Ca. cordycipiticola, during the infection process, as the 
genome of C. militaris does not contain genes for known mycotoxins 
(Zheng et al., 2011).

To further confirm the absence of ST or AFB1, we compared the LC- 
MS profiles from the extracts obtained from DFB with authentic stan-
dards from these mycotoxins. However, these two molecules were not 
found within the analyzed extracts (Fig. S1), which agrees with the 
hypothesis that Ca. arbuscula might produce yet unknown but related 
toxins.

Fig. 3. Heatmap following a hierarchical clustering of differential metabolites 
among CK (1–4 replicates), DFB (1–3 replicates), and HFB (1–3 replicates), 
which displays the abundance of 513 metabolites putatively identified by LC- 
MS/MS analysis. Scaled abundance is color-coded from red (high abundance) 
to dark blue (low abundance). The R package heatmap generated the dendro-
gram. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.)

Fig. 4. Venn diagram showing the number and relationship of significantly 
differential metabolites (P < 0.05, VIP>1) among DC (DFB vs. CK), HC (HFB vs. 
CK), and DH (DFB vs. HFB) groups. Numbers in brackets indicate the number of 
up and down-regulated metabolites, respectively.
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Table 1 
Information of significant metabolites during the infection process of Ca. cordycipiticola and host response of C. militaris.

KEGGID Compounds Comparison log2FC -log10P VIP Ion mode

C12136 (− )-Epigallocatechin HC 4.91 2.81 1.51 pos
C08491 (− )-Jasmonic acid HC − 7.03 4.74 1.59 neg
C08491 (− )-Jasmonic acid DH 5.55 5.26 1.22 neg
C20279 (2R,3R)-3-Methylglutamyl-5-semialdehyde-N6-lysine DH 4.23 1.59 1.17 pos
C05161 (2R,5S)-2,5-Diaminohexanoate DC 4.94 4.71 1.42 pos
C09947 (R)-Kawain DC 5.35 2.12 1.32 pos
C09947 (R)-Kawain DH 5.28 5.01 1.24 pos
C02774 10-Hydroxydecanoic acid DC − 4.03 1.9 1.28 neg
C01226 12-OPDA HC − 6.46 2.6 1.48 neg
C01226 12-OPDA DH 5.1 1.79 1.18 neg
C13857 1-Arachidonoylglycerol HC − 9.99 1.8 1.36 pos
C13857 1-Arachidonoylglycerol DH 7.79 2.53 1.18 pos
C05853 2-Phenylethanol DC 4.83 2.45 1.37 pos
C05576 3,4-Dihydroxyphenylglycol DH 4.06 5.62 1.24 pos
C03465 3-Methyl-2-oxovaleric acid DC 8.68 8.42 1.43 pos
C03465 3-Methyl-2-oxovaleric acid DH 8.86 6.58 1.24 pos
C01179 4-Hydroxyphenylpyruvic acid DH 4.72 2.44 1.21 neg
C20773 6-Amino-6-deoxyfutalosine HC 5.06 2.16 1.48 neg
C14825 9,10-Epoxyoctadecenoic acid DH − 4.04 3.04 1.19 neg
C00008 Adenosine diphosphate HC − 4.8 2.71 1.49 neg
C00008 Adenosine diphosphate DH 4.52 3.46 1.20 neg
C06800 Aflatoxin B1 DC 10.13 3.01 1.39 neg
C06800 Aflatoxin B1 DH 9.19 1.69 1.17 neg
C00179 Agmatine DC 6.02 5.52 1.43 pos
C00179 Agmatine DH 7.34 4.3 1.23 pos
C06427 α-Linolenic acid DC − 4.95 7.52 1.43 neg
C06427 α-Linolenic acid DH − 4.82 4.56 1.22 neg
C06425 Arachidic acid DH − 4.16 2.82 1.20 pos
C09815 Benzamide HC − 6.05 2.88 1.51 neg
C09815 Benzamide DH 7.04 1.68 1.17 neg
C00719 Betaine DC 4.97 2.68 1.43 pos
C00719 Betaine DH 4.79 3.94 1.23 pos
C06327 Chelirubine-like DC 4.54 3.2 1.38 pos
C06327 Chelirubine-like HC 4.71 2.76 1.55 pos
C11379 Cinchonidine DC 6.7 6.55 1.43 pos
C11379 Cinchonidine DH 6.82 4.25 1.23 pos
C00055 Cytidine monophosphate DH − 5.52 4.69 1.23 pos
C00559 Deoxyadenosine HC − 6.18 5.94 1.60 pos
C05512 Deoxyinosine HC − 5.48 2.15 1.42 pos
C05512 Deoxyinosine DH 5.87 4.75 1.23 pos
C00526 Deoxyuridine DC − 5.51 2.08 1.27 pos
C00526 Deoxyuridine HC − 4.52 1.63 1.31 pos
C04520 D-Myo-inositol 3,4,5,6-tetrakisphosphate DC − 8.78 4.7 1.41 neg
C04520 D-Myo-inositol 3,4,5,6-tetrakisphosphate DH − 9.25 4.47 1.22 neg
C00379 D-Xylitol DC 6.03 2.75 1.33 neg
C09263 Esculetin DC 4.03 2.51 1.33 pos
C18319 Ethylmethylacetic acid DC 7.33 6.57 1.43 pos
C18319 Ethylmethylacetic acid DH 7.95 4.16 1.23 pos
C00262 Hypoxanthine DC 6.62 3.57 1.42 pos
C00262 Hypoxanthine DH 6.36 6.79 1.24 pos
C02993 Kyotorphin DC 4.75 3.76 1.41 pos
C02993 Kyotorphin DH 4.03 2.86 1.20 pos
C05519 L-Allothreonine HC 5.95 7.53 1.60 pos
C05519 L-Allothreonine DH − 5.51 7.98 1.24 pos
C00073 L-Methionine HC 4.36 2.14 1.47 pos
C07570 Mirtazapine DH 4.66 1.98 1.21 pos
C00455 Nicotinamide ribotide DC − 4.15 1.42 1.14 pos
C05954 Prostaglandin B2 DC − 4.33 3.01 1.37 pos
C00314 Pyridoxine HC − 4.62 2.98 1.57 pos
C00396 Pyrimidine DC − 4.82 2.37 1.31 pos
C06526 Quinine DH 4.25 2.37 1.17 pos
C00474 Ribitol DH 4.17 1.92 1.11 neg
C03431 S-Inosyl-L-homocysteine DC 5.83 3.97 1.42 neg
C03431 S-Inosyl-L-homocysteine DH 4.82 2.1 1.20 neg
C03172 S-Methyl-L-methionine DC 4.83 2.72 1.33 pos
C03172 S-Methyl-L-methionine HC 4.45 2.34 1.45 pos
C00089 Sucrose DC − 4.3 3.62 1.39 neg
C01494 trans-Ferulic acid DH 4.5 6.42 1.22 neg
C01456 Tropate HC 4.44 3.53 1.55 pos
C01456 Tropate DH − 4.46 4.11 1.23 pos
C00977 Tryptophanamide DC 5.47 7.01 1.42 neg
C00977 Tryptophanamide DH 5.3 6.11 1.22 neg
C06044 Tyrosol DC 4.86 5.74 1.43 pos
C06044 Tyrosol DH 6.47 4.9 1.24 pos
C00043 Uridine diphosphate-N-acetylglucosamine DC − 4.15 3.69 1.39 neg
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3.4. Metabolites involved in the host response to the infection

There are three significant metabolites, and five pathways found in 
the host response to the infection (Fig. 10). The most significantly 
decreased metabolite is a 2′-deoxyuridine (dU)-like compound (m/z =
228.1956, RT = 778.2 s), a significant intermediate in nucleotide 
metabolism, especially pyrimidine metabolism, which is relevant to 
enzymatic regulation and DNA repairing, as well as acting as an 
infection-promoting factor during interactions between plants and 
fungal pathogens (Ando et al., 2010; Armenta-Medina et al., 2014; Cui 
et al., 2019). It forms a dynamic equilibrium with uracil, uridine, and 
uridine triphosphate (UTP), and finally affects the abundance of 
L-glutamine. Since the genomes of parasitic pathogens lack complete 
pyrimidine metabolic equipment (Garavito et al., 2015), deoxyuridine 
depletion may result from a lack of metabolic resources by the pathogen, 
as well as a means by which the host resists infection.

A S-methyl-L-methionine (SMM)-like compound (m/z = 165.0758, 
RT = 137 s) is the most significantly increased metabolite in the host 
response. SMM, sometimes referred to as vitamin U, is an extensive 
regulator in plant physiological processes, especially being an important 
donor of methyl and sulfur and enhancing plant resistance to abiotic and 
biotic stress factors (Fodorpataki et al., 2019; Ludmerszki et al., 2015; 
Saint-Macary et al., 2015; Szegő et al., 2007). SMM can also be catalyzed 
by homocysteine S-methyltransferase (HMT) to form L-methionine 
(Met), an essential amino acid with a critical role in the metabolism and 
health of many species, but this reaction occurs exclusively in host cells 
(Fig. 11).

The second metabolite with significantly increased abundance is a 
chelirubine-like compound (m/z = 362.0838, RT = 295.2 s). Chelir-
ubine is a parent hydride of sanguinarine (Croaker et al., 2022; Jiao 
et al., 2024) that can effectively inhibit the growth of fungal pathogens 
by destroying the integrity of cell membranes and obstructing the 

pos: positive ion mode; neg: negative ion mode.

Fig. 5. The correlation heatmap following an average linkage hierarchical clustering of candidate metabolites generated by R package correplot. The Pearson 
correlation coefficient and P were calculated using cor and cor.test functions respectively. Positive and negative correlation (P < 0.05) is represented by red and blue 
colors, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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function of mitochondria and the nucleus (Hu et al., 2022; Zhao et al., 
2019), as well as having anti-inflammatory activities. The production of 
these benzophenanthridine alkaloids may be generated by the host to 
resist fungal pathogens. So far to the best of our knowledge, benzo-
phenanthridine alkaloids are only found in plants and future studies are 
required to verify the existence of an alternate pathway in fungi.

4. Discussion

White mildew disease caused by Ca. cordycipiticola has become a 
severe problem leading to serious economic losses for the C. militaris 
industry (Liu et al., 2021). Most pathogenic fungi have undergone 
different expansion processes related to gene families facilitating host 
infection, including proteases, secreted proteins, cell wall degrading 
enzymes, antimicrobial detoxification enzymes, and secondary metab-
olites (Aguileta et al., 2009). For example, Penicillium marneffei is rich in 
BGCs and thioester-mediated non-ribosomal protein synthesis (Yuen 
et al., 2003). In contrast, Ustilago maydis, a basidiomycete that parasit-
izes maize, possesses secreted protein effectors favoring the invasion of 
living tissue while minimizing host damages (Kämper et al., 2006). Both 
genomes of Ca. arbuscula and Ca. cordycipiticola contains the dime-
thylcoprogen BGC, which is responsible for the biosynthesis of cop-
rogens and required for inhibiting pathogenic fungi (Cheng et al., 2020; 
Liu et al., 2021; Severn-Ellis et al., 2022). These compounds are side-
rophores (Chen et al., 2013; Severn-Ellis et al., 2022) mainly produced 
under iron-limited conditions; so, it was not surprising to us that we 
could not detect them in the infected tissues. In addition to the previ-
ously mentioned antifungals, there are other compounds with signifi-
cantly increased abundance, including intermediates and fatty acids. For 

example, ethylmethylacetic acid, which is an intermediate metabolite 
found in bacteria, fruits, and humans, is also a volatile compound pro-
duced by Bacillus spp. that exhibits antifungal activity (Martins et al., 
2019; Xu et al., 2021). In addition, a significant increase of 4-(gluta-
mylamino) butanoate and S-inosyl-L-homocysteine (SIH), compounds 
involved in the pathway of only prokaryotes; especially SIH an un-
common metabolite found in the S-adenosyl-L-methionine (SAM) recy-
cling of Methanocaldococcus jannaschii (Miller et al., 2015), indicates the 
existence of co-inhabiting archaea in the diseased part when cultivation.

4.1. Key virulence factors during the infection process

In addition to common cell wall-degrading enzymes, various infec-
tion strategies are used by different mycoparasites (Liu and Dong, 2023). 
Hypocreales species, to which Ca. cordycipiticola belongs, are a source of 
potent food and grain-contaminating mycotoxins that are widespread in 
cereal crops, leading to yield losses and severe diseases (Rossman, 1996; 
Shank et al., 2011; Urbaniak et al., 2019). Species within the Hypo-
creales can produce AF-like toxins such as AFB1 and ST (Bradshaw et al., 
2006; Cheng et al., 2020). Additionally, AF and ST have also been iso-
lated from the genus Aschersonia (Clavicipitaceae, Hypocreales) (Zhang 
et al., 2020). These studies demonstrate that species of Hypocreales have 
the ability to produce AF-like toxins and other mycotoxins.

Our results of the metabolomics detection and the analysis of rele-
vant pathways together with the comparison of BGCs indicated a very 
strong possibility that an ST-like metabolite, synthesized by the path-
ogen, acts as the virulence factor during the infection. The present data 
would suggest that the Ca. arbuscula BGC can not produce AFB1, and the 
relatively low homology of some enzymes might indicate that the fungus 

Fig. 6. The relevant pathway-compound network during the infection process. Compounds in the list are arranged in order of the mean |log2FC| values from two 
comparisons.
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could produce something related but still not the same molecules.
Mycotoxins, such as ochratoxin and Afs (NRCC, 1985; Kelman et al., 

2024), have been shown to act as pathogenicity factors and virulence 
factors in some fungal infections of insects and plants (Hof and Kupfahl, 
2009), even with low concentrations (Omar et al., 2020). Infection of Ca. 
cordycipiticola begins with the invasion of pathogenic hyphae between 
the interstices of the host mycelium, producing micropores at the 
interface and causing deformation of the host cells (Liu et al., 2021) This 
targeted infection strategy allows infection to occur only under a defi-
cient concentration of virulence substances. On the other hand, these 
toxins are not stable under certain physical, chemical, or biological 
conditions (Guo et al., 2021), which might lead to their degradation or 
transformation into other compounds (Tahir et al., 2018), as well as they 
are not being detected (Zhang and Banerjee, 2020). Our results above 
indicate that an ST-type metabolite is one of the virulence factors of 
downy mildew disease in C. militaris, but further investigation is needed, 
especially to identify it.

4.2. Metabolic pathways

In the case of Ca. cordycipiticola infecting C. militaris, ST-like and 
sanguinarine-like biosynthesis are indicated to be the key pathways in 
the process of pathogen infection and host response, respectively, with 
SAM being a key intermediate compound (Figs. 7 and 11). SAM is a 
universal methyl donor involved in numerous biological processes, 
including DNA methylation, protein methylation, and neurotransmitter 
synthesis, as well as a crucial molecule in various biological processes in 
host–pathogen interactions (Kawalleck et al., 1992). The 
SAM-dependent decarboxylation reaction has been shown to be a 
necessary step in the catalytic synthesis of blasticidin S (BLS), a peptidyl 
nucleoside antibiotic produced by Streptomyces griseochromogenes and 
widely used in protection against rice blast diseases (Feng et al., 2013; 

Liu et al., 2017; Gannett et al., 2024). SAM is also an essential methyl 
donor in the biosynthesis of phytohormone methyl jasmonate (MeJA), 
which can inhibit the hyphal growth of Sporisorium scitamineum (causing 
sugarcane smut) and U. maydis (causing maize smut) under in vitro 
culture conditions (Cui et al., 2023). In Hypocreales, SAM also plays an 
important role in the biosynthesis of mycotoxins and other bioactive 
secondary metabolites (Domínguez-Santos et al., 2022; von Döhren, 
2004).

Enzymes involved in the SAM cycle play essential roles in methyl-
ation metabolism, fungal development, full virulence, multiple stress 
responses, lipid metabolism, and fungicide sensitivity (Ogihara et al., 
2020). SAM is synthesized from Met and ATP by the S-adenosylme-
thionine synthetase enzyme (EC:2.5.1.6), and its sulfonium functional 
group is the center of its peculiar reactivity. Depending on the enzyme, 
SAM can be converted into S-adenosyl-L-homocysteine (SAH), S-ade-
nosylmethioninamine (dSAM) and 5′-methylthioadenosine (MTA) cata-
lyzed by SAM-dependent methylases (EC:2.1.1), adenosylmethionine 
decarboxylase (EC:4.1.1.50) and 1-aminocyclopropane-1-carboxylate 
synthase (EC:4.4.1.14). SAM-derived products can finally be recycled 
to regenerate SAM through the SAM or MTA cycles (Fig. 7 and 12). SAM 
can also react with Met under the catalyzation of Met S-methyl-
transferase (MMT), generating SMM and SAH, and the mutual conver-
sion of Met and SMM forms the SMM cycle, which operates throughout 
the plant and consumes half of the SAM produced in Arabidopsis leaves 
(Kocsis et al., 2003; Peng et al., 2022). However, the protein sequence of 
MMT did not match the genome of the pathogen or host (Fig. 11). 
Another pathway related to SAM, connected with dSAM, is polyamine 
biosynthesis, in which the abundance of arginine, agmatine, L-ornithine, 
putrescine and spermidine were significantly altered during the infec-
tion process (Fig. 7). In our study, the low similarities of some enzymes 
catalyzing different reactions in significant pathways are due to the 
distance between modular pathway taxa.

Fig. 7. Relevant pathways during the infection process. Proteins catalyzing each reaction are displayed in purple between the AFB1 and polyamine compounds, with 
corresponding enzyme codes or names shown above and the reference UniProtKB entries in brackets. The similarity of homologs in the pathogen and host genome to 
protein sequences of reference enzymes is displayed in lime green and dark orange color below the information on enzymes. Arrows (tails indicate multiple reactions) 
between each two compounds indicate the direction of reactions, with their occurrence indicated in royal blue (both pathogen and host), lime green (only pathogen), 
dark orange (only host) and grey (neither pathogen and host) color. Arrows next to the compound indicate the variation of abundance in DC (lime green) and HC 
(dark orange). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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4.3. Food security

ST shares structural and biological similarities with AFB1 (Szabó 
et al., 2024), one of the deadliest mycotoxins capable of inducing hep-
atotoxicity, nephrotoxicity, neurotoxicity, immunotoxicity, and repro-
ductive toxicity, which can lead to various acute or chronic diseases, 
such as cancer, hepatitis, mutation abnormalities, and reproductive 
disorders (Alonso-Jauregui et al., 2023; Dai et al., 2022; Díaz Nieto 
et al., 2018; Rushing and Selim, 2019; Zingales et al., 2020, 2024). Other 
compounds accumulated after infection have also been reported as toxic 
to humans, including 3-methyl-2-oxovaleric acid (Wang et al., 2019) 

and sanguinarine (Singh and Sharma, 2018; Yang et al., 2021). There-
fore, the fruiting bodies of C. militaris infected by Ca. cordycipiticola are 
inedible.

5. Conclusions

This study examines the complex scenario of key metabolic biosyn-
thesis in the pathogenic mechanisms of Ca. cordycipiticola in relation to 
C. militaris. An ST-like metabolite is identified as one of the virulence 
factors of white mildew disease in C. militaris. However, it is the SAM 
cycle that emerges as a key player, playing a central role in both 

Fig. 8. AFB1 biosynthetic pathway of Aspergillus. Proteins catalyzing each reaction are displayed in purple between the two compounds, with corresponding enzyme 
codes or names shown above and reference UniProtKB entries in the bracket. Arrows indicate the direction of reactions, and the percentages indicate the similarity 
and coverage of homologs in the studied genomes to protein sequences of reference enzymes. The lime green color represents the pathogen, and the dark orange color 
represents the host. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 9. Synteny analysis between the contig31 of Ca. arbuscula genome and related ST BGC identified from Aspergillus spp.
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Fig. 10. The relevant pathway-compound network in the host response to the infection. Compounds in the list are arranged in order of the mean |log2FC| values from 
two comparisons.

Fig. 11. Reference biosynthesis of sanguinarine and its relevant pathways in the host response to the infection. Proteins catalyzing each reaction are displayed in 
purple between the two compounds, with corresponding enzyme codes or names shown above and reference UniProtKB entries in the bracket. The similarity of 
homologs in the pathogen and host genome to protein sequences of reference enzymes is displayed in lime green and dark orange color below the information on 
enzymes. Arrows between each two compounds indicate the direction of reactions, with their occurrence indicated in royal blue (both pathogen and host), dark 
orange (only host), grey (neither pathogen nor host), and black (no information) color. Arrows next to the compound indicate the abundance variation in DC (lime 
green) and HC (dark orange). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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processes of pathogen infection and host response. This underscores the 
profound significance of methyl group turnover in this battle. Addi-
tionally, the consumption of C. militaris contaminated by Ca. cordycipi-
ticola is strongly discouraged due to the high risk of containing lethal 
toxins. These findings will significantly enhance our understanding of 
the pathogen-host interaction, potentially laying the theoretical foun-
dation for more effective prevention and control measures in the future.
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