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Abstract 
Aims  Infections with soil-borne pathogens have 
considerable detrimental effects on asparagus (Aspar-
agus officinalis) growth and production, notably 
caused by the Fusarium species F. oxysporum f.sp. 
asparagi, F. proliferatum, and F. redolens. To get 
insight into the systemic effects of fungal infection 
on plant physiology to identify candidate resistance 
traits, we investigated this interaction using a multi 
omics approach.
Methods  Asparagus plants were inoculated with 
one of the three Fusarium species. After 8  weeks, 
basal stem parts were harvested and subjected to 

metabolome and proteome analysis as well as detec-
tion of fungal DNA.
Results  Upon infection, the pathogen spreads sys-
temically from the root to the shoot and, conse-
quently, fungal DNA and mycotoxins were detected 
in the basal part of the plant stem. Metabolite data 
revealed that the main pathway affected by Fusarium 
infections was “Fatty acids”, specifically the super-
classes “Glycerophospholipids”, “Glycerolipids” and 
“Sphingolipids” being lower abundant upon infection. 
Another main pathway identified in the analysis was 
“Shikimates and Phenylpropanoids” with compounds 
assigned to these classes being mainly enriched upon 
infection. Proteome data revealed an induction of 
pathogen-defense proteins upon infection in aspara-
gus, while proteins involved in vesicle trafficking and 
lipid metabolism were lower abundant.
Conclusions  This indicates that not only lipid-based 
signaling processes are distorted by Fusarium, but 
also fundamental processes such as vesicle forma-
tion, membrane integrity and cell wall organization. 
In planta proteome analysis of F. oxysporum led to 
the identification of 1,488 fungal proteins, including 
proteins involved in metabolic and cellular processes 
as well as putative virulence factors.
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Abbreviations 
FB	� Fumonisin
BEA	� Beauvericin
ENN	� Enniatin
PAL	� Phenylalanine ammonium lyase
PR	� Pathogenesis-related
LC-MS	� Liquid-chromatography mass spectrometry

Introduction

Asparagus (Asparagus officinalis) is a perennial veg-
etable produced worldwide, with a high nutritional 
value and low-calorie intake. Green and white spears 
are rich in antioxidants, such as polyphenols, flavo-
noids and ascorbic acid as well as amino acids (Lee 
et  al. 2014; Creydt et  al. 2018a; Jiménez-Sánchez 
et  al. 2016; Ku et  al. 2018). Roots are traditionally 
used as a medicinal product, mainly due to their 
accumulation of saponins and fructans (Iqbal et  al. 
2017; Zhang et  al. 2019). In order to maintain high 
productivity, asparagus requires replanting after about 
10–15 years and the high failure rate associated with 
replanting new crops in old asparagus fields is an 
important problem for producers. Asparagus cultiva-
tion is affected by soil-borne pathogenic Fusarium 
species, which cause yield losses during the typical 
10-year cultivation period. These species include F. 
oxysporum f. sp. asparagi, F. proliferatum, and F. 
redolens f.sp. asparagi, all of which cause necrotic 
lesions on root and stem surfaces, rot on roots, rhi-
zomes and stems, and a reduction in plant size and 
wilting of ferns (Baayen et  al. 2000; Elmer 1990; 
Lamondia and Elmer 1989). F. oxysporum and F. 
proliferatum were found in the epidermis and paren-
chyma cells of green (Andrzejak & Janowska 2022) 
and white spears (Andrzejak and Janowska 2021), 
indicating their capability to colonize all tissues 
of spears and spread systemically within the plant. 
Fusarium-caused crown and root rot is difficult to 
control because the pathogen is soil-borne, the crop is 
perennial and highly resistant cultivars are not availa-
ble (Jacobi et al. 2023). Hence, a better understanding 
of Fusarium-induced modifications in plant metabo-
lism would lead to the identification of new biomark-
ers for the improvement of crop resistance.

Fusarium belongs to the genera of plant pathogenic 
fungi that cause the greatest economic damage due to 
spoilage of feed and food stocks with mycotoxins. For 

example, F. graminearum infection of cereals leads to 
the accumulation of the sesquiterpenes trichothecenes 
(e.g. deoxynivalenol) in grains, that have toxic effects 
on animals and plants (Munkvold 2017). F. prolifera-
tum and F. oxysporum can form a variety of myco-
toxins, including moniliformin, a semisquaric acid 
sodium salt, fumonisins (FBs), which are polyketides, 
and beauvericin (BEA) and enniatins (ENNs), both 
being structurally similar cyclohexadepsipeptides. So 
far, only BEA was detected in F. redolens (Urbaniak 
et  al. 2020). Also, these mycotoxins are associated 
with toxicoses in humans and livestock (Munkvold 
2017). Infection of asparagus with F. proliferatum 
leads to the accumulation of up to 4.5 mg/g FB1 in 
heavily infected spears grown under field conditions 
(Seefelder et  al. 2002). In a greenhouse experiment, 
asparagus plants infected with F. proliferatum and 
F. oxysporum accumulated FB1 and moniliformin in 
roots and stems, with FB1 being more abundant in 
roots and moniliformin being higher concentrated in 
the stem four weeks after the infection (Waskiewicz 
et  al. 2013). During plant infection, mycotoxins are 
important pathogenicity factors that interfere with 
the plant’s metabolism. Due to structural similarity, 
FB1 disrupts sphingolipid biosynthesis by blocking 
ceramide synthase resulting in an accumulation of 
cytotoxic intermediates (Zeng et  al. 2020). Sphin-
golipids are structural components of membranes and 
second messengers in signaling events and, hence, 
FB1 affects membrane integrity, hormone and cal-
cium signaling, and leads to increased autophagy 
and reactive oxygen species (Zeng et  al. 2020; Lan-
ubile et  al. 2022). Only little is known on the effect 
of BEA and ENNs on host physiology. Treatment of 
plants with BEA leads to depolarization of the plasma 
membrane, accompanied by potassium leakage, and 
depletion of extracellular ATP (Pavlovkin et al. 2012; 
Srobarova et al. 2009), due to its ability to form chan-
nels in membranes (Mallebrera et  al. 2018). This is 
accompanied by induction of reactive oxygen species 
(ROS) and activation of ROS scavenging enzymes 
and metabolites (Loi et  al. 2020). ENNs are also 
known to possess ionophoric activity (Sy-Cordero 
et al. 2012) and therefore, similar effects during plant 
pathogenesis can be expected.

Wild relatives of A. officinalis seem to be more 
resistant against Fusarium infection as compared to 
asparagus cultivars. A. densiflorus and A. aethiopicus 
showed high resistance in a seedling inoculation test, 
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which was accompanied by accumulation of hydrogen 
peroxide in roots cells, while this was not observed in 
susceptible A. officinalis cultivars (Jacobi et al. 2023). 
Increased resistance in A. densiflorus is due to the 
induction of hypersensitive response and necrosis in 
root cells, rapid and strong induction of peroxidase 
activity in roots and spears, and high increase in phe-
nylalanine ammonium lyase (PAL) activity in roots 
(He et al. 2002). In susceptible A. officinalis cultivars, 
expression of peroxidase and PAL rather decreased 
in stem bases upon fungal infection eight weeks 
after inoculation, while transcript abundance of two 
pathogenesis-related (PR) protein isoforms increased 
significantly, indicating an induced systemic resist-
ance via salicylic acid (Djalali Farahani-Kofoet et al. 
2020). Susceptible cultivars obtained an increased 
resistance after salicylic acid application, indicating 
a central role of this phytohormone in the systemic 
acquired resistance towards Fusarium (He and Wolyn 
2005).

The impact of Fusarium infection on asparagus 
root morphology and physiology has been reported, 
especially with respect to the differential disease 
severity observed for Fusarium species (Djalali Far-
ahani-Kofoet et  al. 2020). However, the systemic 
response is rather undescribed, while a better under-
standing for the mechanisms associated with Fusar-
ium infection at the metabolic and proteome level 
would accelerate the development and selection of 
cultivars with enhanced resistance. Metabolome anal-
yses can unveil chemical defense strategies of plants 
and has led to important insights into plant immune 
responses (Allwood et  al. 2021). However, a metab-
olome analysis of asparagus infected with Fusarium 
has not been performed so far. Profiling the global 
proteome during plant-pathogen interaction can 
potentially identify underlying biosynthetic pathways 
and identify meaningful markers that can be used 
for breeding purposes (Ashwin et al. 2017). There is 
a large knowledge gap for this pathosystem since in 
the past, only selected defense responses were char-
acterized (Husaini et al. 2018). To better understand 
the systemic effects of Fusarium infection in aspara-
gus, we have applied a combination of metabolome 
and proteome analyses, and compared the physi-
ological responses towards the inoculation with F. 
oxysporum, F. proliferatum or F. redolens in aspara-
gus shoot bases. Dual omics approaches, to simulta-
neously monitor host and pathogen responses during 

the infection, have been so far reported for transcrip-
tomic studies on plant-pathogen interactions (Achari 
et al. 2021; Tu et al. 2023; Bhagat et al. 2024; Zren-
ner et  al. 2020, 2021) and symbiosis (Keller-Pear-
son et  al. 2023), among others. While dual metabo-
lomics is challenging due to the uncertain origin of 
most metabolites, dual proteomics delivers valuable 
insights to improve our understanding of pathogenic 
interactions (Sukumaran et  al. 2021). Hence, the 
interplay of host and pathogen at the protein level was 
a further focus of this study.

Here, we report on the analysis of the interac-
tion of asparagus with three Fusarium species on 
the metabolome and proteome level. We specifically 
chose the stem bases for the analysis as we aimed to 
identify markers for systemic plant-pathogen interac-
tion. We compared the plant’s response to single fun-
gal species infection to unravel species-specific and 
species-unspecific alterations in the metabolome and 
proteome.

Materials and methods

Fusarium spp. cultivation

Fusarium spp. isolates used in this study are described 
in detail previously (Djalali Farahani-Kofoet et  al. 
2020). Isolates used in the study were Fusarium 
oxysporum f.sp. asparagi (Foa 3), F. proliferatum 
(Fpro3) and F. redolens (Fred1). The isolates were 
grown on potato-dextrose agar (PDA; potato dextrose 
agar, Carl Roth GmbH, Germany) plates. Single spore 
isolates of each isolate were cultivated on PDA in the 
dark at 25 °C for 10 days for the studies.

Plant cultivation

Plants were grown as previously described (Djalali 
Farahani-Kofoet et al. 2020). Briefly, seeds of aspara-
gus (Südwestdeutsche Saatzucht GmbH & Co. KG, 
Germany) were sown in trays containing a 1:2 mix-
ture of sterilized sand and standardized sterilized 
plant growth substrate (Fruhstorfer Erde type P, Ger-
many) and cultivated at 25 °C in the dark in a growth 
chamber until the first stem developed. Plantlets were 
then exposed to 25/20  °C, 75/85% relative humidity 
and a 12/12 h day-night-cycle with a light intensity of 
ca 400 µmol  m−2  s−1 and watered as required. After 
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development of the third stem, single plants were 
transferred to pots containing a sterilized 1:1 mixture 
of sand and standardized plant growth substrate and 
cultivated at 23/18  °C and 75/85% relative humid-
ity with a 16/8 h photoperiod (ca 400 µmol m−2 s−1). 
Plants were watered three times per week, and after 
cladode development they were watered twice a week 
and fertilized once a week with macro- and micro-
nutrients [Ca(NO3)2 (4.18 g L−1); KNO3 (1.03 g L−1); 
KH2PO4 (0.35 g L−1); K2SO4 (0.43 g L−1); Mg(NO3)2 
(0.51 g L−1); MgSO4 (0.63 g L−1); Fe chelate (0.5 g 
L−1)].

Plant inoculation

Asparagus plants were inoculated as described in 
detail earlier (Djalali Farahani-Kofoet et  al. 2020). 
In short, plants were carefully removed from the sub-
strate, roots were rinsed with tap water and placed 
into spore suspensions (6–8 × 106 conidia mL−1) for 
30 min. Plants were potted into substrate (sand: Fruh-
storfer Erde type P, 1:1, vol/vol) and another 9 mL of 
the spore solution was applied around the stem. Con-
trol plants were treated in the same manner but with 
sterile distilled water. Plants were grown in growth 
chambers as described above for further 8 weeks. Pots 
were placed in a randomised complete block design. 
The experiment was performed three times sequen-
tially. Each experiment included three replications for 
each isolate and one replicate comprised six plants 
(n = 18). For the detection of fungal DNA in stem 
bases, three representative plants per treatment and 
experimental replicate were selected and subjected 
to the analysis (n = 9). For metabolome and proteome 
analysis, all six plants per treatment and experimental 
replicate were analysed (n = 18).

Fungal DNA detection in stem bases

At the stem basis of each plant a piece of 1 cm of 
each stem was cut and immediately frozen in liq-
uid nitrogen. Stem pieces were ground in liquid 
nitrogen in an orbital ball mill for 2  min at a fre-
quency of 30 Hz s−1 (MM400 Retsch GmbH, Haan, 
Germany) with three balls of stainless steel with 
5  mm diameter. Total DNA was extracted from at 
least 50  mg using DNeasy Plant Mini Kit (Qiagen 
GmbH, Hilden, Germany) and quantified spectro-
photometrically (Infinite M200PRO, Tecan Trading 

AG, Switzerland) using the NanoQuant plate. Qual-
ity was checked using an absorption ratio of 260 nm 
to 280  nm of > 1.8. Fungal DNA standard curves 
were performed with mycelium harvested from 
single spore isolates grown for 5 days in liquid cul-
ture in potato dextrose medium in the dark at 25 °C 
using the same method. A serial dilution of samples 
of 2.5–0.001  ng of fungal DNA with and without 
20  ng of pure A. officinalis genomic was used for 
the standard curves. For qPCR primer concentra-
tions of 200 nM and 3 µL of extracted DNA solu-
tion were used in each reaction in 10 µL with the 
Sensi Fast SYBR NO ROX Kit (Bioline GmbH, 
Luckenwalde, Germany). The qPCR cycling was as 
follows: 95 °C for 5 min to activate the polymerase, 
40 amplification cycles of 95 °C for 15 s and 60 °C 
for 1  min with signal thresholds set automatically. 
Primers were based on sequence variations previ-
ously analyzed (Mulè et al. 2004b, 2004a; Borrego-
Benjumea et al. 2014): F. oxysporum f.sp. asparagi, 
Fo-RT-CL1f1: TTC​ATT​TCT​GCT​GCT​GAG​CTTC, 
FoCL1r: GTC​AGT​AAC​TGG​ACG​TTG​GTACT; F. 
proliferatum, FpCL1f: CAT​GCA​TCA​GAC​CAC​
TCA​AATC, Fp-RT-CL1r1: CGT​TTA​GCT​CAT​GTT​
TTC​GCTTC; F. redolens, FrEF1f: ATT​TTC​CCT​
TCG​ACT​CGC​CG, Fr-RT-EF1r2: GAT​CCG​CGC​
TCA​TTG​TGA​TTG.

Metabolite extraction from stem bases

A 1  cm piece of each stem was cut directly at the 
stem basis of each plant for metabolite analysis. Sam-
ples were immediately frozen in liquid nitrogen and 
stored at -80 °C. Samples were taken from three rep-
resentative plants of each treatment per replicate and 
experiment. Plant material was ground in liquid nitro-
gen in an orbital ball mill for 2  min at a frequency 
of 30 Hz s−1 (MM400 Retsch GmbH, Germany) with 
three balls of stainless steel with 5 mm diameter. The 
fresh weight was taken and the homogenized material 
was extracted in 4 mL of acetonitrile/methanol/water 
(16:3:1, vol/vol/vol) + 0.1% formic acid. After 5 min 
incubation in ultrasonic bath, samples were centri-
fuged for 20 min and the supernatant was transferred 
into a new tube. The pellet was extracted two times 
more with 2 mL extraction solution, each. All super-
natants were collected and concentrated to dryness 
(Concentrator 5301, Eppendorf, Germany).
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Metabolite analysis of stem bases

The samples were redissolved in acetonitrile/water 
(5/95, v/v) + 0.1% formic acid (LC–MS grade, 
Fisher Scientific and Merck, Germany) to result in a 
stem concentration of 0.5  g/mL using an ultrasonic 
bath (5 min). The samples were then centrifuged for 
5 min at 15.000 × g and filled into LC vials prior to 
injection.

HPLC-ESI-QTOF-HRMS measurements were 
based on Döll et  al. (2021) with several modifica-
tions: chromatographic separations were performed 
on an Elute HPG 1300 UHPLC system having an 
Elute column oven (Bruker Daltonics, Germany) 
and being equipped with a PAL HTC-xt autosampler 
(CTC Analytics AG, Switzerland). Chromatographic 
separation was performed at 40  °C on a Nucleodur 
C18 Gravity-SB column (75 × 2 mm, 1.8 μm, Mach-
erey–Nagel GmbH & Co. KG, Germany) equipped 
with a KrudKatcher Ultra (Phenomenex, Germany). 
Gradient elution conditions using acetonitrile + 0.1% 
formic acid (A) and water + 0.1% formic acid (B) 
were applied as follows: 0.0 min 5% A, 2.0 min 5% 
A, 3.9 min 25% A, 6.5 min 70% A, 7.5 min 70% A, 
9.0 min 95% A, 12.0 min 95% A, 12.2 min 5% A, and 
15.0 min 5% A. Additionally, a flow gradient of 350 
μL/min respective 450 μL/min (3.9–12.2  min) was 
included. The first 2  min of each run were directed 
into waste. The software Compass HyStar (versions 
5.10) (Bruker Daltonics, Germany) was used for the 
operation of the UHPLC system. The injection vol-
ume was 30 μL. Eluted compounds were detected 
from m/z 90 to 1600 at a spectrum rate of 4 Hz, (line 
and profile spectra) using an Impact II QTOF mass 
spectrometer equipped with an Apollo II ESI source 
(Bruker Daltonics, Germany). The parameters for 
the Apollo II source were set as follows: ionization 
was performed in the positive and negative mode 
at 4.5 and − 3.0  kV, respectively. Dry gas tempera-
ture was set to 220 °C at a flow rate of 10.0 L/min. 
Nebulizer gas pressure was 2 bar. Further instrument 
settings were: end plate offset, 500 V; funnel 1 radio 
frequency (RF), 100 Volts peak-to-peak (Vpp); fun-
nel 2 RF, 200 Vpp; in-source collision-induced dis-
sociation (CID) energy, 0 eV; hexapole RF, 50 Vpp; 
quadrupole ion energy, 4  eV; quadrupole low mass, 
90  m/z; collision energy, 10  eV (positive ionization 
mode), 7  eV (negative ionization mode); prepulse 
storage, 10  µs. Stepping: on; basic mode; collision 

cell RF, from 250 to 1000 Vpp; transfer time, from 
25 µs to 90 µs; 50%/50%, collision energy for MSMS, 
80–120%.

Fragmentation took place in a collision-induced 
dissociation cell using nitrogen. For the acquisition of 
CID (collision induced dissociation) mass spectra, the 
same parameters as above were used with additional 
settings for data dependent acquisition (AutoMSMS): 
Mode: CID, intensity threshold 600, number of pre-
cursors, 3, active exclusion on after 3 spectra, release 
after 1  min, smart exclusion, on, 5x; isolation and 
fragmentation settings, size and charge dependent, 
width 3–15  m/z, collision energy 10–70  eV, charge 
states included: 1z, 2z, 3z. Sodium formate cluster 
ions were applied for instrument mass calibration 
and for re-calibration of individual raw data files. The 
software Compass Control (software versions 4.1, 
Bruker Daltonics, Germany) was used for the opera-
tion of the mass spectrometer and for data acquisition.

The re-calibrated LC-QTOF-MS raw data was 
processed with Bruker Compass MetaboScape Mass 
Spectrometry Software, Version 2022b (Bruker Dal-
tonik GmbH, Bremen, Germany). Mass recalibration, 
peak picking, peak alignment, region complete fea-
ture extraction, and grouping of isotopes, adduct and 
charge states were performed with the T-ReX algo-
rithm in MetaboScape. The settings were as follows: 
Peak detection: Intensity threshold: 1500 counts, min-
imum peak length: 8 spectra, feature signal: intensity, 
minimum peak length for recursive feature extrac-
tion: 7 spectra, retention time range: 2–15 min, mass 
range: 90–1600 m/z, MSMS import method: average, 
grouped by collision energy, ion deconvolution: EIC 
correlation = 0.8, primary ion: [M + H]+, seed ions: 
[M + Na]+, [M + K]+, common ions: [M + H-H2O]+, 
T-ReX Positive Recalibration: Auto-Detect. With 
these settings, a feature table of 17793 features was 
created. Features from blanks were excluded when 
the maximum signal in samples divided by maximum 
signal in blanks was ≤ 3. Further, 2426 features that 
were also present in blanks were excluded from the 
analysis.

For compound annotation, first, all fragment spec-
tra were matched against an in-house library con-
taining the mass retention time and spectra of 500 
commercial standards of plant metabolites using 
MetaboScape’s target list search. Second, the myco-
toxins that were already measured individually by 
authentic standards were manually identified in the 
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data set. Third, all fragment spectra were matched in 
a parallel search against the following spectral data 
bases: NIST17 (The NIST Mass Spectrometry Data 
Center, U.S. Department of Commerce, Gaithersburg, 
MD, USA), and the following databases downloaded 
from MoNa—Mass Bank of North America (https://​
mona.​fiehn​lab.​ucdav​is.​edu/​downl​oads): Lipid-
Blast 2022 (Kind et  al. 2013), Fiehn-Hilic, ReSpect 
(Sawada et al. 2012), GNPS (https://​gnps.​ucsd.​edu/), 
Vaniya-Fiehn Natural Products and MoNa Mass-
Bank (https://​mona.​fiehn​lab.​ucdav​is.​edu/) (Kind 
et al. 2009), using the MetaboScape Spectral Library 
Search function (Parameters: Filter: exact match of 
data base entry to precursor mass. Tolerances (nar-
row-wide): m/z 2-10mDa, mSigma 20–100, MS/MS 
score 900–750). Results from the analyte list and the 
spectral library search can be found in the feature 
table column “name”. The second approach for anno-
tation used the SIRIUS Software version 5.8.0 (Düh-
rkop et al. 2021, 2019; Feunang et al. 2016; Kim et al. 
2021). Sirius combines sum formula generation using 
exact mass and isotope pattern with the fragmentation 
patterns of MS/MS spectra. De novo compound class 
prediction is achieved with the CANOPUS module. 
The settings for SIRIUS were as follows: Instru-
ment: Q-ToF, Filter by isotope pattern, ignore isotope 
scorer, candidates stored: 1, minimum candidates per 
ion stored: 1, tree timeout: 0, compound timeout: 0, 
use heuristic above m/z 300, use heuristic only above 
m/z 650. Possible ionizations: [M + H]+, [M + K]+, 
[M + Na]+. Allowed elements: H (0-inf.), C (0-inf), N 
(0–12), O (0-inf), P (0–6), S (0–6).

Protein extraction from stem bases and proteome 
analysis

Stem bases were sampled and the material was 
homogenized as described above for metabolite 
analysis. Proteins were extracted from 100 mg using 
RapiGest SF (Waters, Germany). Ten μg of protein 
were reduced, alkylated and digested with trypsin 
over night at 37  °C. Desalting of peptides was car-
ried out using peptide desalting spin columns (Pierce, 
Thermo Scientific, United States) following the 
manufacturer’s instructions. Peptide concentration 
was adjusted to 100 ng/μL and 6 μL of protein digest 
were analyzed using nanoflow liquid chromatography 
on a Dionex UltiMate 3000 system (Thermo Scien-
tific) coupled to a Q Exactive Plus mass spectrometer 

(Thermo Scientific). Peptides were separated using 
an Acclaim PepMap 100 C18 analytical column 
(75  μm × 50  cm, 2  μm, 100  Å, Thermo Scientific) 
and eluted via a 200 min gradient from 2 to 44% sol-
vent B (80% acetonitrile in water with 0.1% formic 
acid), with solvent A being 0.1% formic acid in water, 
with the column temperature set at 40  °C. For elec-
trospray ionization of peptides, a Nanospray Flex ion 
source was used, with spray voltage set at 1.80  kV, 
capillary temperature at 275 °C, and S-lens RF level 
at 60. Mass spectra were acquired in positive ion 
and data-dependent mode. Full-scan spectra (375 to 
1,500  m/z) were acquired at 140,000 resolution and 
MS/MS scans (200 to 2,000 m/z) were conducted at 
17,500 resolution. Maximum ion injection time was 
50 ms for both scan types. The 20 most intense MS 
ions were selected for collision-induced dissociation 
fragmentation. Singly charged ions and unassigned 
charge states were rejected; dynamic exclusion dura-
tion was set to 45 s.

The raw files were processed using Proteome 
Discoverer 2.4 and Sequest HT engine (Thermo 
Scientific), searching either the NCBI A. officinalis 
Annotation Release 100 (as released on 1 March 
2017), the F. oxysporum NCBI RefSeq assembly 
GCF_013085055.1, the F. proliferatum NCBI RefSeq 
assembly GCF_900067095.1 or the F. redolens NCBI 
RefSeq assembly GCF_020744475.1. Precursor ion 
mass tolerance was set to 10 ppm and fragment ion 
mass tolerance was set to 0.02  Da. False discovery 
rate (FDR) target values for the decoy database search 
of peptides and proteins were set to 0.01 (strict level 
for highly confident identifications). Protein abun-
dance quantification was carried out using the Top N 
average method (n = 3) on proteins that were detected 
in at least 50% of runs in the replicate group. Differ-
ential protein expression was validated using t-test 
(p < 0.05, Benjamini–Hochberg corrected for FDR), 
after an analysis of variance (ANOVA) test, imple-
mented in the Proteome Discoverer software (Thermo 
Scientific). The result lists were filtered and proteins 
were only kept for further investigation if: identified 
by at least two peptides or by one peptide represent-
ing at least 10% protein coverage. Functional annota-
tion of proteins was performed using BlastKOALA 
and the Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway database (Kanehisa et  al. 2016). 
Functional analysis of differential expressed pro-
teins was performed using both MapMan (Usadel 

https://mona.fiehnlab.ucdavis.edu/downloads
https://mona.fiehnlab.ucdavis.edu/downloads
https://gnps.ucsd.edu/
https://mona.fiehnlab.ucdavis.edu/
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et  al. 2009) annotated with Mercator (Lohse et  al. 
2014) and g:Profiler (Kolberg et al. 2023). For Map-
Man analysis the A. officinalis uniprot proteome 
UP000243459_4686.fasta file was annotated using 
the Mercator pipeline, imported into the MapMan 
platform, together with the log2 transformed protein 
abundance ratios of the validated differential protein 
expression. For g:Profiler analysis the detected aspar-
agus protein accessions were linked to the respective 
locus tags on the asparagus genome assembly Aspof.
V1 (NCBI RefSeq assembly GCF_001876935.1) 
and these were used in g:Profiler analysis. For the 
g:Profiler analysis of the detected Fusarium proteins 
the Fusarium protein accessions were linked to the 
respective F. oxysporum f. sp. lycopersici 4287 (NCBI 
ASM14995v2 RefSeq assembly GCF_000149955.1) 
gene ID to be used in the gProfiler analysis.

Data analysis

Venn diagrams of metabolite and proteome data were 
created using BioVenn (Hulsen et al. 2008). Box plots 
and non-parametric tests shown within were created 

with Sigma Plot 14.0 (Systat Software, Germany). 
Voronoi treemaps were generated using SRplot 
(http://​www.​bioin​forma​tics.​com.​cn/​srplot).

Results

Colonization pattern of Fusarium spp. in asparagus

Previously, we have tested the Fusarium species-
specific disease severity on asparagus. Typical dis-
ease symptoms were a reduced root and fern fresh 
weight, development of brown to reddish-brown 
necrotic spots on roots and lesions of variable length 
on storage and fibrous roots (Djalali Farahani-Kofoet 
et al. 2020). The most aggressive isolates for the pre-
sent study were F. proliferatum Fpro3 and F. redo-
lens Fred1, where phenotypes were more severe than 
F. oxysporum Foa3 infection symptoms, resulting 
in degraded parenchyma tissue of roots and strong 
degradation of fibrous roots (Fig.  1A). Concomitant 
to the disease symptoms on roots, fungal DNA was 
detected in stem bases of infected plants, indicating 

Fig. 1   Root disease symptoms and systemic spread of Fusar-
ium species in asparagus cv. Backlim. A Roots were inoculated 
with F. oxysporum Foa3, F. proliferatum Fpro3 or F. redolens 
Fred1 and show a strong degradation of fibrous roots, while 
storage roots largely remain intact eight weeks after inocula-
tion, when compared to the non-inoculated control. B Detec-
tion of fungal DNA in stem bases of non-inoculated and inocu-

lated asparagus plants. Box plots show the amount of fungal 
DNA in basal shoots, based on all replicate experiments (three 
experiments with three plants each, n = 9) as detected with 
qPCR. All samples were analyzed with primer pairs specific to 
the three Fusarium species. The median, 5th and 95th percen-
tiles are plotted as vertical boxes with error bars

http://www.bioinformatics.com.cn/srplot
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a progressed colonization of host plants. Quantita-
tive PCR using species-specific primer pairs revealed 
the presence of F. oxysporum, F. proliferatum and F. 
redolens in plants inoculated with the respective iso-
lates solely (Fig.  1B). In non-inoculated plants, low 
DNA amounts of F. oxysporum were detected, indi-
cating latent colonization of plants with potentially 
nonpathogenic F. oxysporum strains, which caused no 
disease symptoms. All DNA quantifications showed a 
high variation among individual plant samples, indi-
cated by the size of error bars, which reflects the typi-
cal non-uniform disease progression in adult plants.

Fusarium infection reduces fatty acid‑related 
compounds in asparagus stem bases

A better understanding of the metabolic regulation 
of Fusarium infection is a prerequisite for develop-
ing strategies for disease control. Measurements of 
stem bases from infected and non-infected plants by 
positive ion electrospray ionization (ESI+) led to the 
detection of 18,690 mass/retention time pairs. Princi-
pal component analysis revealed a distinct separation 
between metabolomes of non-infected and infected 
plants, while metabolite profiles of plants infected 
with one of the three Fusarium species did not reveal 
a clear species-specific effect (Supplemental Fig. 1A). 
A paired t-test (p > 0.05) was performed to identify 
features that significantly changed in their abun-
dance upon infection when compared to the control 
samples. A total of 7,418 ESI+ signals significantly 
differed between control and Foa3 samples, while 
9,045 and 9,076 features differed between control and 
Fpro3 and Fred1 samples, respectively. To analyze 
the species-specific and species-unspecific effect on 
the metabolome, the distribution of features was visu-
alized using Venn diagram (Supplemental Fig.  1B) 
and showed that the highest species-specific impact 
on the asparagus metabolome was induced by Fred1 
infection, followed by Fpro3 and Foa1. Overall, the 
response of the metabolome towards Fusarium infec-
tion was relatively species-unspecific since the major-
ity of differential abundant metabolites was shared by 
all three isolates.

Database-driven annotation was successful 
for 421 compounds and compound class predic-
tion using Canopus Natural Product Classifier 
was achieved for 387 compounds. Whether those 
features derive from the plant or from the fungal 

pathogen cannot be fully clarified. A number of 
fungal mycotoxins, such as FB1, FB2 and FB4, 
BEA, ENN A, ENN A1 and ENN B1 were detected 
(Fig.  2). Plants inoculated with Foa3 accumulated 
mainly BEA as well as lower amounts of fumoni-
sins. Only FB1, FB2 and FB4 were detected in stem 
bases of Fpro3 inoculated plants, while a complex 
mixture of ENN A, ENN A1, ENN B1, and traces 
of BEA and FB1 was found in samples from Fred1 
inoculated plants. Traces of BEA were also detected 
in non-inoculated plants, which corresponds to the 
low level of F. oxysporum DNA detected in those 
plants. Moniliformin, a frequently produced myco-
toxin in Fusarium species, could not be quantified.

From all annotated compounds, 124 were sig-
nificantly changed in abundance in plants infected 
with Foa3, with 75% of them being lower abun-
dant as compared to the control. 157 compounds 
were detected as differential abundant in response 
to Fpro3 infection and also here, the majority of 
compounds was lower abundant in samples from 
infected plants as compared to the control (73%). 
Similarly, 166 compounds were differential abun-
dant in Fred1 infected plants and from those, 60% 
were lower abundant in the infected stem bases. 
From those three comparisons, 93 compounds were 
found to be significantly changed in abundance by all 
three Fusarium isolates and the direction of change 
(more abundant vs. lower abundant as compared to 
the control) was the same for all metabolites, indicat-
ing a general Fusarium species-unspecific impact on 
the asparagus stem base metabolome, except for two 
compounds annotated as avenobenzone and 1-naph-
thaldehyde (Supplemental Table 1). Compound class 
prediction and subsequent visualization using Voro-
noi treemaps revealed that the main pathway affected 
by Fusarium infections was “Fatty acids” with 117 
unique compounds falling into this category, spe-
cifically the superclasses “Glycerophospholipids”, 
“Glycerolipids” and “Sphingolipids” (Fig.  3), being 
lower abundant in infected plants (Fig. 4). This indi-
cates that not only sphingolipid- and lipid-based 
signaling processes are negatively affected by the 
fungal pathogens, but also fundamental processes 
such as vesicle formation, membrane integrity and 
cell wall organization.

Another main pathway identified in the analysis 
was “Shikimates and Phenylpropanoids”, consist-
ing of the superclasses “Flavonoids”, “Coumarins” 
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and “Phenylpropanoids”, among others. Here, abun-
dance was differential with some compounds being 
induced by the infections, such as chelidonic acid, 
esculin, 8-acetyl-7-methoxycoumarin, kaempferol-
3-O-glc-1–3-rham-1–6-glucoside and 2,3-dihydroxy-
benzoic acid (Supplemental Fig.  2), while others 
were depleted in infected plants, such as syringic 
acid. 2,3-dihydroxybenzoic acid is a product of sali-
cylic acid catabolism and while salicylic acid did not 
accumulate in infected stem bases, we found higher 
levels of this inactive form in plants inoculated with 
Fusarium species, especially by Fred1 (Supplemental 
Fig. 3). In general, more compounds in this pathway 
were induced by Fred1 infection (24 compounds) as 
compared to Foa3 (7 compounds) or Fpro3 (12 com-
pounds) infection, when related to non-inoculated 
plants.

Differential abundance of plant proteins involved in 
defense responses and membrane trafficking upon 
Fusarium infection

The proteome alterations in asparagus stem bases 
in response to Fusarium infection were investigated 
using a label-free LC–MS approach. The analysis 
resulted in 1.193.929 peptide spectrum matches, 
indicating 25.116 peptides and 4,818 proteins when 
using the asparagus protein database. Principal com-
ponent analysis revealed a clear separation between 
inoculated and non-inoculated samples, and a distinct 
separation of Foa3 inoculated samples (Supplemental 
Fig.  4A). The data set was filtered according to the 
parameters described in the Materials and Methods 
section and 3,610 identified proteins were subjected 

Fig. 2   Detection of mycotoxins (fumonisins: FB1, FB2, FB4; 
enniatins: ENN A, ENN A1, ENN B1; beauvericin BEA) in 
stem bases of asparagus inoculated with Foa3, Fpro3, Fred1 or 
the non-inoculated control. Box plots show the abundance of 
selected compounds, based on all replicate experiments (three 

experiments with 9 plants each, n = 18). The median, 5th and 
95th percentiles are plotted as vertical boxes with error bars. 
Asterisks (*) indicate significant differences between the non-
inoculated control plants and plants inoculated with the respec-
tive Fusarium isolate (t-test, p < 0.05)
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to statistical analysis (paired t-test, p > 0.05). To 
analyze the species-specific and species-unspecific 
effect on the proteome, the distribution of proteomes 
was visualized using Venn diagram (Supplemental 
Fig. 4B) and showed that the highest species-specific 
impact on the asparagus proteome was induced by 
Foa3 infection, followed by Fred 1 and Fpro3. Over-
all, the response of the proteome towards Fusarium 
infection showed a higher species-specificity as com-
pared to the metabolome alterations in response to 
infections, probably due to the occurrence of multiple 
protein isoforms leading to the same physiological 
response.

Since the metabolome analysis revealed a 
decreased abundance of salicylic acid and increased 
abundance of its inactive form 2,3-dihydroxybenzoic 
acid in all infected stem bases, the proteome data 

set was investigated for the abundance of pathogen 
defense-related proteins. In total, 68 proteins were 
identified that functionally belong to PR proteins, pro-
teinase inhibitors, subtilisin-like proteases, mitogen-
activated protein kinases, among others. Differential 
abundance in response to Fusarium inoculation was 
found for 35 of those proteins and the expression pat-
tern was rather species-specific (Fig. 5). For example, 
inoculation with Foa3 led to a strong induction of a 
Bowman-Birk type proteinase inhibitor D-II-like pro-
tein (gi:1150729583), a germin-like protein subfam-
ily 2 member 4 (gi:1150707065) and a stress-induced 
protein C29B12.11c (gi:1150747261) in stem bases. 
Inoculation with Fpro3 and Fred1 revealed a more 
similar expression pattern with a strong induc-
tion of a pathogenesis-related protein 1-like protein 
(gi:1150709591), a second pathogenesis-related 

Fig. 3   Voronoi treemaps visualizing changes in the metabo-
lite abundance with respect to Fusarium infection. Functional 
annotation of compounds was based on Canopus compound 
class prediction tool. Overall, 124 compounds were specifi-
cally altered in plants infected with Foa3, while 157 and 166 
compounds were detected as significantly differentially abun-

dant in plants infected with Fpro3 or Fred1, respectively. Out 
of these compounds, a significantly changed abundance of 93 
compounds was found in response to Fusarium infection, irre-
spective of the isolate. Compound IDs, full Canopus Natural 
Product Compound annotation and abundance ratios are pro-
vided in Supplemental Table 1
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protein 1-like protein (gi:1150731607) as well as de 
novo synthesis of a mitogen-activated protein kinase 
homolog MMK2-like protein (gi:1150702216) and 
subtilisin-like protease SBT1.2 (gi:1150720322) and 
subtilisin-like protease SBT1.7 (gi:1150737390). 
Additionally, Fred1-inoculated samples showed 
a highly increased abundance of thaumatin-like 
protein (gi:1150690425) and de novo synthesis 
of pathogenesis-related protein PRB1-3-like pro-
tein (gi:1150690709). Further, three proteins of 
the nuclear transcription factor Y subunit family 
(gi:1150736044, gi:1150676848, gi:1150672787) 
were found exclusively in inoculated plants.

The metabolome analysis also revealed an accu-
mulation of specific compounds involved in the 
plant’s response to pathogen attack, such as shi-
kimates and phenylpropanoids. Hence, the pro-
teome data set was investigated for the abundance 
of proteins involved in their biosynthetic pathways. 
However, we did not find a clear induction of bio-
synthetic pathways in the infected plants. This is 
probably due to the fact that samples for metabo-
lome and proteome analysis were taken at the same 
time. In order to analyze early steps in the biosyn-
thetic pathways, an earlier sampling timepoint for 
proteome analysis would give more information. 

Fig. 4   Detection of “Fatty acids”-related metabolites in stem 
bases of asparagus inoculated with Foa3, Fpro3, Fred1 or the 
non-inoculated control. Box plots show the abundance, based 
on all replicate experiments (three experiments with 9 plants 
each, n = 18). The median, 5th and 95th percentiles are plotted 
as vertical boxes with error bars. Asterisks (*) indicate signifi-
cant differences between the non-inoculated control plants and 
plants inoculated with the respective Fusarium isolate (t-test, 
p < 0.05). Four compounds were selected exemplary for dif-

ferent CANOPUS Natural Compound Classes: monolinolenin 
(9c,12c,15c) for glycerolipids (monoacylglycerols), PC O-17:1 
[1-(10Z-heptadecenoyl)-2-hydroxy-sn-glycero-3-phosphocho-
line] for glycerophospholipids (glycerophosphocholines), LPE 
16:0 ([(2R)-1-[2-aminoethoxy(hydroxy)phosphoryl]oxy-3-hy-
droxypropan-2-yl] hexadecanoate) for glycerophospholipids 
(glycerophsophoethanolamines) and erucamide ((Z)-docos-
13-enamide) for fatty amides (N-acyl amines)
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However, we found an induction of cytochrome 
P450 proteins, a group of proteins involved in 
hormone signaling and plant defense (Pandian 
et  al. 2020). A total of 13 cytochrome P450 pro-
teins were identified in the proteome data set and 
out of those, six proteins were higher abundant 

or exclusively expressed in inoculated stem bases 
(Supplemental Fig. 5).

A comprehensive functional annotation of all 
changes in protein abundance with respect to Fusar-
ium infection was done using the tools MapMan and 
gProfiler. 702 proteins were specifically altered in 

Fig. 5   Heatmap depicting proteins that were identified by 
the proteome analysis as involved in pathogen defense-related 
responses. Colors represent the normalized protein expres-
sion ranging from minimum (dark red, 4.5E5 ion intensity) via 
medium (yellow, 8.8E6 ion intensity) to maximum (dark green, 
2.2E8 ion intensity). Grey color indicates the absence of the 

protein in the respective group. Asterisks (*) indicate signifi-
cantly different protein abundances (t-test, p < 0.05) between 
non-inoculated and respective inoculated samples. Further 
information related to protein accession numbers, abundance 
ratio, and significance testing is provided in Supplemental 
Table 2
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plants infected with Foa3, while 500 and 565 proteins 
were detected as significantly differentially abun-
dant in plants infected with Fpro3 or Fred1, respec-
tively. From those three comparisons, 150 proteins 
found to be significantly changed in abundance by 
all three Fusarium isolates, while the highest impact 
on the asparagus proteome was induced by Foa3 
infection (702), followed by Fred1 (565) and Fpro3 
(500), as visualized by Voronoi treemaps (Fig.  6). 
Protein identifications, MapMan annotation, gPro-
filer analysis and abundance ratios are provided in 
Supplemental Table  2. For testing of statistical sig-
nificance in functional enrichment analysis, the gPro-
filer tool was applied and confirmed the non-specific 
response of asparagus to the Fusarium-isolates. So-
called driver terms, which are leading protein sets in 
the enrichment analysis, with respect to biological 

function were identified in Foa3-infected plants as 
“biological_process” (GO:0008150), “RNA splic-
ing” (GO:0008380, increased protein abundance) 
and “proton transmembrane transport” (GO:1902600, 
decreased protein abundance), overlapping with both, 
Fpro3- and Fred1-infected plants, that showed “bio-
logical_process” (GO:0008150) and “proton trans-
membrane transport” (GO:1902600) as driver terms. 
Impairment in proton transmembrane processes likely 
favors Fusarium proliferation in infected tissues since 
the extracellular alkalinization provoked by the path-
ogen is a prerequisite for hyphal growth and a main 
pathogenicity factor (Mariscal et al. 2022).

MapMan analysis revealed that “Vesicle traffick-
ing” is the superior bin commonly altered upon inoc-
ulation with the different Fusarium spp. This clearly 
indicates the role of the movement of enzymes, 

Fig. 6   Voronoi treemaps visualizing changes in the protein 
abundance with respect to Fusarium infection. Functional 
annotation was based on MapMan tool. 702 proteins were 
specifically altered in plants infected with Foa3, while 500 
and 565 proteins were detected as significantly differentially 
abundant in plants infected with Fpro3 or Fred1, respectively. 

Among those, a significantly changed abundance of 150 pro-
teins was found in response to Fusarium infection, irrespec-
tive of the isolate. Protein identifications, full Gene Ontology 
annotation and abundance ratios are provided in Supplemental 
Table 2
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biochemicals or signaling molecules in the interac-
tion between host and pathogen. This is further visu-
alized by the heatmap depicting proteins involved in 
vesicle trafficking processes (Supplemental Fig.  6). 
While some of the altered protein abundances are 
common between inoculations with the three differ-
ent Fusarium species [GTP-binding protein SAR1A-
like isoformX1 (gi:1150725539), IST1-like protein 
(gi:1150681415), alpha-soluble NSF attachment pro-
tein-like (gi:1150699389), or ras-related protein Rab7 
(gi:1150677177)], others showing a rather species 
specific alteration pattern [e.g. exocyst complex com-
ponent SEC8 isoform X1 (gi:1150726733), or DENN 
domain and WD repeat-containing protein SCD1 
(gi:1150711736)]. Further enriched MapMan bins 
are “Redox homeostasis” in Fpro3 infected plants, 
“Cell wall organization” and “Multi-process regula-
tion” in Fred1 infected plants, while “Cell division” is 
enriched exclusively in Foa3 infected plants (Supple-
mental Table 2). These are all fundamental processes 
specifically known as being associated with infection 
and pathogen control.

Proteins involved in vesicle transport processes 
were assessed further in detail, since vesicle for-
mation is essential for mycotoxin sequestration 
in vacuoles, inter- and intracellular transport pro-
cesses as well as deposition of extracellular mate-
rial as defense response (Wang et  al. 2021; Wang 
and Dong 2011). A total of 70 proteins were found 
differential abundant between the non-inoculated 
control and plants inoculated with one of the three 
Fusarium isolates with the majority either being 
downregulated or absent in response to fungal 
infection (Supplemental Fig.  6). Proteins in the 
largest group with 27 proteins were involved in 
trafficking regulation, such as vesicle tethering and 
target membrane fusion, indicating that mediating 
the attachment of specific transport vesicles to their 
destination membranes as well as the subsequent 
membrane fusion is impaired upon fungal infection. 
The second largest group consisted of 19 proteins 
and those were involved in retrograde trafficking 
from Golgi apparatus or the vacuole to the endo-
plasmic reticulum (ER), which could point to a dis-
turbed endomembrane system. Remaining proteins 
were involved in endocytosis, secretory pathways 
as well as anterograde trafficking, indicating a vast 
reprogramming of host membrane trafficking by the 
fungal pathogen.

Detection of fungal virulence proteins in infected 
stem bases

Proteome raw data was also subjected to a database 
search using available reference genome sequences 
of F. oxysporum, F. proliferatum and F. redolens. On 
average, 102 proteins were detected in plants infected 
with Foa3, while 22 and 23 proteins were detected in 
plants infected with Fpro3 and Fred1, respectively. In 
non-inoculated plants, 26 fungal proteins were found. 
Due to the high variation in fungal protein amounts in 
the individual plants, as also verified by fungal DNA 
quantification (see Fig. 1), a direct proteome compari-
son between groups was not possible. Instead, proteins 
that were found in at least 50% of all replicates in one 
treatment group and revealed a high similarity of the 
fungal protein complement within asparagus stem 
bases were compared. Proteins found in plants infected 
with all three Fusarium species included actin, adeno-
sylhomocysteinase, ADP-ribosylation factor, ubiquitin-
related proteins, proteins involved in protein biosynthe-
sis and membrane trafficking (Supplemental Table 3).

Since the highest number of fungal proteins was 
detected in plants inoculated with Foa3, this data-
set was investigated in more detail. In total, 1,488 
unique F. oxysporum proteins were detected in 
asparagus stem bases. A gProfiler analysis revealed 
an enrichment in proteins that are involved in “ribo-
nucleotide binding” and driver terms like “ATP and 
GTP dependent activities” were enriched. But also 
“fatty acid biosynthetic process”, “protein contain-
ing complex” or “cytoskeletal motor activity” were 
significantly found (Supplemental Table  3). This all 
indicates that at least Foa3 can thrive in the aspara-
gus plants. The dataset was further investigated for 
the presence of known virulence factors. Two mem-
bers of the SIX (‘Secreted in Xylem’) protein family 
were found: XP_031031589.2 and XP_054561445.1, 
which are effector proteins, as well as pectate and 
pectin lyases (XP_031044270.2, XP_059465782.1, 
XP_031043893.1) involved in cell wall degrada-
tion. A Cerato-platanin-domain-containing protein 
(XP_031030973.2) was detected that probably can 
induce plant defense responses, such as hypersen-
sitive response or cell death. Two catalase-perox-
idases (XP_031030333.2, XP_031029925.2) that 
act in protecting the pathogen from high H2O2 lev-
els produced by the plant. Ribonuclease/ribotoxin 
(XP_031030634.2) is an extracellular ribonuclease 
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that enter host cells and acts against the host ribo-
some. When compared to previous studies on the F. 
oxysporum secretome (Gámez-Arjona et  al. 2022; 
Houterman et  al. 2007), numerous additional poten-
tial virulence factors were identified: acyl transferase/
acyl hydrolase/lysophospholipase (XP_031040750.1), 
peptidase S8/S53 domain-containing protein 
(XP_059466257.1), putative necrosis-inducing fac-
tor-domain-containing protein (XP_031038780.1), 
RlpA-like double-psi beta-barrel-protein domain-con-
taining protein (XP_031046436.2), arabinan endo-
1,5-alpha-L-arabinosidase A (XP_054562258.2), 
endoribonuclease L-PSP/chorismate mutase-like 
protein (XP_031045656.2, XP_031048984.2, 
XP_031049573.2), enolase (XP_031043713.1), NO 
signaling/golgi transport ligand-binding domain-
containing protein (XP_059466819.1) and extradiol 
ring-cleavage dioxygenase, class III enzyme, subunit 
B (XP_031030589.2). Numerous potentially secreted 
hydrolases with a range of substrate specificities, so-
called alpha/beta hydrolase proteins, were also found 
in our dataset (XP_031032669.2, XP_059468172.1, 
XP_031037010.2, XP_031037755.2, 
XP_031043170.2, XP_031044060.2, 
XP_031044516.2, XP_031046422.3, 
XP_031050083.2, XP_031051479.2, 
XP_054561888.2, XP_054562721.1, 
XP_054563059.1, XP_059465414.1, 
XP_059465699.1, XP_059465955.1, 
XP_059467372.1, XP_059467723.1, 
XP_059468182.1).

Discussion

Soil-borne pathogenic microorganisms are extremely 
difficult to combat. In order to reduce the incident of 
Fusarium crown and root-rot, an array of management 
strategies to reduce the inoculum density in the soil, 
to reduce the overall stress level in the plant and to 
adapt the soil environment are already well-described 
(Elmer 2015). One important part of an integrated 
pest management is the improvement of cultivar sus-
ceptibility to reduce the disease severity caused by 
Fusarium. However, highly resistant asparagus cul-
tivars that could be used to improve plant health via 
breeding strategies are not available. Hence, this study 
aimed at a better understanding of infection-related 
systemic processes in asparagus in order to identify 

novel biomarkers that can be used for crop improve-
ment. While the majority of scientific information on 
host–pathogen interaction originates from short-term 
infection studies on annual dicot model plants (Husaini 
et al. 2018), asparagus is a perennial monocot possess-
ing intricate mechanisms triggered by pathogen attack. 
Further, the plant’s response to pathogens is depend-
ent on the infection stage, starting from early signaling 
events, induction of defense molecules and structures, 
up to programmed cell death (Husaini et  al. 2018). 
Fusarium species are considered as hemibiotrophic 
pathogens because their infection cycle initiates as a 
biotroph and turns later into a necrotroph. In order to 
identify metabolite and protein markers for Fusarium-
species defense responses in asparagus, the biotrophic 
stage of fungal growth was selected in this study, when 
the pathogens are actively colonizing the host and the 
host does not yet enter the final stage of infection.

Until now, metabolomic analyses in asparagus 
were focused mainly on profiling compounds with 
respect to quality traits (Creydt and Fischer 2020; 
Liu et al. 2022; Jiménez-Sánchez et al. 2016; Jaiswal 
et al. 2014; Dong et al. 2019) and food authentication 
(Creydt et  al. 2018a, 2018b). With respect to plant 
pathogen interaction, so far, one study has reported 
on the metabolome and transcriptome alterations in 
asparagus with respect to stem blight disease caused 
by Phomopsis asparagi (Abdelrahman et  al. 2020). 
Our study showed that, despite the production of 
Fusarium species-specific mycotoxins, the altera-
tions in the asparagus metabolome were rather spe-
cies-unspecific. We found an accumulation of com-
pounds belonging to the pathway “Shikimates and 
Phenylpropanoids”, acting as defense molecules, such 
as esculin, a phloem-mobile coumarin (Knox et  al. 
2018) with antioxidant and antimicrobial activities 
(Cai and Cai 2023). A further compound, chelidonic 
acid, was found only in the inoculated plants. Cheli-
donic acid was also found to accumulate in oil palm 
plants infected with the causal agent of basal stem 
rot, Ganoderma boninense, (Dzulkafli et  al. 2019). 
Although the substance is of high pharmacological 
interest (Avdeeva et al. 2019), its exact role in plants 
remains to be elucidated. The enriched abundance 
of compounds involved in defense reactions was not 
reflected by an increased abundance of underlying 
biosynthetic proteins as revealed by the proteome 
data. Reasons for this effect could be transport pro-
cesses within the plant from the place of synthesis 
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to the place of action, or the progressed stage of dis-
ease development where defense compounds are pro-
duced at a reduced rate. An increased abundance or 
de novo synthesis of several cytochrome P450 pro-
teins was found upon infection, a diverse group of 
enzymes involved in developmental and stress-related 
processes, like phytohormone signaling, second-
ary metabolite and cell wall synthesis (Pandian et al. 
2020; Xu et al. 2015). Since those proteins also play 
a role in detoxification of xenobiotics, it is reasonable 
to assume that those proteins enrich in response to the 
presence of mycotoxins or other fungal pathogenicity 
traits in stem bases.

Phytohormones play major roles in regulating 
defense responses and in principle, salicylic acid 
mediates resistance against biotrophic/hemibiotrophic 
pathogens, while jasmonic acid and ethylene signal-
ing triggers resistance against necrotrophic pathogens. 
Abscisic acid seems to increase shoot disease symp-
toms (Di et al. 2016). This study showed that salicylic 
acid levels were not increased in stem bases, but rather 
its catabolite 2,3-dihydroxybenzoic acid and that high 
levels of the latter are connected to disease severity 
in roots. 2,3-dihydroxybenzoic acid is formed to pre-
vent salicylic acid overaccumulation and is stored as 
sugar conjugates (Zhang et al. 2013). Recently it was 
found that also those glycosylated forms of 2,3-dihy-
droxybenzoic act as signaling molecules to initiate 
programed cell death in an hypersensitive response in 
Arabidopsis challenged with Pseudomonas syringae 
(Huang et  al. 2018). One explanation for the missing 
higher abundance of salicylic acid in the inoculated 
plants could be that earlier reports are based on rather 
short-term inoculation experiments with incubations 
between some days and up to 8 weeks (He and Wolyn 
2005, Waskiewicz et  al. 2013, Hernández-Aparicio 
et  al. 2021), while our experimental set-up lasted 12 
weeks indicating that during disease progression, sali-
cylic acid-based signaling might be replaced by other 
defense mechanisms. Further it is possible that levels 
of salicylic acid are reduced by the pathogen itself. It 
has been shown that Fusarium graminearum is able 
to degrade salicylic acid and uses it as carbon source 
(Rocheleau et  al. 2019). However, transgenic strains 
of F. graminearum without the ability to catabolize 
salicylic acid produced the same disease symptoms on 
wheat spikelets as the wildtype strain, indicating that 
salicylic acid degradation is not required for patho-
genicity (Rocheleau et al. 2019).

By far the largest group of compounds affected by 
the fungal infection was related to “Fatty acids”, spe-
cifically the superclasses “Glycerophospholipids”, 
“Glycerolipids” and “Sphingolipids”, which were 
reduced in their abundance due to fungal infection. 
Concomitant, proteins involved in lipid metabolism 
and sphingolipid- and lipid-based signaling processes 
were lower abundant. Lipids play vital roles in funda-
mental metabolic processes such as membrane integ-
rity, vesicle trafficking, endo- and exocytosis, signal 
transduction and plant immunity. During plant-patho-
gen interaction, host lipids act in jasmonic acid signal-
ing pathway, programmed cell death, as structural bar-
riers and as signaling molecules to further accelerate 
defense responses (Cavaco et al. 2021). Especially the 
role of sphingolipids in plant immunity is very well 
described for a number of pathosystems (Zeng and Yao 
2022). F. proliferatum-produced FB1 is structurally 
similar to sphingoid bases sphinganine and sphingo-
sine, with slightly different chain length, and is there-
fore able to inhibit plant ceramide synthase activity 
and disrupts sphingolipid metabolism. The results are 
induction of cell death, disruption of vacuolar mem-
branes, endoplasmatic reticulum stress and impairment 
of plant growth (Zeng et al. 2020). A study on maize 
revealed that high accumulation of FB1 correlated with 
an increased abundance of sphinganine structures and 
glycerophospholipids, when compared to a low FB1 
accumulating maize genotype (Righetti et  al. 2021). 
We have found the reduction of glycerophospholipids, 
glycerolipids and sphingolipids in our study, irrespec-
tive of the presence of a specific mycotoxin, indicating 
that distortion of host lipid metabolism by Fusarium is 
a general infection process due to the action of addi-
tional virulence factors, such as secreted lipases.

Concomitant to our findings of reduced fatty acid-
related compounds in response to Fusarium infec-
tion, proteome data revealed that proteins involved in 
vesicle formation and trafficking processes showed a 
reduced abundance upon fungal infection. Plant mem-
brane trafficking pathways are prime targets of micro-
bial pathogenic effector proteins with the aim to gain 
control of host cells by disrupting defense-related 
secretion and autophagy machinery, and by cytoskel-
etal reprogramming (Yuen et  al. 2023). Vesicle-
mediated cell detoxification of mycotoxins into plant 
vacuoles is an important resistance trait and impair-
ment of this detoxification route significantly reduces 
mycotoxin tolerance and hence, resistance towards F. 
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graminearum and Verticillium dahliae (Wang et  al. 
2021). The strong impairment of vesicle-related pro-
cesses in host plants by Fusarium, as observed in our 
data set, has not been reported so far, probably due 
to the performance of short-term infection experi-
ments (Lyons et al. 2015; Zhang et al. 2023; Tu et al. 
2023; Bhagat et al. 2024; Abdelrahman et al. 2020). 
This emphasizes the importance of long-term infec-
tion studies to fully understand plant-pathogen inter-
actions. Potential biomarkers for improving asparagus 
resistance towards Fusarium could therefore include 
proteins involved in maintenance of vesicle fusion 
and autophagy machinery, as well as intracellular 
membrane trafficking for mycotoxin detoxification.

With respect to the proteome analyses, it became 
clear that the different Fusarium isolates had a high 
species-specific impact on the host proteome and that 
species-specificity was larger as seen in the metabo-
lome data. This could be due to a Fusarium species-
specific set of effector proteins. How the expression 
of particular fungal effector proteins affects the plant 
proteome was shown in a study on tomato. Here, F. 
oxysporum wildtype or knockout strains deficient in 
secreted effector proteins were used for plant infec-
tion. Proteome analysis of xylem sap showed that the 
absence of single effector proteins greatly affects plant 
responses (Gawehns et al. 2015). A previous study on 
different races of F. oxysporum using in planta RNA-
sequencing revealed that each race expressed race-
specific virulence factors although the disease pheno-
type was highly similar (Achari et  al. 2021). Similar 
observations were made in our experiments where a 
large species-specific response on the plant proteome 
level was observed, while the disease phenotype in 
host plants was comparable. This could indicate that 
the plasticity of Fusarium virulence factors present in 
different Fusarium species enables the targeting of a 
large array of plant metabolic and cellular processes 
for a successful establishment within the host.

The proteome analysis identified fungal proteins 
within the plant samples. The higher number of pro-
teins identified from F. oxysporum could be due 
to a higher genomic similarity between the isolate 
used in our experiments and the reference genome 
at NCBI, as compared with the isolates of F. prolif-
eratum and F. redolens. The detected proteins reflect 
the repertoire of effector proteins that are described 
to affect plant infection: intracellular (SIX-proteins, 
ribonuclease/ribotoxin) and apoplastic proteins 

(Cerato-platanin-domain-containing protein, cata-
lase-peroxidases) (Gutiérrez-Sánchez et  al. 2023). 
However, 57% of the identified 1,488 fungal proteins 
lacked any functional annotation (see Supplemen-
tal Table  3). This underscores the need to study the 
Fusarium genus in more detail, especially with respect 
to the bioinformatical prediction of virulence factors 
to allow a more efficient disease control. In conclu-
sion, we showed that Fusarium colonization of aspara-
gus leads to disturbed lipid-based signaling processes, 
as well as dysfunctional vesicle formation, membrane 
integrity and cell wall organization in stem bases.
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