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by producing highly resistant resting spores that remain 
active for decades, reactivating infection when potatoes are 
replanted (Przetakiewicz 2015). More than 40 pathotypes 
of S. endobioticum are currently known, differing in their 
virulence and ability to overcome resistance in cultivated 
potato varieties (Nguyen et  al. 2024; Van De Vossenberg 
et  al. 2022). For those reasons, S. endobioticum has been 
classified as a quarantine pest by the European and Medi-
terranean Plant Protection Organization (EPPO) and any 
infestation must be reported to the respective phytosani-
tary authorities (Hinrichs-Berger and Zegermacher, 2022; 
Van De Vossenberg et al. 2022; Jeger et al. 2018). Although 
resistant cultivars exist, new virulent pathotypes continue 
to emerge, and chemical or biological control measures are 
largely ineffective. Early and accurate detection of S. endo-
bioticum is therefore crucial to prevent further spread and to 
support eradication programs (Plich et al. 2018; Jeger et al. 
2018; Van De Vossenberg et al. 2020).

One approach to such a detection method is the analysis of 
volatile organic compounds (VOCs). VOCs play an impor-
tant role in the interactions between plants and pathogens 
and/or pests, affecting communication , defense , and stress 
responses (Brosset and Blande 2022; Baldwin and Schultz 

Introduction

Potato wart disease is caused by the obligate biotro-
phic chytrid fungus Synchytrium endobioticum, one of 
the most destructive potato pathogens (Hinrichs-Berger 
and Zegermacher, 2022). This fungus infects almost all 
meristematic cells of potato and completes its life cycle 

	
 Sarah Vermeeren
sarah.vermeeren@h-brs.de

1	 Institute for Safety and Security Research, Hochschule Bonn-
Rhein-Sieg University of Applied Sciences, Von-Liebig-Str. 
20, 53359 Rheinbach, Germany

2	 Institute for National and International Plant Health, Julius 
Kühn-Institute – Federal Research Center for Cultivated 
Plants, Stahnsdorfer Damm 81, 14532 Kleinmachnow, 
Germany

3	 Department of Chemistry and Biology and Research Center 
of Micro- and Nanochemistry and (Bio)Technology (Cμ), 
University of Siegen, Adolf-Reichwein-Str. 2, 57068 Siegen, 
Germany

4	 Bundesanstalt für Materialforschung und -prüfung (BAM), 
Richard-Willstätter-Strasse 11, 12489 Berlin, Germany

Abstract
Volatile organic compounds (VOCs) can serve as sensitive indicators of plant health and pathogen infection. In this study, 
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1983; Binyameen et al. 2021; Bai et al. 2020; Killiny 2022). 
Both plants and microorganisms produce species-specific 
VOCs during these interactions, which can serve as diag-
nostic indicators of infection or physiological stress (Schulz 
and Dickschat 2007; Weisskopf et  al. 2007; Brosset and 
Blande 2022). For example, When a plant is infested by a 
pathogen, the plant emits VOCs to defend itself against the 
pathogen (Brosset and Blande 2022; Bai et al. 2020), attract 
predators (Binyameen et al. 2021; Bai et al. 2020; Killiny 
2022), and/or warn nearby plants of potential threats, allow-
ing them to produce defensive VOCs in response (Binya-
meen et al. 2021; Brosset and Blande 2022; Bai et al. 2020). 
Fungi and bacteria, in contrast, emit specific VOC profiles 
that can be linked to their pathogen activity (Weisskopf 
et al. 2007). Due to these interactions, VOC-based detection 
has gained increasing attention for monitoring plant health 
and pathogen activity (Martinelli et  al. 2015; MacDou-
gall et al. 2022). A common method for VOC analysis on 
plants is gas chromatography mass spectrometry (GC-MS) 
(Zhou et al. 2021; Chen et al. 2024). Applications include 
disease detection (MacDougall et al. 2022; Bajo-Fernández 
et al. 2024; Sun and Zheng 2024), food science (Chen et al. 
2024; Epping and Koch 2023; Niu et al. 2024), pharmacy 
(Epping and Koch 2023; Ranjan et al. 2023), and environ-
mental research (Lim et al. 2023; Epping and Koch 2023). 
Identifying patterns and markers specific to a pathogen is a 
time-consuming and laborious task due to the complexity 
and the many factors that influence VOC emissions (Agus-
tika et al. 2021; Makhlouf et al. 2024). In a previous work, 
Vermeeren et al. (2025) developed and successfully tested a 

multivariate evaluation method that simplifies and improves 
the analysis of GC-MS data for pathogen-specific patterns 
and markers compared to a manual evaluation.

In this study, we specifically aim to characterize the 
VOC profile of infected versus healthy tubers to identify 
marker compounds indicative of infection and to evaluate 
a mass-specific classification approach. We hypothesize that 
infection by S. endobioticum induces a distinct and repro-
ducible VOC fingerprint that enables accurate differentia-
tion between healthy and diseased tubers.

Materials and methods

Samples and sample preparation

In two separate trials, each time two potato tubers infected 
with S. endobioticum (pathotype 1) (Fig. 1a) as well as two 
healthy potato tubers of the variety "Tomensa" (all provided 
by the Julius Kühn-Institute, Kleinmachnow, Germany) 
were analyzed for their VOC emissions three days after 
inoculation and over a period of three months. For this pur-
pose, a quarantine room was constructed, kept at a constant 
temperature of 16 ◦C to 18 ◦C and equipped with a VOC 
room air filter to filter out background odors. The tubers 
were individually wrapped in Nalophan® foil (Kalle GmbH, 
Germany) to ensure the enrichment of the emitted VOCs 
and facilitate isolated sampling. VOC collection was per-
formed using Tenax® GR adsorbent tubes (mesh 20/35, GL 
Sciences, Japan). The sampling air was drawn through the 

Fig. 1  a Proliferation of potato wart on a potato tuber. b Schematic illustration of VOC sampling on potato tubers
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tubes using a GilAir Plus pump (Sensidyne, United States 
of America) at a flow rate of 90  mL/min for 60min. The 
tubes were immediately sealed and stored at −18 ◦C for a 
maximum of 2 weeks before GC–MS analysis. The sam-
pling procedure is shown schematically in Fig. 1b.

Instrument and chromatographic analysis

Chromatographic analysis of VOCs was performed using a 
Shimadzu GCMS-QP2020 system equipped with a multi-
mode inlet (OPTIC-4, Shimadzu) and an AOC-5000 autos-
ampler, allowing direct thermodesorption (TD) of Tenax® 
GR tubes. A BP5MS capillary column (30 m x 0.250 mm; 
film thickness: 0.25 µm, Trajan Scientific and Medical, Aus-
tralia) was used for separation. Helium (purity 5.0, West-
falen AG, Germany) served as carrier gas at a constant flow 
of 1.2 mL/min, and the GC was operated in split mode (1:2). 
The TD process started at 35 ◦C, increased to 230 ◦C at 10 
◦C/min and was held for 1.5min, allowing VOCs to desorb 
and be trapped on a cryogenic focusing unit (cryotrap). The 
cryotrap was maintained at −100 ◦C for 3min and subse-
quently heated to 250 ◦C at 60 ◦C/min, with a final hold 
time of 2min. The GC oven program started at 35 ◦C and 
was held for 0.5 min, then increased to 200 ◦C at 15 ◦C/min, 
subsequently increased to 240 ◦C at 55 ◦C/min and held for 
2min. Mass spectra were recorded in electron impact (EI) 
ionization mode at (70 eV) from 35 to 400 Da with a solvent 
cut of 2 min. The instrument was mass-calibrated according 
to manufacturer specifications to ensure a signal-to-noise 
ratio > 1500:1 for 1 pg octafluoronaphthalene (molecular 
ion m/z 272). Data were recorded and processed using Shi-
madzu GCMSsolution software (version 4.50). Compound 
identification was performed by comparing mass spectra to 
the NIST 17.2 library (National Institute of Standards and 
Technology 2017), applying a minimum match factor of 
≥ 90% and verification by retention index (RI). RIs were 
determined using a C7–C12 n-alkane series analyzed under 
identical chromatographic conditions.

Data evaluation

Data preprocessing and chemometric evaluation

Raw total ion currents (TICs) were converted to CSV format 
using OpenChrom (Lablicate Edition 1.5.0). Data process-
ing and statistical analysis were performed with a custom 
Python 3.10.1 script, previously described by Vermeeren 
et al. (2025) and the main functions and parameters of the 
method are described in this section for the sake of com-
pleteness. Two classes were defined for analysis: healthy 
potatoes (HP) and S. endobioticum-infected potatoes (Syn). 
For each class, 30 chromatograms were randomly selected 

as train data and the remaining files (11 for HP and 8 for Syn) 
as independent test data. Signal preprocessing included Sav-
itzky–Golay smoothing (polynomial order 3, window width 
11) and baseline correction via asymmetric least-squares 
smoothing (λ = 106, p = 0.001, 10 iterations). Chromato-
grams were then normalized to total signal area and merged 
into unified train and test data sets. Principal component 
analysis (PCA) was used to reduce data dimensionality 
and visualize variance structure, while linear discriminant 
analysis (LDA) was applied for class discrimination. The 
number of retained principal components (PCs) was deter-
mined from an overfitting curve, which can be found in the 
Supplementary Figure S1. Model robustness was evaluated 
by leave-one-out cross-validation (loo-CV). Classification 
accuracy for the independent test data was calculated as the 
percentage of correctly assigned samples per class. The fol-
lowing packages were used in the custom Python® script: 
pandas for handling data, os for interaction with the operat-
ing system, datetime for timestamps, NumPy for mathe-
matical operations, SciPy for signal processing, Matplotlib 
pyplot and plotly for visualization, seaborn for heatmaps, 
and Sci-Kit learn for chemometric analysis.

Mass-specific evaluation

To assess whether discrimination could be achieved using 
selected ion fragments, extracted ion currents (EICs) were 
generated for the dominant m/z values of the most abundant 
retention times identified in the TIC-based analysis. These 
EICs were processed with the same chemometric work-
flow as the TIC data. Comparison of model performance 
between TIC and EIC evaluations allowed assessment of 
the robustness of mass-specific versus compound-specific 
classification.

Results

In the following, results of the chromatographic separa-
tion and subsequent chemometric evaluation are displayed. 
Examplary chromatograms of both total ion current (TIC) 
and extracted ion current (EIC) of healthy and S. endobioti-
cum-infected potato tubers representative of the respective 
dataset are shown in Fig. 2. The overall peak patterns differ 
distinctly between healthy and infected samples. In infected 
tubers, additional peaks were observed at retention times 
of 2.50, 2.95, 3.01, 3.91, 4.75, and 13.03min, which were 
absent in the healthy controls. In contrast, the chromato-
grams of healthy tubers displayed minor peaks at 5.96, 6.13, 
7.51, and 9.33min that did not appear in infected samples. 
While the main chromatographic features remain consistent 
between TIC and EIC modes, the EICs exhibited reduced 
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The chemometric evaluation was performed using PCA 
for dimensionality reduction and LDA for classification. 
The most important parameters and classification results are 
listed in Table 1.

Three PCs were selected for both TIC and EIC data sets, 
explaining 63.5 % and 67.2 % of the total variance, respec-
tively. Cross-validation of the train data yielded classifica-
tion accuracies of 85 % for TIC and 83 % for EIC, while test 
data achieved accuracies of 100 % for healthy and 88 % for 
infected samples. These results indicate consistent separa-
tion of both sample groups within the chemometric model. 
The corresponding LDA plots are presented in Fig. 3.

To determine which retention times and, thus, which com-
pounds or masses contribute most strongly to class discrimi-
nation, PCA loading plots were analyzed. Figure 4 shows 

background noise and improved peak separation, facilitat-
ing clearer visualization of relevant signals.

Table 1  Overview of the chemometric parameters
Chemometric 
parameters

TIC EIC

No. of PCs 3 3
Variance of PCs, % PC 1: 36.89    PC 2: 

18.34    PC 3: 8.30
PC 1: 34.66    PC 2: 
23.02    PC 3: 9.48

Total PC 1-3: 63.53 Total PC 1-3: 67.17
CV-score, % loo: 85 loo: 83
Accuracy, % HP: 100       Syn: 88 HP: 100       Syn: 88
TIC total ion current, EIC extracted ion current, PC principal com-
ponent, CV cross-validation, HP healthy potato, SynS. endobioticum 
infected potato

Fig. 3  LD plots of a the compound specific evaluation using TIC (total ion current) and b the mass specific evaluation using EIC (extracted ion 
current)

 

Fig. 2  Example chromatograms of healthy potato tubers and potato tubers infected with S. endobioticum. a Total ion current (TIC) and b Extracted 
ion current (EIC). Masses included in EIC can be found in Table 2
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and 4.75min are stronger in EIC compared to TIC, while the 
negative deviations at these retention times are more intense 
in TIC.

In total, 12 retention times could be determined for the 
distinction between healthy and infected potato tubers. The 
corresponding compounds are listed in Table 2. The tenta-
tive identification of these compounds was based on a com-
parison of their mass spectra with the NIST 17.2 database. 
In addition, retention indices were calculated using a series 
of n-alkane standards (C7–C12), as shown in Figure S3, to 
further support compound identification through compari-
son with literature retention index data.

the loading plots of all 3 PCs for TIC and EIC, respectively. 
The score plots of the PCA can be found in Supplementary 
Figure S2.

When comparing the loading plots with the example 
chromatograms in Fig. 2, several similarities become appar-
ent. Large deviations from zero can be seen at 2.02, 2.95, 
3.01, 3.91, and 4.75min, with additional smaller deviations 
at 2.50, 3.51, 5.62, 5.96, 6.13, 7.51, 9.33, and 13.03min. 
While the deviations for PC1 are positive at 2.95, 3.01, 
3.91, and 4.75min, those for PC2 and PC3 are both posi-
tive and negative. A comparison of the loadings of TIC and 
EIC shows that the positive deviations at 2.95, 3.01, 3.91, 

Table 2  List of possible marker compounds and their masses for potato tubers infected with S. endobioticum
RT, min TIC EIC

Class CAS-No. Compound Match, % RI m/z
2.02 Alcohol 78-83-1 2-Methyl-1-propanol 97 654 43, 56, 74
2.50 Ether 626-91-5 1-Methoxy-3-methylbutane 98 694 45, 55, 70
2.95 Alcohol 123-51-3 3-Methyl-1-butanol 98 736 42, 55, 70
3.01 Alcohol 137-32-6 2-Methyl-1-butanol 98 755 41, 57, 70
3.51 Diole 513-85-9 2,3-Butanediol 97 769 45, 57, 75, 90
3.91 Ether 22094-00-4 Prenyl ethyl ether 92 – 41, 53, 71, 85, 99, 114
4.75 Aromatic hydrocarbon 100-42-5 Styrene 98 891 39, 51, 63, 78, 104
5.62 Aromatic aldehyde 100-52-7 Benzaldehyde 94 961 39, 51, 77, 106
6.13a Polyether alcohol 20324-32-7 Dipropyleneglycol methylether 96 – 45, 59, 73, 104
7.51 Siloxane 141-63-9 Dodecamethylpentasiloxane 96 1176 73 267 355
9.33 Dimethoxybenzene 5888-51-7 4-Ethyl-1,2-dimethoxybenzene 93 1320 39, 65, 77, 95, 123, 135, 151, 166
13.03 Sesquiterpenoid 54878-25-0 Solavetivone 90 1779 41, 67, 79, 108, 121, 133, 161, 175, 190, 218
TIC: total ion current, EIC: extracted ion current, RT: retention time, RI: Kovats retention index for non-polar columns according to the data-
bases Pherobase, PubChem, NIST, and Flavornet
a Very broad peak from 5.96to 6.13 min, no co-elution detected

Fig. 4  Loading plots of all three principal components (PCs) of a the compound specific evaluation using TIC (total ion current) and b the mass 
specific evaluation using EIC (extracted ion current)
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2021). Amrein et al. (2014) isolated a Penicillium digitatum 
strain from moldy citrus fruits that emits prenyl ethyl ether.

Styrene and benzaldehyde are very common VOCs in the 
plant environment (Knudsen and Gershenzon 2006; Kreuz-
wieser et al. 2014). While the emission of benzaldehyde is 
strongly inhibited by herbivore infestation (Douma et  al. 
2019), styrene itself appears to have inhibitory properties 
on bacterial (Wu et al. 2015) and fungal infections (Huang 
et al. 2011).

4-Ethyl-1,2-dimethoxybenzene has antifungal properties 
(Lai et al. 2024) and was found to be a compound emitted 
by potato tubers infected with the fungus Pythium ultimum 
(causing Pythium leak) (Sangjan et al. 2022).

Solavetivone is a phytoalexin that is considered a potato 
stress metabolite (Zacharius and Kalan 1984). For exam-
ple, solavetivone activates plant defense responses against 
the bacterium Pectobacterium atroseptcum, which induces 
potato soft rot (Meziani et al. 2015).Desjardins et al. (1997) 
found that the genes in potatoes that control solavetivone 
concentration are associated with the development of resis-
tance to Globodera rostochiensis. Solavetivone was also 
detected as a VOC during Phytophtora infestans infesta-
tions of potato leaves (Andreu et  al. 2001). In addition, 
Srikrishna and Ramasastry (2005) found that solavetivone 
inhibits germination, germ tube and mycelial growth of the 
bacterium Pseudomonas infestans and also has antibacterial 
properties against Pseudomonas solanacearum.

Dipropyleneglycol methylether is a chemical commonly 
used in building materials, paints, and furniture, while 
dodecamethylpentasiloxane is used in every-day care prod-
ucts and can be a result of GC column bleeding (Choi et al. 
2010; Yucuis et  al. 2013). Hence, it can be assumed that 
these compounds are contaminants rather than actual mark-
ers and are not related to actual infection with S. endobioti-
cum. The conclusions of the compound-specific evaluation 
and the associated literature research are summarized in 
Table 3.

Seven of the twelve detected compounds were only 
present in samples from potato tubers infected with S. 
endobioticum: 1-methoxy-3-methylbutane, 2,3-butanediol, 
3-methyl-1-butanol, 2-methyl-1-butanol, prenyl ethyl ether, 
styrene, and solavetivone. The signals of the compounds 
3-methyl-1-butanol, 2-methyl-1-butanol, prenyl ethyl ether 
and styrene showed markedly higher peak intensities than 
the remaining compounds, indicating stronger emission of 
these volatiles in infected tissue. As outlined earlier in the 
discussion for the single compounds, the relevance of these 
seven compounds in the context of plant-pathogen interac-
tion can be summarized as follows: 1-Methoxy-3-methyl-
butane, 2,3-butanediol, and solavetivone have previously 
been reported as volatiles associated with potato diseases 
of bacterial origin (Deetae et  al. 2009; Farag et  al. 2006; 

Discussion

The chemometric evaluation of GC–MS data revealed dis-
tinct VOC patterns that clearly differentiated S. endobioti-
cum infected potato tubers from healthy controls. Twelve 
retention times were identified as relevant for classifica-
tion, corresponding to twelve tentatively assigned com-
pounds: 2-methyl-1-propanol, 1-methoxy-3-methylbutane, 
3-methyl-1-butanol, 2-methyl-1-butanol, 2,3-butanediol, 
prenyl ethyl ether, styrene, benzaldehyde, dipropyleneg-
lycol methylether, dodecamethylpentasiloxane, 4-ethyl-
1,2-dimethoxybenzene, and solavetivone. The diagnostic 
relevance of these compounds for S. endobioticum infection 
is discussed in detail in the following section.

The compounds 2-methyl-1-propanol, 3-methyl-1-buta-
nol, and 2-methyl-1-butanol have already been detected in 
bacteria (Park et al. 2015; Cellini et al. 2016) as well as in 
various fungi (Syed-Ab-Rahman et al. 2019; Huang et al. 
2011). They have been detected in fungal species such as 
Muscodor albus, Phoma sp., Cladosporium sp. and Ampelo-
myces sp. and Trichoderma atroviride and are associated 
with antifungal or defensive activities in potatoes and other 
crops (Corcuff et al. 2011; Naznin et al. 2013).

In addition, Di Francesco et al. (2020) identified 2-methyl-
1-propanol, 2-methyl-1-butanol, and 3-methyl-1-butanol as 
volatile markers of the fungus Aureobasidium pullulans, 
which significantly inhibit mycelial and conidial growth of 
the fungus Monilinia fructicola in stone fruits. The antifun-
gal properties of 2-methyl-1-butanol and 3-methyl-1-buta-
nol were also successfully demonstrated by inhibiting the 
filamentous fungus Phyllosticta citricarpa, causal agent of 
citrus black spot (Toffano et al. 2017) as well as the fungus 
Ceratocystis fimbriata, which causes black rot disease in 
sweet potato tubers (Zhang et al. 2019).

1-Methoxy-3-methylbutane has been identified as a com-
pound emitted by the bacterium Proteus vulgaris (Deetae 
et al. 2009), but potatoes infected with the bacterium Bacil-
lus amyloliquefaciens IN937a (a plant promotion bacilli) 
also emit this compound (Farag et al. 2006).

2,3-butanediol is also a typical VOC that is emitted by 
bacteria or by plants upon bacterial infection (Sherwood 
et  al. 2024; Wu et  al. 2019). Effantin et  al. (2011) found 
that 2,3-butanediol is emitted by potato tubers during the 
symptomatic phase when infected with various Dickeya and 
Pectobacterium species, which cause soft rot diseases. In 
another study, Yasmin et al. (2021) also detected 2,3-butane-
diol in maize seeds infected with the bacterium Pseudomo-
nas pseudoalcaligenes and assumed that this compound is 
an indicator of stress induction.

Prenyl ethyl ether is an aroma compound of defective 
hazelnuts and is associated with mold activity (Pedrotti et al. 
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patterns rather than single metabolites proved most effective 
for classification (MacDougall et al. 2022; Martinelli et al. 
2015). To the best of our knowledge, this study provides 
the first detailed characterization of volatile organic com-
pounds associated with S. endobioticum infection. While 
VOC-based analyses have been successfully applied to 
other plant pathogens, comparable data for S. endobioticum 
have so far been lacking. The identification of a distinct, 
infection-related VOC profile therefore expands the current 
understanding of host–pathogen interactions for this quar-
antine organism and demonstrates that VOC fingerprinting 
can be extended to obligate biotrophic fungi.

For the mass-specific evaluation, the masses determined 
at the 12 retention times were used to determine whether 
healthy and S. endobioticum infected tubers can also be dis-
tinguished based on selected ion traces rather than full TICs. 
The results show that the EICs provide clearer peak separa-
tion compared to the TICs due to the reduction of signals 
from interfering masses. The classification into healthy and 
infected tubers is also successful with the EICs and the PC 
loadings show the same retention times as the PC loadings 
created with TIC. However, there are minimal differences in 
the retention times of 2.95, 3.01, 3.91, and 4.75min, which 
should be explained in this section. For loading plots in gen-
eral, a positive loading indicates that the feature (peak at this 
retention time) contributes to the PC. Negative loading indi-
cates that the absence of the feature contributes to the PC 
(Ivosev et al. 2008). Therefore, a sharp transition between 
positive and negative loadings within a retention time range 
suggests a retention time shift of the corresponding peak. 
Thus, while PC1 mainly reflects peak intensity (positive 
loadings) for the 4 retention times mentioned, PC2 and PC3 
also capture the retention time shifts (both positive and neg-
ative loadings). In the mass-specific evaluation, the positive 
loadings become more pronounced, whereas the negative 
loadings are reduced, indicating that retention time shifts 
have less influence on the data evaluation based on EICs. 
This effect is likely due to reduced background and cleaner 
baselines compared to the TIC. Therefore, the results of the 
mass-specific evaluation demonstrate a good or even better 
classification when using only selected mass fragments.

Conclusion

This study demonstrates the successful application of 
GC–MS combined with chemometric analysis to iden-
tify VOCs associated with S. endobioticum infection in 
potato tubers. By combining data merging, preprocessing, 
and chemometric analysis, the approach offers a robust 
and time-efficient alternative to conventional manual data 
evaluation. Seven compounds, 1-methoxy-3-methylbutane, 

Sherwood et al. 2024; Wu et al. 2019; Effantin et al. 2011; 
Yasmin et al. 2021; Zacharius and Kalan 1984; Meziani et al. 
2015; Desjardins et al. 1997; Andreu et al. 2001; Srikrishna 
and Ramasastry 2005). In contrast, 3-methyl-1-butanol and 
2-methyl-1-butanol are are typically linked to fungal infec-
tions in potato tubers (Syed-Ab-Rahman et al. 2019; Huang 
et al. 2011; Corcuff et al. 2011; Naznin et al. 2013; Di Fran-
cesco et al. 2020; Toffano et al. 2017; Zhang et al. 2019). 
The detection of these five volatiles in infected tubers there-
fore suggests that S. endobioticum infection induces general 
stress-related and pathogen metabolic responses in the host 
tissue. In contrast, prenyl ethyl ether and styrene have not 
yet been reported in potatoes but are associated with fungal 
metabolism and antifungal signaling (Amrein et  al. 2014; 
Huang et al. 2011). Their detection exclusively in infected 
samples indicates a possible origin from the pathogen itself 
or from pathogen-induced secondary metabolism in the 
host.

Taken together, the combined emission of these seven 
VOCs constitutes a reproducible fingerprint that differenti-
ates infected from healthy tubers. Although none of the indi-
vidual compounds is fully specific to S. endobioticum, their 
co-occurrence represents a unique and diagnostic signature 
of infection. This integrative profile aligns with findings 
from other plant disease studies, where multivariate VOC 

Table 3  Overview of the compound-specific evaluation
Compound Healthy Syn Fungus Potato Contamination
2-Methyl-
1-propanol

x x x x

1-Methoxy-
3-methylbutane

x x

3-Methyl-
1-butanol

x x x

2-Methyl-
1-butanol

x x x

2,3-Butanediol x x
Prenyl ethyl 
ether

x x

Styrene x x
Benzaldehyde x x
Dipropyl-
eneglycol 
methylether

x x

Dodecamethyl-
pentasiloxane

x x

4-Ethyl-1,2-di-
methoxyben-
zene

x x x

Solavetivone x x
Compounds found in healthy potato tubers and those infected with S. 
endobioticum (Syn). Fungus: compound emitted by fungi or during 
fungi infection according to the literature, Potato: compound emit-
ted from potatoes, which are infected with various fungi or bacteria 
according to the literature, Contamination: compound found due to 
contamination
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