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Abstract

Reliable detection of potato pathogens via volatile organic compound (VOC) analysis remains challenging because VOC
emissions depend strongly on microbial metabolism and host physiology. In this study, gas chromatography-mass spec-
trometry (GC—MS) data combined with a multivariate chemometric workflow were used to characterize VOC profiles of
potato tubers infected with Rhizoctonia solani and Alternaria solani, and to compare these profiles with the emissions
produced by the respective fungi grown on LB agar plates. VOCs were collected on thermal desorption tubes and analyzed
with GC-MS. Principal component analysis (PCA) and linear discriminant analysis (LDA) achieved high classification
accuracies (= 80 %) across all sample classes, demonstrating the robustness of the analytical approach. Three C8 oxy-
lipins, 1-octen-3-one, 1-octen-3-ol, and 3-octanone, were associated with R. solani infected potato tubers. For A. solani,
14 diagnostic VOCs were detected in infected tubers, including a-himachalene, B-cedrene, thujopsene, eremophilene, and
solavetivone. VOC patterns from LB cultures differed substantially from those observed in infected tubers, underscoring
the strong substrate dependence of fungal volatile production. Altogether, this work provides novel host-relevant diag-
nostic markers for early pathogen detection and demonstrates that chemometric evaluation of complex VOC datasets is a
powerful tool for discriminating potato diseases.
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Introduction

Potato (Solanum tuberosum L.) is one of the most impor-
tant food crops worldwide and the leading non-grain crop
grown in several agricultural regions (Rafiq et al. 2024). It
plays a significant role in global food security due to its high
yield and adaptability to diverse climates. It also provides
essential carbohydrates, vitamins, minerals, and dietary
fiber (Wadas and Dziugiel 2025). However, its production is
challenged by numerous bacterial and fungal diseases, such
as early and late blight, common scab, black scurf, and soft
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Qiu et al. 2024; Khatoon et al. 2024). It typically infects the
lower leaves first and produces dark lesions with concen-
tric rings, often leading to considerable defoliation under
warm, humid conditions (Noh et al. 2024; Khatoon et al.

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s41348-026-01336-w&domain=pdf&date_stamp=2026-8-14
https://doi.org/10.1007/s41348-026-01336-w
mailto:sarah.vermeeren@h-brs.de
http://orcid.org/0000-0002-4345-6142
https://orcid.org/0000-0002-0468-3051
https://orcid.org/0000-0002-7020-9278
https://orcid.org/0000-0001-8642-6253

140 Page 2 of 11

Journal of Plant Diseases and Protection (2026) 133:140

2024). Severe outbreaks can lower yields by 20-30 %, and
the increasing occurrence of fungicide-resistant populations
further complicates control efforts (Qiu et al. 2024).

Similarly, Rhizoctonia solani is a persistent soil-borne
fungus with a host range of more than 250 plant species
(Akber and Fang 2024). In potato, it causes black scurf
and stem canker, leading to deformed tubers, reduced mar-
ket value, stunted growth, and occasionally complete crop
failure (Rafiq et al. 2024; Yang et al. 2024). The pathogen
survives for long periods in soil due to sclerotia that tolerate
environmental stress and resist common fungicides, mak-
ing it especially difficult to control the disease (Rafiq et al.
2024).

Given the substantial economic impact of A. solani and
R. solani, early and reliable detection of infections is essen-
tial (Noh et al. 2024; Khatoon et al. 2024; Qiu et al. 2024;
Akber and Fang 2024; Rafiq et al. 2024; Yang et al. 2024).
One promising method is the analysis of volatile organic
compounds (VOCs), which play key roles in plant—patho-
gen interactions by mediating signaling, defense, and stress
responses (Brosset and Blande 2022; Baldwin and Schultz
1983; Binyameen et al. 2021; Bai et al. 2020; Killiny 2022).
Plants and microorganisms emit characteristic VOC pro-
files during infection, which can serve as diagnostic mark-
ers for pathogen activity or physiological stress (Schulz and
Dickschat 2007; Weisskopf et al. 2007). Gas chromatogra-
phy—mass spectrometry (GC-MS) is widely used for such
analyses and has proved valuable in plant disease detection
as well as in several other fields including food science and
environmental studies (Martinelli et al. 2015; Macdougall
et al. 2022; Zhou et al. 2021; Chen et al. 2024). However,
identifying pathogen-specific patterns remains challeng-
ing due to the complexity of VOC emissions and the many
factors influencing them (Agustika et al. 2021; Makhlouf
et al. 2024). To address this, Vermeeren et al. (2025) dem-
onstrated in a previous study the functionality and advan-
tages of their multivariate evaluation method for GC-MS
data compared to manual evalutaion. In a subsequent study,
the same approach enabled the identification of a distinct
combination of seven VOCs associated with infection by
Synchytrium endobioticum, the causal agent of potato wart
disease, highlighting the potential of the method for VOC-
based discrimination of fungal potato diseases (Vermeeren
et al. 2026).

Building on these advances, the present study aims to
characterize the VOC profiles of potato tubers infected with
A. solani and R. solani as well as pure cultures grown on
Lysogeny Broth (LB) agar medium, and to assess whether
infection induces distinct, reproducible VOC fingerprints
that allow reliable differentiation between healthy and dis-
eased tissue.
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Materials and methods
Samples and sample preparation

Potato tubers infected with R. solani or A. solani, as well as
healthy control tubers (provided by the Julius Kiihn Insti-
tute, Braunschweig, Germany), were analyzed for their
VOC emissions five days after inoculation and subsequently
monitored over a two-week period. The experimental design
consisted of three independent trials, each including three
tubers infected with R. solani, three tubers infected with A.
solani, and three healthy tubers.

In parallel, LB agar medium was analyzed as a reference
matrix to characterize VOC emissions originating directly
from the fungal cultures. Uninoculated LB plates, LB plates
inoculated with R. solani, and LB plates inoculated with A.
solani (all provided by the Julius Kiihn Institute, Braunsch-
weig, Germany) were included. As with the tuber experi-
ments, the LB setup comprised three independent trials,
each consisting of three plates per condition.

For VOC sampling, the LB plates were individually
wrapped in Nalophan® foil (Kalle GmbH, Germany) while
the potato tubers were individually placed in glass preserv-
ing jars (Kilner, Germany) enclosed with Nalophan® foil to
ensure the enrichment of the emitted VOCs and facilitate
isolated sampling. VOCs were collected onto adsorbent
tubes filled with Tenax® GR (mesh 20/35, GL Sciences,
Japan). A GilAir Plus pump (Sensidyne, USA) with a flow
rate of 90 mL/min for 60 min was used to trap the emitted
VOCs on the adsorbent. Sampling is schematically shown
in Fig. 1. Following sampling, the tubes were stored at — 18
°C in a freezer until analysis for a maximum of two weeks.

Instrument and chromatographic analysis

Chromatographic analyses were conducted using a Shi-
madzu GC-MS system (GCMS-QP2020) equipped with
a multimode GC inlet (OPTIC-4, Shimadzu) for thermal
desorption (TD) and an autosampler (AOC-5000, Shi-
madzu). Separation was achieved on a BPSMS capillary
column (30 m x 0.25 mm, film thickness 0.25 pum; Trajan
Scientific and Medical, Australia) with helium 5.0 (West-
falen AG, Germany) as the carrier gas. For thermal desorp-
tion, the adsorbent tubes were initially heated from 35°C to
230°C at a rate of 10°C/min and held for 1.5 min to release
VOCs, which were subsequently concentrated on a cryo-
genic trap maintained at -100°C for 3 min. The cryogenic
trap was then rapidly heated to 250°C at 60°C/min and held
for 2 min at 250°C to inject the analytes into the GC column.
The GC oven was programmed to hold 35°C for 0.5 min,
followed by a ramp to 200°C at 15°C/min, and a further
increase to 240°C at 55°C/min, with a final hold of 2 min.
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Fig.1 Schematic illustration of VOC sampling on a LB agar plates and
b potato tubers. Agar plates with LB medium only (Hm), or cultures of
R. solani (Rm), or A. solani (Am) were placed in Nalophan® bags for
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Fig.2 Schematic illustration of sampling and data processing: Healthy
(H) potatoes or fresh LB medium, Alternaria solani (A) and Rhizocto-
nia solani (R) on both medium and tubers are compared to each other.

Injections were performed with a 1:2 split, and the carrier
gas flow was set to 1.2 mL/min. Mass spectra were acquired
in electron impact (EI) mode at 70 eV across a mass range
of 35-400Da, applying a solvent cut of 2 min. The instru-
ment was calibrated according to manufacturer instructions
to achieve an EI scan sensitivity of S/N > 1500:1 for 1 pg
octafluoro-naphthalene (molecular ion at m/z 272). Com-
pound identification was based on mass spectral matching
against the NIST 17.2 database (minimum match > 90 %)
(National Institute of Standards and Technology 2017) and
supported by retention index plausibility. Retention indices
were calculated using n-alkane standards to verify that the
observed retention behavior was consistent with reported
literature values, thereby excluding chromatographically
implausible identifications.

Data evaluation
For data analysis, total ion currents (TICs) obtained from

the chromatographic measurements were exported as CSV
files using OpenChrom Lablicate Edition 1.5.0. In previous

VOC enrichment, while potato tubers without fungi (Hp), inoculated
with R. solani (Rp), or A. solani (Ap) were placed in glass jars covered
with Nalophan® foil

PCA

_ry
25% test

preprocessing

|
|
|
|
|
! LDA
|
|
|
|

TICs are processed, split into training and test data and subsequently
evaluated with PCA and LDA

work, our multivariate evaluation workflow was introduced
and validated, and subsequently extended by investigating
both TIC- and mass-specific evaluation strategies (Ver-
meeren et al. 2025, 2026). In the present study, the analy-
sis was deliberately restricted to TICs enabling a holistic
evaluation of complex VOC profiles without prior selec-
tion of target ions and allowing disease-associated marker
compounds to be identified based on their contribution to
the multivariate model. This approach was chosen to focus
on substance-specific interpretation in a complex biological
matrix rather than on targeted ion-based analysis. For com-
pleteness, the main steps and parameters of the workflow
are summarized below and schematically shown in Fig. 2.
Data processing was performed using a custom Python®
script (version 3.10.1), integrating data selection, prepro-
cessing, and chemometric evaluation. Six classes were
defined: LB agar medium as control (Hm), LB agar medium
inoculated with R. solani (Rm), LB agar medium inoculated
with 4. solani (Am), healthy potato tubers (Hp), R. solani
infected tubers (Rp), and 4. solani infected tubers (Ap). For
the LB medium classes 19 files and for the potato classes
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25 files were randomly selected as training data, while the
remaining files (5 for Hm, 5 for Rm, 5 for Am, 11 for Hp,
10 for Rp, and 11 for Ap) were reserved as test data.

Preprocessing included smoothing with a Savitzky-Golay
filter (polynomial order 3, window size 11), baseline correc-
tion using asymmetric least squares smoothing (smoothing
factor 10%, asymmetry parameter 0.001, 10 iterations), and
normalization to the total chromatogram area. Preprocessed
data were subsequently merged into a single training set and
a corresponding test set.

Chemometric analysis was conducted using principal
component analysis (PCA) for dimensionality reduction,
followed by linear discriminant analysis (LDA) for clas-
sification. The number of principal components (PCs) was
selected for the training dataset based on overfitting analysis
(Supplementary Figure S1). The LDA model was validated
using leave-one-out cross-validation on the training dataset.
The test dataset was then dimensionally reduced with the
calculated PCA function of the training dataset, and classi-
fied with the calculated discriminant function of the LDA,
with classification accuracy subsequently evaluated. Com-
pounds contributing most to the separation were identified
from high PC loading values at specific retention times and
confirmed by examining their mass fragmentation patterns.

In the custom Python® script the following packages and
functions were used: pandas for handling data, os for inter-
action with the operating system, datetime for timestamps,
NumPy for mathematical operations, SciPy for signal pro-
cessing, Matplotlib pyplot and plotly for visualization,
seaborn for heatmaps, and Sci-Kit learn for chemometric
analysis.

Results

The most important parameters for the chemometric evalu-
ation, as well as the results of the cross-validation of the
training dataset and the accuracy of the test dataset are listed
in Table 1.

For all six class comparisons, both training data and
test data accuracies reached consistently high values (>
80 %), indicating robust model performance. Accordingly,
all six sample classes could be reliably distinguished using

the applied PCA-LDA workflow. The corresponding LD
plots (Fig. 3) of the class comparisons show clear separa-
tions between the classes, further supporting the suitability
of the chemometric approach for classification. In addition
to the pairwise class comparisons, a multiclass LDA model
including all six sample classes was evaluated. The corre-
sponding LD plot (Supplementary Figure S2) also shows
a clear separation of all classes, with potato tuber samples
(Hp, Rp, Ap) clustering distinctly from LB medium sam-
ples (Hm, Rm, Am).

To determine which retention times and, thus, which
compounds have the greatest influence on the classification,
the loading plots of the dimensionally reduced datasets were
analyzed. Figure 4 shows the loading plots of all 3 class
comparisons of potato tubers. The loading plots of the class
comparisons of LB agar medium can be found in the Sup-
plementary Figure 3. The score plots of all six class com-
parisons are shown in the Supplementary Figures S4-S9. In
total, 36 retention times were identified across the six class
comparisons based on the loading plots. The corresponding
compounds are summarized in Table 2. Compound identi-
fication relied on mass spectral matching against the NIST
17.2 database, supported by calculated retention indices
using n-alkane standards (C,—C,,) (Supplementary Figure
S10).

For the LB agar medium samples, the table shows that
four compounds, 3-methyl-1-butanol, 2-methyl-1-butanol,
dimethyl disulfide, and diisobutyl phthalate, were detected
exclusively in Am. Furfural and one unidentified compound
occurred only in Hm. In contrast, 1-butanol, benzaldehyde,
and nonanal were present in both Hm and Am but were not
detected in Rm. No additional compounds specific to Rm
were observed.

For the potato tuber samples, three compounds, 1-octen-
3-one, 1-octen-3-ol, and 3-octanone, were detected exclu-
sively in Rp. In Ap, a total of 14 class-specific compounds
were detected. Five compounds were identified as «
-himachalene, [-cedrene, thujopsene, eremophilene, and
solavetivone. The remaining nine compounds could not
be individually identified. However, based on their mass
fragmentation patterns, they could be assigned to sub-
stance classes, comprising two sesquiterpenes and seven
sesquiterpenoids.

Table 1 Overview of the chemometric parameters for each class comparison

Chemometric parameters Hm-Rm Hm-Am Rm-Am Hp—Rp Hp-Ap Rp-Ap

No. of PCs 2 3 2 5 3 5

Total variance of PCs, % 86.37 77.72 71.09 74.07 58.74 77.27

CV-score, % 100 96 97 94 98 100

Accuracy, % Hm: 100 Hm: 80 Rm: 100 Hp: 100 Hp: 100 Rp: 100
Rm: 100 Am: 100 Am: 100 Rp: 80 Ap: 100 Ap: 100

Hm control LB agar medium, Rm LB agar medium inoculated with R. solani, Am LB agar medium inoculated with 4. solani, Hp healthy potato
tuber, Rp potato tuber infected with R. solani, Ap potato tuber infected with A. solani, PC principal component, CV cross-validation
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Fig.3 LD plots of all class com- RO EEEENGE B @ Am vs. Rm

parisons. Hm: control LB agar
medium, Rm: LB agar medium
inoculated with R. solani, Am:
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Fig. 4 Loading plots of all 3 class comparisons of potato tubers. a loading plots of the comparison of healthy potatos (Hp) and R. solani infected
potatos (Rp). b loading plots of the comparison of Hp and A. solani infected potatos (Ap). ¢ loading plots of the comparison of Rp and Ap

Discussion

The chemometric analysis of the GC-MS data demonstrates
that A. solani and R. solani differ markedly from one another
and from their respective controls in both the LB agar plates
and the infected potato tubers. Moreover, no meaningful

correlation was observed between the VOCs emitted by
infected tubers (Ap and Rp) and those released by the cor-
responding cultures grown on LB medium (Am and Rm).
This indicates that VOC production by both fungi is strongly
influenced by the host or substrate. Consequently, VOCs
emitted on LB plates are not directly informative for disease
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Table 2 (continued)

Hp Rp Ap

Am

RI Hm

Match,
%

CAS-No. Compound

Class

RT,

min

1819

84-69-5 diisobutyl phthalate 93

Ester

13.06

Sequiterpenoid
Cyclosiloxane signals at 3.70 min and 7.32 min derive from column bleed and were omitted from further analysis (Yucuis et al. 2013). RT: retention time, RI: Kovats retention index for non-

polar columns according to the databases Pherobase, PubChem, NIST, and Flavornet, Hm: control LB agar medium, Rm: LB agar medium inoculated with R. solani, Am: LB agar medium

inoculated with 4. solani, Hp: healthy potato tuber, Rp: potato tuber infected with R. solani, Ap: potato tuber infected with 4. solani, C: contamination

detection in potato tubers. Nevertheless, the VOC patterns
observed on LB medium offer insight into the metabolic
capacities of each pathogen and their relevance in VOC-
based pathogen detection and are therefore discussed below.

Four compounds, 3-methyl-1-butanol, 2-methyl-1-bu-
tanol, dimethyl disulfide, and diisobutyl phthalate, were
identified as specific markers for Am. 3-methyl-1-butanol
and 2-methyl-1-butanol are well-known microbial vola-
tiles. They have been reported from various bacterial spe-
cies (Cellini et al. 2016) and across multiple fungal lineages
(Syed-Ab-Rahman et al. 2019; Huang et al. 2011). These
alcohols occur in fungi such as Muscodor albus, Phoma
sp., Cladosporium sp., Ampelomyces sp., and Trichoderma
atroviride, where they contribute to antifungal activity or
induce plant defense responses in crops including potato
(Corcuff et al. 2011; Naznin et al. 2013; Elsherbiny et al.
2020). Similarly, Francesco et al. (2020) identified both
alcohols as characteristic VOCs of Aureobasidium pul-
lulans, which suppresses mycelial and conidial growth of
Monilinia fructicola in stone fruits. Their antifungal activity
has also been documented against Phyllosticta citricarpa,
the causal agent of citrus black spot (Toffano et al. 2017),
and Ceratocystis fimbriata, responsible for sweet potato
black rot (Zhang et al. 2019). The additional Am-specific
compounds, dimethyl disulfide und diisobutyl phthalate, are
likewise frequently associated with fungal metabolism and
fungal infections (Moularat et al. 2008; Fischer et al. 2000;
Li et al. 2024). Together, these four volatiles represent typi-
cal fungal VOCs occurring across a broad spectrum of fun-
gal specimen and infection scenarios.

In contrast to Am, no Rm-specific VOCs were detected.
However, three compounds, 1-butanol, benzaldehyde, and
nonanal, were present in the medium control (Hm) and in
Am, but were absent in Rm. Benzaldehyde is a widely dis-
tributed volatile in plant-associated environments (Knudsen
and Gershenzon 2006; Kreuzwieser et al. 2014). Its emis-
sion is known to decrease when plants experience biotic
stress (Douma et al. 2019), suggesting a tightly regulated
role in stress signaling. Cernosek et al. (2020) showed that
certain bacteria not only produce VOCs but also consume
them, demonstrating that 1-butanol, for example, is emit-
ted by Bacillus subtilis yet metabolized by Ignatzschineria
ureiclastica. Because 1-butanol, benzaldehyde, and nonanal
also occur in the medium control, it is reasonable to con-
clude that they originate from the LB medium itself. Their
absence in RM, combined with the findings of Cernosek
et al. (2020), suggests that R. solani metabolizes all three
compounds, whereas 4. solani does not. A similar pattern
was observed for furfural, a compound known to be con-
sumed by various bacteria (Cernosek et al. 2020). Since fur-
fural was detected only in the medium control, it is likely
metabolized not only by Rm but also by Am.

@ Springer
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Chemometric analysis of the potato tuber data revealed
three potential VOC markers specific for R. solani and 14
potential markers for A. solani, of which only five could
be identified. The diagnostic relevance of these compounds
for both infections is discussed in detail in the following
section.

For Rp, the compounds 1-octen-3-one, 1-octen-3-ol, and
3-octanone were determined as potential diagnostic markers
for infected tubers. All three substances belong to the well-
known group of C8 oxylipins that contribute to the charac-
teristic fungal “mushroom-like” aroma (Karrer et al. 2021;
Inamdar et al. 2020). 1-Octen-3-one is a potent bioactive
metabolite that has been reported to inhibit seedling forma-
tion in Arabidopsis thaliana (Hung et al. 2014). 1-Octen-
3-ol is one of the most ubiquitous fungal volatiles and plays
multiple ecological roles ranging from plant growth regula-
tion to autoinhibition of fungal spore germination (Inamdar
et al. 2020; El Jaddaoui et al. 2023). Similarly, 3-octanone
is produced by a wide range of fungal genera, including
Aspergillus, Fusarium, Penicillium, and others (El Jaddaoui
et al. 2023), and frequently co-occurs with 1-octen-3-ol in
fungal VOC profiles (Inamdar et al. 2020).

A previous study by Loulier et al. (2020) detected exactly
these three compounds in sealed pure cultures of R. solani
using electronic-nose and SPME-GC-MS. Our results
extend these findings by demonstrating that the compounds
are also produced during active infection of potato tubers, a
biologically and metabolically far more complex matrix than
axenic glass-grown cultures. Importantly, R. solani emitted
these VOCs only in potato tubers (Rp) and not when culti-
vated on LB agar medium (Rm). This contrast emphasizes
that volatile profiles obtained from artificial media cannot be
assumed to represent the pathogen’s behaviour under host-
associated conditions. The absence of these three markers
in Rm suggests that LB medium suppresses or alters the
metabolic pathways leading to their synthesis. Thus, even
previously identified volatiles from pure cultures require
validation in the specific host-pathogen system. Overall, the
comparison between Rm and Rp highlights that R. solani
VOC markers are substrate dependent. Our findings there-
fore strengthen and contextualize the prior literature by con-
firming that 1-octen-3-one, 1-octen-3-o0l, and 3-octanone are
not only characteristic of axenic R. solani cultures, but also
robust and diagnostically relevant indicators of infection in
potato tubers.

For Ap, 14 potential VOC markers were detected, of
which five could be identified as a-himachalene, 5-cedrene,
thujopsene, eremophilene, and solavetivone.

a-Himachalene has previously been reported from
Fusarium poae cultures, while S-cedrene has been detected
in Fusarium oxysporum and Trichoderma asperellum, as
well as in other fungi such as Corynespora cassiicola and
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Beauveria sulfurescens, and in soil bacteria like Rhodococ-
cus rhodochrous (Loulier et al. 2020). Thujopsene is emit-
ted by Alternaria alternata (Weikl et al. 2016), Muscodor
sutura (Kudalkar et al. 2012), and has been observed in
rice infected with Stachybotrys chartarum (Gao and Mar-
tin 2002). It also promotes lateral root formation in plants
(Ditengou et al. 2015). Eremophilene has been also asso-
ciated with volatile emissions from Alternaria alternata
(Weikl et al. 2016).

Solavetivone belongs to the group of phytoalexins and
is commonly described as a stress-related metabolite in
potato tissues (Zacharius and Kalan 1984). Its role in plant
defense has been demonstrated in several pathosystems.
For instance, solavetivone contributes to the activation of
immune responses that help protect potato plants against
Pectobacterium atrosepticum, one causal agent of soft rot
(Meziani et al. 2015). Genetic analyses by Desjardins et al.
(1997) showed that loci regulating solavetivone accumula-
tion correlate with enhanced resistance to the potato cyst
nematode Globodera rostochiensis. In addition, solavet-
ivone has been reported as a volatile compound emitted
during infections with oomycete pathogens such as Phy-
tophthora infestans, suggesting a role in defense signaling
during late blight attacks (Andreu et al. 2001). Consistently,
solavetivone was shown to inhibit several developmental
stages of P. infestans, including spore germination, germ
tube formation, and mycelial growth, and to exhibit antibac-
terial activity against Ralstonia solanacearum (Srikrishna
and Ramasastry 2005).

Taken together, four of these five compounds («-him-
achalene, [-cedrene, thujopsene, and eremophilene) are
common fungal volatiles that have been reported in a range
of fungal species, whereas solavetivone is more specific
to plant-pathogen interactions in potato and other crops.
The consistent presence of those five compounds in potato
tubers underscores their potential as robust, host-relevant
diagnostic markers for 4. solani infection in potato tubers.
Nevertheless, similar to the pattern observed for Rp and
Rm, those five diagnostic markers could not be found in
Am. Instead, Am produced a different set of fungal VOCs.
This strengthens the hypothesis made earlier that VOC pro-
duction is strongly influenced by the host environment and
substrate and that compounds previously reported in fungal
cultures may not be emitted under all growth conditions and
must therefore be validated in the specific host-pathogen
system.

Following earlier work in which the applied chemo-
metric workflow enabled the identification of potato wart
disease caused by Synchytrium endobioticum based on a
distinct VOC marker combination (Vermeeren et al. 2026),
the present study extends this approach to infections with
A. solani and R. solani. Despite all three diseases being of
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fungal origin, the VOC patterns identified here for 4. solani
and R. solani clearly differ from those previously observed
for potato wart disease. Together, these findings demon-
strate that the proposed approach enables the differentiation
of multiple fungal potato diseases based on disease-specific
VOC fingerprints.

Conclusion

This study shows that chemometric evaluation of GC-MS
data enables clear discrimination between healthy potato
tubers and those infected with Rhizoctonia solani or Alter-
naria solani. The PCA-LDA workflow proved highly effec-
tive for extracting pathogen-associated VOC patterns from
complex biological matrices. For both pathogens, distinct
and reproducible VOC fingerprints were detected directly
in potato tissue. R. solani infections were characterized by
three C8 oxylipins, while 4. solani produced a broader set
of 14 class-specific VOCs, including several sesquiterpenes
and sesquiterpenoids. Importantly, these markers were only
present in infected tubers and not in LB medium cultures,
highlighting the strong substrate dependence of volatile pro-
duction and the need to validate candidate markers within
the actual host—pathogen system. Overall, this work expands
current knowledge on pathogen-induced VOC emissions
in potato and demonstrates that chemometric VOC analy-
sis offers a powerful foundation for non-invasive disease
detection. To further exploit this potential, future studies
will extend the present GC-MS-based workflow by time-
resolved PTR-ToF-MS measurements, enabling investiga-
tion of the temporal evolution of infection-associated VOC
profiles. This approach will allow real-time monitoring of
disease progression and facilitate the identification of early
diagnostic markers.
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