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Abstract

Rhizome rot, caused by Pythium myriotylum (P myriotylum), is a significant constraint
on ginger cultivation, necessitating the development of sustainable defense
strategies. The present study, therefore, evaluated the capacity of the monoterpenes
Geraniol, Eugenol, and Linalool to function as priming agents for resistance induction
in cultivated ginger. Our comprehensive evaluation of the defense response,
employing biochemical and metabolomics approaches, revealed that Geraniol
emerged as the most effective candidate, significantly reducing disease severity in
infected plants. Biochemical analysis demonstrated that Geraniol-primed infected
plants exhibited a notable enhancement in defense-related compounds and
enzymatic activities compared to infected plants. Geraniol primed plants showed
elevated levels of phenolics, flavonoids, anthocyanin, and lignin, with increased
activities of Phenylalanine Ammonia Lyase (PAL) enzyme. Metabolomics profiling
studies identified significant shifts in secondary metabolism, highlighting the
accumulation of key defense-related metabolites in primed plants. The findings of
the study strongly suggests that Geraniol effectively primed the ginger defense
system, leading to a faster and stronger induction of both constitutive and induced
defenses upon P myriotylum challenge. Geraniol priming proved to be a promising,
eco-friendly strategy for managing P. myriotylum-induced rhizome rot in ginger.
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1 Introduction

Ginger (Zingiber officinale Roscoe) is an economically vital spice crop worldwide, cel-
ebrated for its extensive culinary, medicinal, and industrial applications [64]. The sus-
tained production of ginger is continually challenged by soil-borne pathogens, often
leading to significant economic and vyield losses reaching up to 90% in India [103].
Among these, Pythium myriotylum is recognized as the dominant etiological agent
responsible for devastating rhizome soft rot. Kumar, [46]. This devastating disease
does not just lead to significant yield losses; it also contributes to substantial pre- and
post-harvest spoilage, posing a constant threat to ginger producers worldwide [61].
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Conventional disease management strategies have historically relied heavily on chemi-
cal fungicides. In addition, current strategies integrate cultural practices like proper soil
drainage and crop rotation with biological control agents such as Trichoderma species
and Pseudomonas fluorescens, which offer a more sustainable alternative to traditional
soil solarization and chemical drenching [3, 8]. While these offer immediate solutions,
they come with a growing list of concerns, including the risk of residual toxicity in the
crop, the development of fungicide resistance in pathogen populations, and inevitable
environmental contamination [28]. These drawbacks underscore the critical need for
more sustainable and environmentally benign approaches to crop protection.

In light of these escalating challenges, alternative and sustainable disease management
approaches, such as induced resistance, have gained considerable prominence in plant
pathology and agricultural research [108]. Among these, Induced Systemic Resistance
(ISR) and Systemic Acquired Resistance (SAR) represent sophisticated, plant-intrinsic
defense mechanisms. These mechanisms are not constantly active, but “switched on”
or amplified in plants following exposure to specific biological or chemical elicitors
[107]. A crucial concept within induced resistance is priming, which describes a state
of enhanced defense capacity induced by a prior, often non-damaging, stimulus. This
“primed” state enables the plant to respond significantly more rapidly and intensely to
subsequent pathogen attacks, effectively preparing its immune system without expend-
ing excessive energy prematurely [5].

This study investigated the efficacy of the volatile monoterpenes Geraniol, Eugenol,
and Linalool as potential priming agents in combating Pythium Soft Rot. These com-
pounds are naturally occurring components of various essential oils and have attracted
scientific interest due to their diverse biological activities [66]. For instance, Geraniol has
been extensively documented for its antimicrobial and insecticidal properties [13]. Fur-
thermore, these monoterpenes are increasingly recognized for their roles in plant-plant
communication and their direct influence on plant-pathogen interactions, suggesting
they can act as signaling molecules [16]. While recent studies have suggested that Gera-
niol, in particular, might trigger defense responses in various crops (Shuning [11, 37,
79, 91]), the comparative efficacy of these specific monoterpenes as priming agents for
inducing resistance against Pythium in ginger had, until now, remained largely underex-
plored. This knowledge gap represents a significant opportunity to identify novel, eco-
friendly elicitors for ginger defense against the soft rot pathogen.

A profound understanding of the molecular and cellular mechanisms underpin-
ning induced resistance is absolutely crucial for developing truly effective and durable
crop protection strategies especially for ginger [38]. Plant defense responses are highly
complex, involving intricate biochemical pathways such as the Jasmonic acid path-
way, phenylpropanoid pathway, which collectively synthesize a diverse array of protec-
tive secondary metabolites (Simardeep [40]). These pathways lead to the orchestrated
accumulation of various protective compounds, including phytoalexins, phenolics, and
flavonoids, which possess direct antimicrobial properties or act as signaling molecules
[67, 80]. Simultaneously, defense responses involve the rapid reinforcement of physi-
cal barriers, such as cell wall components, through processes like lignification and cal-
lose deposition [63], which will ultimately impede pathogen progression. Building upon
these structural reinforcements, the intricate network of plant metabolites played a criti-
cal role in orchestrating a comprehensive defense response. To comprehensively capture
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the dynamic changes within the plant’s metabolic state during these defense responses,
metabolomics provides an invaluable tool [95]. Gas Chromatography-Mass Spectrom-
etry (GC-MS)- based metabolomics enables the identification and quantification of a
wide array of metabolites, providing a holistic snapshot of the plant’s metabolic adjust-
ments in response to priming and pathogen challenge [21].

Therefore, the primary aim of this study was to rigorously evaluate the effectiveness of
Geraniol, Eugenol, and Linalool in priming Z. officinale for enhanced resistance against
the devastating rhizome rot caused by P. myriotylum. To achieve this, we employed a
robust multifaceted approach. This integrated methodology combined detailed bio-
chemical analysis of key defense markers with advanced GC-MS-based metabolomics
profiling to comprehensively map shifts in the plant’s metabolic landscape. This holis-
tic approach was designed not only to identify the most effective monoterpene prim-
ing agent among the candidates but also to provide profound insights into the intricate
underlying molecular and cellular mechanisms by which these compounds activate and
modulate ginger’s defense system. The findings from this research could pave the way for
novel, sustainable, and eco-friendly strategies to protect ginger crops.

2 Materials and methods

2.1 Plant materials and treatments

Healthy rhizomes of the ginger cultivar ‘Athira’ (Zingiber officinale Roscoe), a commonly
cultivated variety in South India, were purchased from the authorized institutional
center of the Kerala Agricultural University (KAU), Mannuthy, Thrissur, Kerala, India
(10.53° N, 76.24° E). The rhizomes were sprouted and maintained in the shade house
facility under natural conditions at the Department of Biotechnology, Cochin Univer-
sity of Science and Technology, Kochi. To ensure environmental clarity, the plants were
grown under a natural photoperiod (approximately 12/12 h light/dark) with an average
ambient temperature of 28 + 3 °C and a relative humidity ranging between 70% and 85%,
reflecting the typical tropical climate of the region. A highly pathogenic in-house cul-
ture of 2. myriotylum was used for this study and maintained on Potato Dextrose Agar
(PDA). Geraniol, Eugenol, and Linalool (analytical grade, > 98% purity) were purchased
from Tokyo Chemical Industry (TCI) Co., Ltd., Japan, and prepared as 150, 200, and
200 puM solutions, respectively, in distilled water based on a pre-optimized study. Our
study used a foliar-based priming strategy to prime the aerial parts of ginger plants with
the help of a standard spray bottle, ensuring a uniform spray. The ginger plants selected
for the study were systematically divided into distinct treatment groups to investigate
the effects of priming with volatile organic compounds (VOCs) and subsequent infec-
tion with P myriotylum. The experimental design comprised unprimed control plants
and plants primed with Geraniol, Eugenol, or Linalool. Specifically, the groups com-
prised: Unprimed (C), consisting of healthy plants treated solely with water; P myrio-
tylum infected (P), in which C was inoculated with a P. myriotylum spore suspension;
Geraniol-primed (G), involving plants treated with a Geraniol; Geraniol-primed + P
myriotylum infected (G + P), where plants received Geraniol treatment followed by P
myriotylum inoculation 48 h post priming; Eugenol-primed (E), for plants primed with
an Eugenol; Eugenol-primed + P. myriotylum infected (E + P), indicating Eugenol treat-
ment followed by P. myriotylum inoculation 48 h post priming; Linalool-primed (L), for
plants treated with a Linalool; and Linalool-primed + P myriotylum infected (L + P),
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representing Linalool treatment followed by P. myriotylum inoculation 48 h post prim-
ing. Each treatment group consisted of six biological replicates, with each replicate
comprising one plant per pot to ensure statistical validity and account for biological
variation. This comprehensive setup enabled assessment of both direct VOC effects and
their role in enhancing resistance to P. myriotylum. Ginger plants were challenged with
inoculation at the collar region with P myriotylum [27]. The mycelial discs of 10 mm in
diameter, were excised from the actively growing margins of a 48-hour-old P. myrioty-
lum culture maintained on Potato Dextrose Agar (PDA). These discs were then asepti-
cally applied to the collar region of each plant. To maintain high humidity and promote
infection, the inoculated area was covered with sterile wet cotton. Control plants were
mock-inoculated with sterile PDA discs. The leaf and collar region samples were har-
vested on the 5th and 7th days post-inoculation for subsequent analyses. Disease sever-
ity was assessed using a visual scale based on symptom progression. Disease severity was
scored on a 0—3 scale, where 0 indicated green, healthy plants; 1 indicated discoloration
of the leaf sheath collar and yellowing of lower leaves; 2 represented plants with entirely
yellow or dead shoots despite still being alive; and 3 was assigned when all shoots were
dead [84]. The ratings were conducted at regular intervals post-inoculation to track dis-

ease progression.

3 Physiological parameters

The physiological parameters of the plants under post-priming and post-infection con-
ditions were assessed by harvesting samples from each treatment set at respective time
points. The physiological responses to defense-priming and subsequent infection were
quantified through comprehensive assessments including biochemical and metabolomic
profiling, conducted on the 5th and 7th days post-pathogen inoculation.

The total carotenoids in the leaf samples were evaluated as described earlier [36]. Sol-
vent extraction was carried out by homogenizing approximately 500 mg of leaf samples
with 4 mL of 80% acetone (SRL, Maharashtra, India) using a standard mortar and pestle.
The absorbance values of the supernatant obtained after centrifugation were estimated
using the Spark multimode microplate reader (TECAN, Zurich, Switzerland) and final
values were calculated following established equations [86].

Chl a (ug/g FW) = (12.25%A ;) - (2.79%Ag,).

Chl b (ug/g FW) = (21.5%A4g) - (5.1%Age3)-

Total Carotenoids (pg/g FW) = ((1000*A,,,-1.82*Chl ) - (85.02*Chl b))/198.

To quantify other stress-related biomarkers, ginger plant leaf samples were analyzed
for total flavonoids, anthocyanins, total phenolics, soluble lignin, and malondialdehyde
(MDA) content. Total flavonoid content was determined spectrophotometrically via the
Aluminum Chloride (AICl;) colorimetric method, measuring absorbance at 420 nm and
expressed as quercetin equivalents based on a calibration curve [4]. Similarly, anthocy-
anin content was determined after homogenizing 100 mg of ground tissue in 2 ml of
ethanol with 2% HCL The supernatant’s absorbance was read at 530 nm and 657 nm
[96]. Total phenolic content was quantified using the Folin-Ciocalteu method, in which
methanolic extracts reacted with the Folin-Ciocalteu reagent and sodium carbonate, and
absorbance was measured at 765 nm against a gallic acid standard curve [6]. The lignin
content was determined following an established protocol, involving an acid-catalyzed
reaction to generate a colored, soluble lignin-thioglycolate complex. The concentration
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of lignin was calculated from a lignin standard calibration curve based on absorbance
values at 340 nm [78]. Finally, malondialdehyde (MDA) content, indicating lipid per-
oxidation, was determined spectrophotometrically after homogenizing fruit peel in
Trichloro Acetic Acid (TCA), reacting the extract with Thiobarbituric acid (TBA), and
measuring absorbance at 532 nm, 600 nm, and 450 nm. The final MDA content was cal-
culated using a specific formula based on these absorbance readings and reaction vol-
umes [31].

As a pivotal enzyme in the phenylpropanoid pathway, Phenylalanine Ammonia-Lyase
(PAL) activity was also measured to elucidate the biochemical defense mechanisms con-
tributing to the plant’s physiological responses. The PAL activity was determined by
preparing a reaction mixture consisting of an enzyme solution, 20 mmol/L phenylala-
nine, and a 50 mmol/L borate buffer (pH 8.8) with additives. The reaction was incubated
at 37 °C for 60 min and subsequently terminated by the addition of 6 mol/L HCI. The
resulting absorbance was then measured at 290 nm to quantify the activity (Yanzheng
Sun et al., 2023). Detailed procedural information, including reagent preparation, cali-
bration curves, and calculation formulae, is provided in the Supplementary Materials.

4 GC-MS analysis

A Gas Chromatography-Mass Spectrometry (GC-MS) approach was conducted to
identify volatile metabolites, enabling a comprehensive evaluation of the plant’s meta-
bolic shifts in response to the different priming agents. The analysis was carried out at
the Department of Applied Chemistry, Cochin University of Science and Technology.
Organic compounds were extracted by homogenizing leaf samples in methanol at a con-
centration of 100 mg/ml. The resulting homogenate was centrifuged at 4000 xg for 5 min
to separate the supernatant, which contained the extracted metabolites. GC-MS analy-
sis was performed using an Agilent 7890 A instrument (California, USA) equipped with
an HP-5MS capillary column. Compound identification was achieved by comparing the
obtained mass spectra against the comprehensive National Institute of Standards and
Technology (NIST) database [98]. The resulting data were then tabulated, sorted, and fil-
tered for visualization using Venn diagrams generated with the ggVennDiagram (v1.5.2)
package in the R statistical environment (v4.4.2)(C.-H. Gao et al., [25].

5 Experimental design and statistical analysis

The experiment was conducted in a randomized complete block design and repeated to
ensure repeatability. The corresponding results are represented as the mean + Standard
Deviation (SD). The R Statistical Programming language (v4.4.1) was employed to con-
duct variance of analysis (ANOVA) and Tukey’s Honestly Significant Difference (HSD)
test using the stats package (v4.4.1). All the analyses were subjected to a p-value cut-off
of 0.05.

6 Results and discussion

6.1 Plant material and treatment

The study was conducted using healthy Athira ginger rhizomes, which are a common
cultivated ginger variety in South India (Fig. 1). The virulent P myriotylum isolate
effectively established characteristic disease symptoms, providing a robust and reliable
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Fig. 1 Ginger plants used in study. The image represents 3-month-old healthy ginger (KAU Athira variety) plants
used in the assays for priming, pathogenicity and GCMS analysis. The plants were maintained in a greenhouse
facility at the premises of the Department of Biotechnology, CUSAT

pathosystem for the investigation. Clear-cut differences were observed between primed

and unprimed plants with varying disease indices.

7 VOC priming significantly mitigated disease severity

Disease severity, visually assessed on a 0—3 scale, showed distinct differences in progres-
sion among the treatment groups, consistent with previous studies on plant-pathogen
interactions. Unprimed plants inoculated with P myriotylum exhibited severe disease
progression, characterized by progressive chlorosis, wilting, and significant plant col-
lapse (scores 2-3), key symptoms of soft rot in ginger. This observation confirmed the
pathogenicity of the P. myriotylum isolate and established a baseline for disease develop-
ment, consistent with typical disease curves observed in susceptible plant varieties [84].

Critically, plants primed with Geraniol, Eugenol, or Linalool prior to inoculation con-
sistently showed significantly reduced disease symptoms and lower severity scores than
unprimed infected controls. The mean Area Under Disease Progress Curve (AUDPC)
for the control group (P) (11.5) was higher than that for the VOC-treated groups (E +
P: approximately 2.0, L + P: approximately 0.5, G + P: approximately 0.1) (Fig. 2a). This
outcome strongly suggested an induced resistance effect, echoing findings where volatile
organic compounds have been shown to prime plant defenses against various pathogens
[32, 53, 53]).

Among the VOCs, G + P plants consistently demonstrated the most significant reduc-
tion in disease severity, indicating their superior defense efficacy (Fig. 2e). The G + P
plants appeared considerably healthier and exhibited negligible disease symptoms com-
pared to the unprimed group (P) (Fig. 2b). This optimal performance of Geraniol aligns
with recent research highlighting its potent elicitor properties in plant defense responses
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Fig. 2 Effect of VOCsTreatments on Plant Disease Progression. a represents the mean Area Under Disease Progress
Curve (AUDPQ) for different treatments (mean+SD, n=3). b, ¢, d, and e show the visual representation of the
plants under various conditions. (b) depict the unprimed control group exhibiting severe disease symptoms, while
(0), (d), and (e) showed the plants treated with Linalool, Eugenol and Geraniol, respectively, indicating reduced
disease progression compared to the control

which were reported in rice and citrus [44, 99]. L + P plants also showed considerable
disease suppression, performing better than E + P plants, although less effectively than
G + P. L + P plants (Fig. 2¢) exhibited better health compared to E + P plants (Fig. 2d).
The observed efficacy of linalool in suppressing disease corroborated findings from prior
research that reported its antimicrobial properties and its capacity to induce defense
responses in various plant systems such as Arabidopsis-Pseudomonas, Berry-Alternaria
pathosystems ([20, 110], suggesting a common yet less potent activation of signaling or
metabolic pathways when compared to geraniol. The Eugenol priming, while still offer-
ing some protection compared to the unprimed infected control, exhibited the least pro-
nounced effect among the three VOCs (Fig. 2d). This ranking suggested a hierarchical
effectiveness of the VOCs in inducing resistance, with Geraniol > Linalool > Eugenol.
This hierarchy was clearly supported by the AUDPC values with Geraniol having the
lowest AUDPC, followed by Linalool, and then Eugenol (Fig. 2a). These results resonated
with studies indicating varying degrees of effectiveness among different VOCs in trig-
gering plant defense mechanisms, often dependent on their chemical structure and spe-
cific plant-pathogen interactions [82].

This strong evidence indicates that VOC priming conferred resistance against 2. myri-
otylum infection in ginger, likely by activating defense mechanisms that mitigate disease
development. Such a reduction in disease severity following volatile organic compound
treatment aligns with previous research highlighting the eliciting capabilities of these
compounds in various plant-pathogen interactions [9]. The absence of symptoms in
uninfected control plants (P) further validated the experimental setup, confirming that
disease progression in the infected groups was solely attributable to P. myriotylum infec-
tion. The significant differences observed between primed and unprimed infected plants
underscored the potential of VOCs as sustainable strategies for disease management in
ginger cultivation.

Page 7 of 22



Johnson et al. Discover Plants (2026) 3:130

8 Physiological parameters

Analysis of various physiological parameters on the 5th and 7th days post-inoculation
provided more profound insights into the plant’s responses, clearly supporting the
observed hierarchy in disease suppression, which are listed below.

8.1 Enhanced carotenoid content as a marker of defense response upon VOC priming
Carotenoids play a crucial role in plant defense and health, acting as essential photo-
synthetic pigments and antioxidants. An elevated concentration of plant carotenoids
generally indicates enhanced physiological well-being and fortified defensive capabili-
ties. The levels of carotenoid on day 5 in P myriotylum infected leaf samples displayed
a slight increase in carotenoid content across all treatment groups in comparison with
uninfected controls, indicating a normal stress-induced defense response (Fig. 3a). This
increase in carotenoid content reflected the immediate impact of the pathogen on the
plant’s photosynthetic machinery and its overall physiological state, suggesting a role for
carotenoids in the plant defense response [87]. However, G + P plants showed signifi-
cantly higher carotenoid levels compared to the other infected groups, even surpassing
their unprimed infected counterparts. This observation reiterated the geraniol’s ability
to bolster the plant’s defense mechanisms, potentially by enhancing antioxidant capac-
ity or reducing oxidative damage [83]. Similarly, L + P plants also maintained higher
carotenoid levels than E + P, indicating differential protective effects among the priming
agents.

This trend was significantly altered and became even more pronounced on day 7.
Infected plants across all groups continued to exhibit lower carotenoid content than
their uninfected controls, reinforcing the sustained stress imposed by the infection (Fig.
4a). However, Geraniol-primed infected plants consistently maintained the highest
carotenoid levels among all infected groups, significantly exceeding those of the C, E +
P, and L + P plants. This suggested that Geraniol has a superior ability to mitigate oxida-
tive stress and protect the photosynthetic apparatus during infection, possibly through
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the modulation of Reactive Oxygen Species (ROS) scavenging pathways [19]. The L +
P plants also showed better carotenoid retention than E + P plants at Day 7, reinforcing
the hierarchy of protection observed earlier. These findings collectively demonstrate the
potential of priming agents, particularly Geraniol, to preserve vital photosynthetic pig-
ments under pathogenic stress, thereby enhancing plant resilience.

8.2 Stress-related biomarkers

The quantification of other stress-related biomarkers provided direct evidence of the
biochemical changes underpinning the observed physiological and resistance pheno-
types, further substantiating the effectiveness hierarchy of the VOCs.

8.3 VOC priming modulated total flavonoid content for antioxidant defense

The flavonoid content was evaluated to assess the plant’s antioxidant response and its
ability to mitigate oxidative stress caused by the P myriotylum infection. Flavonoids
played a crucial role in plant defense by acting as antioxidants to mitigate oxidative stress
and by exhibiting direct antimicrobial activity against pathogens [72]. The data in this
study revealed a dynamic response modulated by the applied priming treatments. On
Day 5, a rapid defense response was evident across all treatment groups (Fig. 3b). The P
myriotylum infection led to a significant increase in total flavonoid content in the P and
E + P plants compared to their respective uninfected controls. In contrast, the Geraniol
and Linalool-primed plants did not show a significant difference between infected and
uninfected samples, with both groups maintaining flavonoid levels around 14-15 pg/g
FW.

By Day 7, the pattern was strikingly different, highlighting the sustained impact of both
the pathogen and the priming agents (Fig. 4b). In the P and E + P groups, the pathogen’s
effect appeared to overwhelm the plant’s initial defense. The total flavonoid content in
the P plants dropped dramatically to approximately 9 pg/g FW, a significant reduction
from C, which had the highest flavonoid levels at around 20 ug/g FW. The E + P plants
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also showed a decrease in flavonoid levels compared to their controls. In marked con-
trast, the Geraniol and Linalool plants demonstrated a robust and sustained defense
response. The flavonoid levels in their infected samples remained high and comparable
to their uninfected counterparts, at approximately 13 and 14 pg/g FW, respectively.
This indicated that priming with Geraniol and Linalool enabled the plants to maintain
production of these critical antioxidant compounds, thereby resisting the detrimental
effects of the pathogen over a longer period [81]. This sustained production of flavonoids
likely contributed to enhanced plant resistance by mitigating pathogen-induced oxida-
tive stress and potentially through direct antimicrobial activity, which were crucial for
long-term defense [47, 69, 106]. The results hence demonstrated the superior efficacy of
these priming agents in fortifying the plant’s defense mechanisms.

8.4 Priming-induced anthocyanin accumulation mitigated stress

Anthocyanins play a significant role in plant defense by accumulating in response to
environmental and biotic stresses and by acting as potent antioxidants to mitigate cellu-
lar damage [39]. Anthocyanins and their breakdown products can exhibit direct antimi-
crobial properties, to help plants defend against certain phytopathogens such as Erwinia
amylovora, Pseudomonas syringae etc. Lucas-Bautista et al., [57], Sdnchez-Herndndez,
[77]. In our study, on Day 5, P myriotylum infection did not significantly alter total
anthocyanin content across most groups compared to their controls, with slight varia-
tions (Fig. 3c). Interestingly, on Day 7, a notable increase in total anthocyanin content
was observed in infected plants across all priming treatments, indicating an oxidative
stress response (Fig. 4c). On the contrary, anthocyanin was significantly reduced in the
P plants, suggesting the detrimental effects of the pathogen on disease progression.
Among the various treatment groups, G + P plants showed the highest levels of total
anthocyanins, significantly higher than those in the P, E + P, and L + P infected groups.
The L + P infected plants also had higher anthocyanin content than E + P plants. This
pronounced anthocyanin accumulation in Geraniol-primed plants suggests an enhanced
antioxidant defense capacity or a more robust stress response. This sustained accumula-
tion of anthocyanins in the G + P and L + P plants likely contributed to enhanced dis-
ease tolerance by mitigating oxidative stress, a finding that was consistent with previous
studies on plant defense priming where anthocyanins were demonstrated to function
as potent scavengers of Reactive Oxygen Species (ROS), thus protecting cellular com-
ponents from damage and enhancing stress tolerance [34, 48, 54]. The ability of these
priming agents to maintain high anthocyanin levels suggested a successful activation of
defense mechanisms that conferred prolonged protection against the pathogen.

8.5 Priming-induced phenolic accumulation for broad-spectrum defense

Phenolics play a critical role in plant defense by functioning as structural barriers, signal
molecules, and antimicrobial compounds that protect against pathogens and herbivores
[94]. There are several studies that highlight the crucial role of phenolics in regulating
lignin and suberin formation and in inducing antioxidant activity during pathogen inva-
sion. The total phenolic content was significantly increased in the P group following P
myriotylum infection, a difference clearly observed on Day 5 itself (Fig. 3d). Similarly, G
+ P plants showed a significant increase in total phenolics compared to their uninfected
controls and other infected groups. The L + P plants also exhibited elevated phenolic
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levels, though less pronounced than Geraniol. The E + P plants showed only a modest
increase. By Day 7, total phenolic content remained significantly elevated in infected
plants across all priming treatments compared to their controls (Fig. 4d). The G + P
plants continued to exhibit the highest total phenolic content, significantly surpassing all
other groups, including unprimed infected controls. L + P plants maintained higher phe-
nolic levels than E + P plants. This consistent and strong induction of phenolics by Gera-
niol highlights its ability to activate the phenylpropanoid pathway for broad-spectrum
defense. The elevated phenolic levels indicate an enhanced capacity to scavenge for reac-
tive oxygen species generated during the infection, could have caused significant cellu-
lar damage [14, 30, 76]. This observation was consistent with previous research studies
conducted on other crops where phenolic compounds were reported to function as key
secondary metabolites in plant defense, acting as antimicrobial agents and contribut-
ing to physical barriers like lignin deposition, linking an intense and prolonged phenolic
response to improved disease resistance in plants [1, 81, 85].

8.6 Soluble lignin accumulation for structural defense upon priming

Lignin plays a crucial role in plant defense by forming a rigid, physical barrier in cell
walls that provides a mechanical shield against pathogen invasion and spread [93]. To
elucidate the dynamics of lignin accumulation in primed ginger plants post-pathogen
inoculation, lignin was quantified in samples, and on Day 5, soluble lignin content gen-
erally increased in infected plants compared to their controls (Fig. 3e). The G + P plants
displayed a marked and significant increase in soluble lignin, indicating an early and
strong response towards cell wall reinforcement. L + P plants also showed an increase,
while E + P plants had a lesser effect. On Day 7 (Fig. 4e), the increase in soluble lig-
nin continued in infected plants, with G + P plants showing the highest and most sig-
nificant soluble lignin content, indicative of robust lignification for structural defense
against pathogen spread. L + P plants maintained higher soluble lignin levels than E + P
plants. The high levels of soluble lignin precursors indicated an active lignification pro-
cess, which was crucial for forming a rigid physical barrier to impede pathogen spread
[58]. This robust lignification likely served as a key mechanism for the primed plants to
resist the pathogen’s assault, and this finding was consistent with previous research that
linked enhanced lignification to improved mechanical strength and increased resistance
against pathogens [24, 60, 70].

8.7 Priming reduced malondialdehyde (MDA) content to mitigate cellular damage

Malondialdehyde (MDA) plays a role in plant defense as a key biomarker of oxidative
stress and cellular damage, with its accumulation indicating the extent of lipid peroxida-
tion in response to a pathogen challenge [23]. On Day 5, P. myriotylum infection signifi-
cantly increased MDA content (indicating lipid peroxidation and oxidative stress) in the
P group (Fig. 3f). In the present study it was observed that all primed infected groups,
particularly G + P plants, showed significantly lower MDA levels than the P plant. The L
+ P plants also had lower MDA than the E + P plants. This trend continued and became
more pronounced on Day 7 (Fig. 4f). While MDA levels remained elevated in the P
group, G + P plants consistently exhibited the lowest MDA content among all infected
treatments, indicating superior mitigation of oxidative damage. L + P plants maintained
lower MDA levels than E + P plants. This consistent reduction in MDA levels indicates a
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significant decrease in lipid peroxidation and membrane damage, suggesting that these
plants maintained better cellular integrity during P myriotylum infection.This consis-
tent reduction in MDA by Geraniol strongly suggests an enhanced antioxidant defense
system, that protects cellular membranes from pathogen-induced oxidative stress and
correlates directly with superior disease resistance. Significantly higher levels of MDA
observed in the P and E + P plants, indicate that their defense mechanisms were over-
whelmed by the pathogen’s assault. This led to substantial oxidative stress and a break-
down of cell membrane integrity, which were both clear signs of disease progression.
The low MDA content provided strong evidence that these priming agents conferred
enhanced disease tolerance, consistent with previous studies correlating reduced MDA
accumulation with increased stress resistance [29, 41, 109].

The physiological and biochemical data for stress-related biomarkers consistently indi-
cated that the most effective defense responses, characterized by robust and sustained
induction of defense compounds and a significant reduction in oxidative stress, were
observed in G + P and L + P plants. These treatments led to a persistent accumulation of
key defense molecules, including flavonoids, anthocyanins, phenolics, and soluble lignin,
which collectively contributed to a multifaceted and resilient defense system [7, 37, 52].
While an initial defense response was observed in unprimed groups at Day 5, the trend
was not visible in the later days. By Day 7, the P and E + P plants showed a decline in
their defense mechanisms and a corresponding increase in cellular damage, as evidenced
by elevated malondialdehyde content. This demonstrated the superior efficacy of Gera-
niol and Linalool priming, resulting in sustained disease tolerance throughout the exper-
imental period. Overall, the findings highlighted that these priming agents conferred
enhanced disease tolerance by activating and maintaining a long-term defense system
that effectively counteracted the pathogen’s assault.

8.8 Priming elevated PAL activity to enhance defense responses

The experiment investigated how the different VOCs affected phenylalanine ammonia-
lyase (PAL) activity in infected plants, a key enzyme in the plant’s defense response. The
PAL is a primary enzyme that catalyzes the conversion of L-phenylalanine into trans-
cinnamic acid, initiating the phenylpropanoid pathway that produces vital defense com-
pounds such as lignin and phenolic compounds [18]. During 5 days of post-infection,
all infected plants showed a significant increase in PAL activity compared with their
uninfected controls, which was a typical defense response (Fig. 5a). However, the most
potent effect was observed in the G + P plants, which exhibited the highest PAL activity
among all treatments. L + P also induced a notable increase, but it was less pronounced
than G + P. In contrast, Eugenol’s priming effect on PAL activity was minimal, showing a
much smaller increase.

This indicated that Geraniol was particularly effective in rapidly activating the plant’s
defense system. By 7 days post-infection, the initial surge in PAL activity had declined
in both the P and E + P groups, suggesting that their defense responses were short-lived
(Fig. 5b). This trend contrasted sharply with the G + P plants, which maintained a high
level of PAL activity, comparable to day 5. Similarly, L + P plants also sustained a high
PAL activity at this later time point. The sustained PAL activity in Geraniol and Linalool-
primed plants provided strong enzymatic evidence that these VOCs effectively primed
the plant’s defense machinery for a more durable, prolonged response to the pathogen,
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b 7 days post-infection, highlighting the enhanced defense enzyme activity upon priming. Different lowercase let-
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which is one of the critical findings of our study. The existing literature demonstrates
that an increase in PAL activity is a key indicator of a plant’s robust defense response,
leading to the accumulation of various protective phenolic compounds and lignin [2, 71,
73,92].

8.9 Metabolomic profiling revealed priming-induced changes in defense compounds
Metabolomic profiling of ginger rhizome samples using GC-MS provided a broad over-
view of changes in the plant’s chemical landscape. The objective of this comprehensive
analysis was to characterize the dynamic shifts in the ginger metabolome and identify
key metabolic pathways—such as the phenylpropanoid pathway—that are significantly
modulated by priming. The study aimed to correlate specific metabolite accumulation
with the enhancement of physiological defense, thereby providing a more robust bio-
chemical basis for the efficacy of geraniol-induced resistance. The identification of vari-
ous organic compounds by comparing mass spectra against the NIST database revealed
distinct metabolic shifts in response to VOC priming and P. myriotylum infection. These
shifts included changes in both primary and secondary metabolites, providing a molecu-
lar foundation for the observed physiological and biochemical responses. The heatmaps,
which illustrate the presence or absence of identified compounds across various treat-
ment groups at Day 5 and Day 7 post-priming/infection, provide critical insights into the
dynamic metabolic shifts underlying the plant’s defense responses (Fig. 6).

At Day 5 post-treatment, significant metabolic differences were evident between the
control and P. myriotylum infected plants. Pathogen infection generally resulted in the
induction or elevated accumulation of several compounds not readily detected or pres-
ent at lower levels in healthy control plants. These compounds likely represented the
ginger plant’s initial, basal defense response to pathogen challenge. Concurrently, indi-
vidual VOC priming with geraniol (G), eugenol (E), and linalool (L) induced distinct
metabolic profiles even in the absence of pathogen challenge, suggesting a pre-activation
or “priming” of specific defense mechanisms. The G plants at Day 5 showed the presence
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of compounds like Humulene and Alloaromadendrene, which were largely absent in the
unprimed control, indicating an early metabolic shift. Upon subsequent challenge with
P. myriotylum (G+P, E+DP, L+P), the metabolic landscape was profoundly altered. The
treatments often resulted in greater diversity and, implicitly, a higher concentration of
defense-related compounds than in comparison with P or G, E and L. This synergistic
or additive effect suggested that priming pre-conditioned the plant, enabling it to mount
a more robust, rapid, and comprehensive defense response upon subsequent pathogen
attack. These differences became even more pronounced by Day 7, highlighting the
long-term metabolic adjustments associated with effective priming.

A wide array of compounds with established or hypothesized roles in plant defense
was identified, providing crucial insights into the underlying mechanisms. Terpenoids
constituted a major group of compounds that were significantly altered by priming and
infection, serving as both direct defensive compounds and signaling molecules. Mono-
terpenoids such as (-)-Myrtenol and (+)-2-Carene showed differential accumulation pat-
terns. Notably, (-)-Myrtenol, often recognized for its antimicrobial properties [112], was
induced and sustained in Geraniol-primed (G and G + P) plants at Day 7, suggesting
its role in bolstering systemic immunity. Sesquiterpenes, including various Farnesene
isomers, Alloaromadendrene, Aromadendrene, Caryophyllene, cis-pB-Farnesene, Ger-
macrene D, Humulene, Isocaryophyllene, Longifolene, trans-a-Bergamotene, Valencene,
a-Bisabolene, a-Himachalene, a-Selinene, and p-Chamigrene, were particularly abun-
dant and responsive. Many of these sesquiterpenes are well-documented for their roles
as direct antimicrobials, antifeedants, as volatile signaling molecules that attract natural
enemies of herbivores [11, 26, 75, 114]. While P set generally induced some sesquiter-
penes, the G + P group consistently demonstrated a broader and more sustained array
of these compounds, including Alloaromadendrene, Caryophyllene, Germacrene_D, and
Humulene, at both Day 5 and Day 7 compared to other primed or unprimed infected
groups. For instance, Germacrene D, a common volatile emitted upon herbivore attack,
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was strongly and persistently detected in G + P at Day 7, indicating a robust signaling
response. Similarly, Caryophyllene and Humulene, known for their direct antimicrobial
and insecticidal properties, were consistently present in G + P, further strengthening the
defense profile and suggesting a broad-spectrum protective mechanism.

Phenylpropanoids and phenolic compounds, which are indispensable for plant defense
by contributing to structural integrity, antioxidant activity, and direct antimicrobial
effects (Naoumkina et al., 2010), also showed significant changes. Cinnamic acid deriva-
tives (e.g., 2,5-Dimethoxycinnamic acid, 4-Methoxycinnamic acid) and a multitude of
3-Phenylpropionic acid esters were consistently identified. These compounds are pivotal
precursors to a vast array of phenolics, including flavonoids and lignans, which play cru-
cial roles in defense against pathogens and herbivores, as well as providing UV protec-
tion [45, 62, 89]. Their presence was notably elevated in primed and challenged plants,
particularly within the Geraniol-primed groups, signifying an active and augmented
phenylpropanoid pathway. A diverse group of 3-Phenylpropionic acid esters (e.g., 2-for-
myl-4,6-dichlorophenyl ester, 2,3-dichlorophenyl ester, etc.) and related compounds
like 2-Cyanophenyl B-phenylpropionate and 4-Nitrophenyl-B-phenylpropionate were
observed. These esters can act as feeding deterrents or exhibit direct toxic effects against
pathogens and pests [53, 100, 101]. Their increased and sustained presence in primed
and challenged plants indicated robust activation of the phenylpropanoid pathway con-
tributing to enhanced defense. The G + P group consistently demonstrated a particu-
larly strong presence of these compounds, indicating that geraniol priming was highly
effective in upregulating this crucial metabolic route. Simple phenols such as Hydro-
quinone and Pyrocatechol, common phenolic compounds involved in oxidative defense
responses, also exhibited differential patterns [43, 59, 74]. Furthermore, the modulation
of fatty acid derivatives (e.g., 3-Hydroxydodecanoic acid) suggested alterations in lipid
metabolism supporting defense. In contrast, changes in amino acids like L-Methionine,
a precursor to ethylene, a key plant defense hormone, indicated metabolic shifts toward
defense-related secondary metabolite production [56, 90, 105].

The observed metabolic shifts provided comprehensive insights into the poten-
tial molecular and biochemical mechanisms by which VOCs, particularly geraniol,
prime ginger plants against P myriotylum infection. The broad and robust upregula-
tion of terpenoids and phenylpropanoids in primed plants, primarily upon subsequent
pathogen infection, strongly suggested that VOCs like geraniol did not merely induce
a basal defense state but rather primed the plant for a more rapid, stronger, and sus-
tained immune response. This pre-activation likely involved the sensitization of specific
defense genes, making the plant’s immune system more “alert” and ready to respond
quickly and efficiently to pathogen recognition [5, 15]. The pronounced and widespread
induction of various sesquiterpenes (e.g., Farnesene, Germacrene D, Caryophyllene) in
the primed-and-challenged groups unequivocally pointed towards a significant activa-
tion of the Jasmonate (JA) signaling pathway, a central regulator of defense responses
against necrotrophic pathogens like Pythium myriotylum and many insect herbivores
[22, 35, 55, 102]. Priming with geraniol appeared to sensitize the JA pathway, leading
to faster and stronger production of JA-mediated defense compounds upon infection,
potentially through enhanced perception of JA signals or more efficient downstream
gene activation. While the primary focus based on the metabolite profile, leaned towards

JA-mediated responses, some phenolic compounds can also be part of Salicylic Acid
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(SA)-mediated defense responses, typically against biotrophic pathogens. The fine-tuned
cross-talk between JA and SA pathways is crucial for effective plant immunity [52], and
priming might modulate this intricate balance. Moreover, changes in L-Methionine, a
precursor of ethylene, indicated the involvement of ethylene signaling, which often acts
synergistically with JA in defense responses [10, ], Cox, [17, 113].

The induction of defense enzymes and metabolic shifts observed in ginger aligns with
broader findings where VOC treatment “primes” diverse plant species against various
pathogens. For instance, the application of monoterpenes like linalool has been shown
to enhance resistance in Arabidopsis against the hemibiotrophic Pseudomonas syrin-
gae by augmenting the defense response pathway, similar to the defense priming seen
in this study [20, 66]. Furthermore, in woody perennials and fruit crops, treatment with
geraniol or eugenol has been reported to trigger a robust oxidative burst and the accu-
mulation of phenylpropanoid-derived compounds, effectively limiting the spread of
necrotrophic fungi such as Botrytis cinerea (Shuning [11, 33, 79]). This comparative evi-
dence suggests that while the specific metabolite profile is host-specific, the underlying
mechanism of VOC-induced resistance remains a highly conserved strategy for modu-
lating plant immunity against soil-borne and foliar pathogens alike.

The consistent upregulation of the phenylpropanoid pathway further indicated rein-
forcement of the plant’s physical and chemical barriers. This pathway is critical for the
production of lignin monomers, which strengthen cell walls and form a robust phys-
ical barrier against pathogen penetration and spread [42, 65, 93, 104, 110]. Addition-
ally, many phenolic compounds derived from this pathway possess direct antimicrobial
properties, inhibiting pathogen growth, while also acting as powerful antioxidants miti-
gate oxidative stress induced by the defense response itself [68]. This comprehensive
metabolic reprogramming, in which resources were efficiently shifted towards defense
compound synthesis, highlighted a key aspect of Induced Systemic Resistance (ISR) and
Systemic Acquired Resistance (SAR), enabling the plant to swiftly mobilize its resources
to counteract infection without significant growth penalties [97].

Based on detailed GC-MS data, geraniol emerged as the most effective priming com-
pound for enhancing ginger’s defense against 2. myriotylum infection. The G +P group
consistently exhibited a more comprehensive, robust, and sustained defense metabo-
lite profile compared to all other treatments, including E+P, L+P, and especially the
unprimed infected control. Geraniol’s superior performance was evident through a
broader spectrum and often higher abundance of key sesquiterpenes (e.g., Alloaro-
madendrene, Caryophyllene, Germacrene D, Humulene) and monoterpenoids (e.g.,
Myrtenol) that are known for their direct antimicrobial activity or their roles as signal-
ing molecules in plant defense. Furthermore, the phenylpropanoid pathway appeared to
be more consistently and effectively induced in the G +P group, leading to more sub-
stantial chemical and physical barriers. The sustained defence metabolite profile in the
G +P group from Day 5 to Day 7 also suggested a durable, long-lasting priming effect,
providing extended protection against the pathogen. The overall metabolite patterns
in the G+P group indicated a more harmonious and effective integration of various
defense pathways, particularly the JA-mediated terpenoid synthesis and the phenylpro-
panoid pathway, leading to a synergistic defense response. This implied that geraniol’s
specific molecular structure might be particularly recognized by ginger’s defense per-
ception machinery, potentially binding to specific receptors or modulating key signal
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transduction pathways, such as the JA pathway, more efficiently than eugenol or linalool.
This superior recognition and activation would lead to more potent pre-activation of
defense genes and a subsequent rapid and high-level production of a broad spectrum of
defense metabolites upon pathogen challenge. Consequently, geraniol is a highly prom-
ising natural priming agent for enhancing ginger’s resistance to Pythium myriotylum.

9 Conclusion

This comprehensive study strongly suggests the efficacy of VOC priming in enhancing
the defense responses of ginger plants against the soft rot disease caused by Pythium
myriotylum. The findings highlighted a clear hierarchy of effectiveness among the tested
VOCs, with Geraniol (specifically at 150 uM) consistently inducing the most robust
defense mechanisms, followed by Linalool (200 uM), and Eugenol (200 uM). This supe-
rior protection was evidenced by significant reductions in visual disease severity and a
better maintenance of photosynthetic pigments, alongside a pronounced upregulation
of various stress-related biomarkers including total flavonoids, anthocyanins, phenolics,
and lignin content. Crucially, priming with these VOCs, particularly Geraniol, signifi-
cantly mitigated oxidative stress as indicated by markedly lower MDA levels in infected
plants. The activation of the key defense enzyme PAL further substantiated these bio-
chemical changes, indicating a primed state that enabled a faster and stronger defense
response upon pathogen challenge. The metabolomic analysis corroborated these find-
ings, revealing distinct defense-related metabolic shifts in primed plants. Importantly,
the most pronounced and effective defense responses, particularly in early biochemical
activation and oxidative stress mitigation, were consistently observed at Day 5 post-
infection rather than at Day 7, suggesting a rapid and efficient priming effect.

Despite the significant insights gained, this study had certain limitations. The study
focused on only three specific VOCs and their pre-optimized concentrations under
controlled conditions, suggesting a need for broader exploration of compounds, doses,
and validation in diverse field environments, which involve more complex interactions.
Future research should prioritize investigating the molecular basis of VOC-induced
priming through transcriptomic and proteomic analyses to identify specific genes and
proteins involved. Exploring practical application methods and formulations of these
VOC:s for field deployment, including dose optimization, combinations, timing, and
potential synergistic effects with other sustainable agricultural practices, is critical. Fur-
thermore, assessing the long-term impacts of priming on ginger growth, yield, and qual-
ity under various environmental stresses would be beneficial.

The findings of this study hold significant societal relevance, particularly for the agri-
cultural sector in South India and globally. Ginger is a major cash crop, and its culti-
vation is severely affected by PSR, resulting in substantial economic losses for farmers.
The demonstration that Geraniol at 150 uM can be effectively used as a priming agent
to combat PSR in ginger offers a sustainable and eco-friendly alternative or supplement
to conventional chemical fungicides. This approach aligns with the growing demand to
reduce chemical inputs in agriculture, promote safer food production, and minimize
environmental pollution. By providing farmers with a natural and effective disease man-
agement tool, this research contributes to improved crop yields, enhanced food secu-
rity, and increased economic stability for ginger cultivators. It exemplifies a sustainable
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strategy for plant protection, fostering more resilient agricultural systems in the face of
evolving disease pressures and climate change challenges.
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