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Abstract

Black rot represents an important bacterial disease impacting major Brassicaceae crops,
including cabbage, broccoli, and turnip. It is caused by the Gram-negative phytopathogen
Xanthomonas campestris pv. campestris (Xcc)—known for the industrial production of the
exopolysaccharide xanthan—that invades host tissues through natural openings or wounds.
Infection leads to colonization of the vascular system and parenchyma, resulting in charac-
teristic V-shaped chlorotic lesions and degradation of plant vasculature. Traditional control
strategies depend primarily on copper-based compounds; however, their effectiveness is
often limited, and prolonged application promotes the emergence of resistant strains. In this
context, essential oils (EO) have gained attention as biodegradable and environmentally
compatible alternatives rich in natural antimicrobial compounds. This study assessed the
bactericidal activity of Cymbopogon citratus, Eucalyptus globulus, Foeniculum vulgare, Ori-
ganum vulgare, Rosmarinus officinalis, and Satureja montana EOs against a highly virulent
Xcc strain (CPBF 278) using the spectrophotometric Alamar Blue cell viability assay. At a
concentration of 1 uL.mL~!, the carvacrol-rich S. montana EO achieved complete inhibition
(100 £ 0.0%), while O. vulgare oil demonstrated a strong activity (97.9£1.1%), with the
former exhibiting a rapid action under 60 min of contact. These results indicate that selected
EOs can offer promising sustainable alternatives for black rot management. Their devel-
opment as potential phytosanitary products could lead to reduced dependence on copper
pesticides, minimize resistance development, and support environmentally responsible crop
protection, thereby advancing resilient and ecologically balanced crop production systems.

Keywords: antimicrobial; black rot; carvacrol; Origanum vulgare; Satureja montana

1. Introduction

Xanthomonas campestris is a Gram-negative, rod-shaped bacterium belonging to the
family Xanthomonadaceae and is widely recognized as a significant phytopathogen affecting
numerous economically important crops worldwide. This species comprises multiple
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pathovars exhibiting host specificity, with X. campestris pv. campestris (Xcc) being the causal
agent of black rot in the Brassicaceae family. Due to its broad distribution, seed-borne
nature and capacity for rapid dissemination under favorable environmental conditions, Xcc
represents a major constraint to agricultural productivity and food security [1]. The disease
can cause substantial reductions in crop quality and yield, particularly when infection
occurs during early stages of plant development. Yield losses can be higher in regions
with warm, humid climates that favor bacterial proliferation and spread. Xcc invades
plants primarily through hydathodes, stomata, or wounds, subsequently colonizing the
vascular tissues. Systemic infection disrupts water and nutrient transport, leading to its
characteristic symptoms. In crucifers, early symptoms include V-shaped chlorotic lesions
at the leaf margins, which progress inward towards the midrib. As the disease advances,
affected tissues become necrotic, and blackening of the veins becomes evident, with this
typical symptom being used as a diagnostic feature. Severe infections can result in stunted
growth, premature leaf drop, reduced head formation in cabbage, and complete crop failure
under epidemic conditions. The ability of Xanthomonas to adhere to plant surfaces, form
biofilms and deliver virulence factors into host cells contributes to their establishment and
the development of the disease [2].

Management of black rot is based mainly on preventive and integrated practices
because, once established, systemic infections are difficult to eliminate. Important measures
include use of certified pathogen-free seeds, removal of infected plant debris and cruciferous
weeds, rotation with non-host crops, avoidance of overhead sprinkler irrigation, disinfection
of equipment, and the use of resistant or tolerant cultivars when available. Copper-based
products may help reduce surface bacterial populations, but their performance can be
inconsistent, particularly when facing systemic infections. The repeated application of
chemicals may also select for resistant pathogen populations and raise concerns regarding
environmental accumulation and non-target effects [1,3]. These limitations have brought
increased interest in the use of alternative antimicrobial agents that can be incorporated
into integrated disease-management programs.

Essential oils (EOs), extracted from plants, have gained considerable attention as
potential biocontrol agents. These complex volatile mixtures are composed of secondary
metabolites, primarily terpenes (mono- and sesquiterpenes) and phenylpropanoids, al-
though other classes of compounds can occur in high amounts. These bioactive constituents
can exhibit broad-spectrum antimicrobial properties against bacteria, fungi, and viruses.
Against phytopathogenic bacteria, including Xanthomonas spp., EOs have shown promis-
ing inhibitory activities in vitro and, in some cases, under greenhouse and field or plant-
associated conditions [4,5]. The antibacterial activity of EOs is largely attributed to their
ability to disrupt cell membranes, alter membrane permeability, interfere with enzyme
systems, and induce leakage of cellular contents. Compounds such as thymol, carvacrol,
eugenol, and citral have demonstrated particularly strong antimicrobial effects [6]. Their
mechanisms of action may involve membrane destabilization, inhibition of quorum sensing,
suppression of biofilm formation, and interference with the production of virulence factors.
Additionally, some EOs can stimulate plant defense responses by inducing systemic resis-
tance. These multifaceted effects make them attractive candidates for incorporation into
integrated pest management (IPM) programs [7].

The growing demand for sustainable crop protection strategies highlights the im-
portance of studying alternative approaches to manage black rot. Research on EOs and
their bioactive constituents as control agents is thus a high priority scientific area. Such
research could contribute to the development of plant-based high-specificity bactericides
aiming at reducing the impact of this destructive pathogen while minimizing reliance on
synthetic chemicals.
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2. Materials and Methods
2.1. Essential Oil Composition

The EOs were obtained from local retail sellers and comprised EOs of eucalypt leaves
(Eucalyptus globulus), fennel shoots (Foeniculum vulgare), oregano shoots (Origanum vul-
gare), lemongrass leaves (Cymbopogon citratus), rosemary flowering shoots (Rosmarinus
officinalis) and winter savory flowering shoots (Satureja montana). Their chemical composi-
tion was determined through gas chromatography/mass spectrometry [Shimadzu GC2010
gas chromatographer coupled to a GC-MS-QP2010 Plus Mass Spectrometer (Shimadzu,
Kyoto, Japan) ] by injecting 0.1 uL of each EO diluted (1:1, v/v) in n-hexane (95%, Optima
grade for HPLC and GC-MS, Fisher Chemicals, Hampton, NH, USA). The chromatographic
separation was performed with a Zebron column ZB-5HT (30 m length, 0.25 mm IL.D.,
0.25 pum film thickness) (Phenomenex, Torrance, CA, USA). A split sampling technique
(ratio 1:100) was used, with the injector temperature set to 250 °C and a helium (He) flow
of 1.5 mL/min. The GC oven temperature program was set to increase from 45 to 175 °C at
3 °C/min, and then up to 300 °C at 15 °C/min, with a final isothermal step for 10 min [8].
The mass spectrometer was operated in EI mode (70 eV) and scanned from 40 to 850 m/z.
The ion source temperature was set at 240 °C, and the interface temperature was maintained
at 280 °C. Peak assignment was performed through AMDIS software version 2.68 (National
Institute of Standards and Technology of the US Department of Commerce, Gaithersburg,
MD, USA) by using the National Institute of Standards and Technology (NIST) and Wiley
spectral databases and a laboratory built mass spectra library.

2.2. Bioactivity Against Xanthomonas campestris pv. campestris

The bacterial isolate CPBF 278, belonging to the very common race 6, ST8 [9], was
obtained from Cole¢ao Portuguesa de Bactérias Fitopatogénicas (CPBF), held by the Phyto-
bacteriology Laboratory of Instituto Nacional de Investigacdo Agréria e Veterinaria (INIAV),
Oeiras, Portugal. The strain, cryopreserved at —80 °C, was routinely cultured on Yeast
Dextrose Chalk Agar (YDC) (Duchefa Biochemie, Haarlem, The Netherlands) medium
under sterile conditions. Plates were incubated for 48 h at 26-28 °C to obtain fresh bacterial
growth. A bacterial suspension of Xcc was prepared in sterile phosphate-buffered saline
(PBS; 10 mM, pH 7.4) (Sigma-Aldrich, St. Louis, MO, USA) and adjusted to a final concen-
tration of 6 x 108 cells.mL~!. This suspension was used to evaluate EO bioactivity using
the Alamar Blue spectrophotometric bioassay in 96-well microtiter plates. Briefly, for each
well, 85 uL of bacterial suspension was mixed with 10 uL of resazurin sodium salt solution
(1 mM) (Sigma-Aldrich, St. Louis, MO, USA) and 5 L of EO stock solution (20 pL.mL™!
in HPLC-grade methanol) (Fisher Chemicals, Hampton, NH, USA). Blank wells received
5 uL of HPLC-grade methanol instead of EO, while negative control wells contained heat-
inactivated bacterial suspensions (95 °C for 7 min) to represent non-viable cells and account
for potential interference of the EO on the reaction. Each treatment was performed in eight
replicates. Absorbance was measured hourly for 15 h at 570 nm (resorufin maximum) and
600 nm (resazurin reference wavelength) using a Thermo Scientific Multiskan Skyhigh
Microplate Spectrophotometer (Thermo Fisher Scientific, MA, USA), allowing monitoring
the bacterial metabolic activity over time.

2.3. Data Treatment and Statistical Analysis

Absorbance data was processed by subtracting the corresponding negative control
values from each treatment at each time point. The corrected absorbance values were then
compared with those obtained for blank samples to determine the percentage of inhibition.
The resulting inhibition percentages were plotted as a function of time, and a sigmoidal
logistic model was fitted to the data to estimate the upper asymptote (maximum metabolic
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activity) and the half-maximal effective time (ETs,). Curve fitting was performed using
OriginPro 2019 version 9.6 (OriginLab, Northampton, MA, USA) selecting to the following
equation: y=C + (D — C)/1 + exp {b [log (x) — log (ETs,)]} [8], where C and D represent
the lower (set to 0) and upper asymptotes of the sigmoidal curve, respectively, b is the slope
parameter, and ET5, corresponds to the time (min) required to reach a response halfway
between C and D.

3. Results and Discussion

Gas chromatography-mass spectrometry analysis of the EOs showed that their chemi-
cal profiles were predominantly composed of monoterpenes. An exception was observed for
Foeniculum vulgare (Apiaceae), whose EO was largely dominated by the phenylpropanoid
trans-anethole (75%) (Table 1). In Eucalyptus globulus (Myrtaceae), the EO profile was
characterized by a high proportion of the oxygenated monoterpene 1,8-cineole, accounting
for 75% of the total composition. The EO of Cymbopogon citratus (Poaceae) displayed a
more diverse composition, mainly consisting of the aldehyde monoterpene isomers geranial
(35%) and neral (22%), along with geraniol (18%) and the monoterpene hydrocarbon
p-myrcene (20%).

Table 1. Major constituents (>5% relative abundance) of essential oils (EOs) from eucalypt (Euca-
lyptus globulus), fennel (Foeniculum vulgare), lemongrass (Cymbopogon citratus), oregano (Origanum
vulgare), rosemary (Rosmarinus officinalis), and winter savory (Satureja montana), as assessed by gas
chromatography-mass spectrometry (GC-MS).

EO Compounds * Cymbopogon  Eucalyptus Foeniculum Origanum Rosmarinus Satureja
(=5%) citratus globulus vulgare vulgare officinalis montana
trans-Anethole 75
1,8-Cineole 75 4
Camphor 8
Carvacrol 6 64
p-Cymene 4 3 8
Geranial 35
Geraniol 18
Limonene 3 7
Linalool 17 1
B-Myrcene 20 1 31 1
Neral 22
a-Phellandrene 8 2
a-Pinene 16 13 16 1
Thymol 13
a-Terpineol 42 3
7-Terpinene 8 2 18
Verbenone 11

* Identification based on National Institute of Standards and Technology (NIST), Wiley spectral
database and laboratory constructed mass spectra libraries.

In contrast, Rosmarinus officinalis (Lamiaceae) EO was richer in monoterpene hydro-
carbons than in oxygenated derivatives, with p-myrcene (31%) and «-pinene (16%) as the
major constituents, alongside the ketone verbenone (11%). The EO of Origanum vulgare
(Lamiaceae) showed high relative amounts of the monoterpene alcohols a-terpineol (42%),
linalool (17%) and the phenol thymol (13%). The EO of Satureja montana (Lamiaceae) was
distinguished by a high content of the phenolic monoterpene carvacrol (64%), accompanied
by y-terpinene (18%).

To determine EO antibacterial strength, Xcc metabolic activity was monitored through
the irreversible reduction in resazurin to resorufin, a process directly proportional to aerobic
respiration. For the results obtained for each replicate and treatment, absorbance values
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were first normalized and then corrected by subtracting the corresponding normalized
negative control (Ayeamment — Anegative control)- The obtained absorbance values for resorufin
production, measured at 570 nm, were consistently lower than the ones measured for
resazurin consumption measured at 600 nm, suggesting that the bioassay conditions are
leading to a reduction in resorufin to other products (such as the protonated resorufin anion
or dihydroresorufin), which are less detectable at 570 nm [10]. For example, using the
methanol blank treatment (Figure 1), cumulative resazurin consumption (the green curve
in Figure 1) is higher than cumulative resorufin production (the blue curve in Figure 1).
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Figure 1. Corrected absorbance values for methanol blank treatment measured at 600 nm (green),
570 nm (blue), and the difference in corrected absorbance (Agy,-Asyo; black filled circles) as a measure
of resorufin reduction to colorless products over time.

To determine the impact of these secondary reactions, corrected absorbance values for
the 570 nm measured curve were subtracted from those obtained for the 600 nm measured
curve. Resorufin loss appeared in a direct proportionality (black filled circles in Figure 1,
R? = 0.99), indicating a constant reduction reaction [10]. Throughout the time-course
analysis, higher amount of resorufin led to a higher amount of reduced resorufin, an
increase estimated at approximately 0.012 absorbance units per hour. Consequently, the
inhibitory activity of the EOs was assessed based on resazurin consumption rather than
resorufin accumulation, as the latter underestimates metabolic activity due to ongoing
resorufin degradation.

The activity of the tested EOs was evaluated at each time point by comparison with
the methanol control. The percentage inhibition of metabolic activity was calculated and
plotted as a function of time (Figure 2). A logistic model was then fitted to the data to
estimate the upper asymptote (maximum response) and the half-maximal effective time
(ETsg, min), defined as the time required to reach 50% of the response between baseline and
maximum activity. The EOs from S. montana, O. vulgare, and C. citratus stood out as the most
active, reaching 100.0 & 0.0%, 97.9 £ 1.1%, and 83.4 %+ 3.0%, respectively, at 1 uL mL~!, and
showing ET5, values between 55.1 + 3.1 min and 77.0 £ 3.9 min (Table 2). The remaining
EOs showed weak activities (below 42%) and higher ET5, values.

For C. citratus EO, the antibacterial activity observed against Xcc is consistent with
previous reports describing the susceptibility of Xanthomonas spp. and other Gram-negative
phytopathogens to lemongrass-derived volatiles [5,11,12]. In the present study, C. citratus
EO induced a marked reduction in metabolic activity, indicating a rapid and sustained
antibacterial effect. This activity is likely associated with its high citral (geranial and neral)
content, which has been reported to disrupt bacterial membrane integrity, alter permeability
and interfere with enzymatic systems essential for cell viability [13].
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Figure 2. Antibacterial activity expressed by the percentage inhibition (fitted curve) of methanol
blank control by the essential oils obtained from Satureja montana (red line), Origanum vulgare (orange
line), Cymbopogon citratus (cyan line), Eucalyptus globulus (black line), Foeniculum vulgare (green line),
and Rosmarinus officinalis (purple line).

Table 2. Antibacterial activity of essential oils extracted from Eucalyptus globulus, Foeniculum vulgare,
Cymbopogon citratus, Rosmarinus officinalis, Origanum vulgare, and Satureja montana. Inhibition (%) is
relative to methanol blank control, half maximal effective time (ET5,, min) is the time which induces a
biological response halfway between the baseline and maximum. The goodness-of-fit for the sigmoidal
curve was evaluated through adjusted R2.

Plant Source Inhibition (%) ET;, (min) p (%/min) ! R?
Eucalyptus globulus 41.0 £ 0.6 456.6 + 4.4 8.1+0.6 0.99
Foeniculum vulgare 416+ 0.7 5129 £ 5.0 8.8+ 0.7 0.99
Cymbopogon citratus 83.4+ 3.0 69.9 £ 6.5 12102 0.98

Origanum vulgare 979 £ 1.1 55.1%3.1 28+ 0.6 0.98
Rosmarinus officinalis 30.1+0.5 568.7 + 4.6 10.0+£0.7 0.99
Satureja montana 100.0 £ 0.0 77.0 £3.9 0901 0.99

! Values for the slope (p) are shown for comparison purposes.

The EOs of S. montana and O. vulgare exhibited the highest inhibitory effects; however,
while O. vulgare EOs are known to have a strong influence on X. campestris, direct evidence
of S. montana EO activity is limited. Nevertheless, EO efficacy is directly influenced by its
chemical composition, which in these species can be variable, typically presenting separate
chemotypes [14,15]. The EOs used in this study were rich in the phenolic monoterpenes
carvacrol and thymol, compounds known to exert strong antimicrobial effects against
Gram-negative bacteria. For example, carvacrol has been shown to increase membrane
permeability, disrupt proton motive force, and induce leakage of intracellular components,
ultimately leading to cell death [13]. Notably, X. campestris has been reported as being
highly sensitive, requiring relatively low concentrations of O. vulgare EO to inhibit bacterial
growth [16].

Overall, while the activity of C. citratus or O. vulgare EOs corroborates existing knowl-
edge on the sensitivity of Gram-negative phytopathogens to these EOs, the results obtained
for S. montana EO highlight its potential as a less explored antibacterial agent of Xcc. These
findings support the compiled evidence that EOs rich in oxygenated monoterpenes and phe-
nolic compounds can effectively impair bacterial metabolism, although further studies are
required to validate their efficacy under in planta conditions and to elucidate their specific
modes of action in this pathogen. Even though they present a high potential, challenges
remain in the practical application of EOs in agriculture. Issues such as volatility, phytotoxi-
city at high concentrations, limited persistence under field conditions, and variability in
chemical composition must be addressed. Advances in formulation technologies, including
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nanoemulsions and encapsulation systems, must be optimized to enhance stability and
bioavailability, corroborating this efficacy.
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