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Abstract

One potential application of essential oils as low-risk biopesticides is as seeds disinfectant. The main goal of this study
was to test the activity of thyme essential oil on four strains of seed/soilborne plant pathogenic fungi, Fusarium
graminearum, Botrytis allii, Rhizoctonia solani, and Pythium ultimum, and to evaluate the effect of the inhibitory doses
on plant seed germination. The direct application of thyme essential oil on seeds demonstrates a lack of selectivity. The
main effects were related to radicle architecture and development of the primary and lateral roots, both in monocotyl,
sorghum (Sorghum saccharatum), and in the dicotyls garden cress (Lepidium sativum) and white mustard (Sinapis
alba). One potential solution to the lack of selectivity of direct application of the essential oils is biofumigation, i.e.,
application by volatilization in the rhizosphere area. Our paper raises this issue of compatibility between the necessary
doses to inhibit the plant pathogenic fungi and the effects on plant seeds. Formulation of essential oils as slow-release
nanoformulation could reduce phytotoxicity while maintaining and even enhancing the activity against plant pathogens.

Key words: essential oils, antifungal, fungistatic effect, fungicidal effect, seed germination inhibition.

INTRODUCTION category of crop protection agents due to their

pathogen inhibitory effects, short actual action
Fungal infections change the physiology of  time and low environmental toxicity (Arraiza et
plants, disrupting their normal functioning, al., 2018). Studies are being carried out on the
reducing their growth, and sometimes causing  use of essential oils as effective biofungicides
their cell death. The control of the fungal (Krzysko-Lupicka et al., 2019). In recent
diseases is done by applying fungicide, a  decades, EOs have also been studied to

specific class of pesticides (Tudi et al., 2021). evaluate their use in weed control, mainly due
Synthetic pesticides are considered a real  to their allelopathic potential (Abd-ElGawad et
problem to the environment and human health, al., 2021) and enhancement of crop

which has increased the interest in the  productivity (Chrysargyris et al., 2020). The
development of biodegradable and non-toxic compounds with such properties could be used
compounds (Angelini et al., 2003; De Almeida for the biological control of plant pathogens
et al., 2010; Nicolopoulou-Stamati et al., 2016). and weeds as natural pesticides and herbicides
One possible alternative to synthetic pesticides/  with less  destructive effects on the
fungicides is represented by essential oils environment. The effect of their biological
(EOs) that are known for their antimicrobial  action depends on their chemical composition
and insecticidal properties (Raveau et al., and the dose of essential oils, as well as the
2020). EOs are mostly used in medicine- sensitivity of phytopathogen strains.

aromatherapy, the food industry and lately Researchers have identified mono- and
started to be used in agriculture. EOs are a new sesquiterpene-type hydrocarbons as inhibitors
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of microbial plant pathogens (Raveau et al.,
2020). Usually mono and sesquiterpenes such
as phenols, alcohols, ethers, carbohydrates,
aldehydes and ketones are the main
constituents of essential oils, being responsible
for their biological activity as well as their
odor. Components such as thymol, carvacrol,
and linalool have antimicrobial activity and are
found mostly in the composition of volatile
essential oils (Cimanga et al., 2002).

One possible application is to inhibit the fungal
infection of seeds by applying EOs as seed
treatment, but EOs should not negatively affect
the seeds and plant development.

Thymus vulgaris and other species of the
Lamiaceae family, is native of Mediterranean
countries, growing abundantly over wide areas
in France, Spain, Portugal, Italy, Algeria and
Morocco. Moreover, it is also cultivated in
other parts of Europe and North America,
North Asia and Oceania (Porte and Godoy,
2008). In addition to its wuse in foods,
T. vulgaris is a well-known herbal medicine
that has been used for thousands of years to
treat alopecia, dental plaque, dermatophyte
infections, bronchitis, cough, inflammatory
skin disorders, and gastrointestinal distress. The
major constituents of commercial 7. vulgaris
essential oil are thymol (23-60%), y-terpinene
(18-50%), p-cymene (8-44%), carvacrol (2-
8%), and linalool (3-4%) (Duke, 2017).

EOs from Thymus genera exert antifungal,
bactericidal, phytotoxic, antiparasitic, and
insecticidal activities (Li et al., 2019; Zeljkovic
and Maksimovic, 2015). This extended range
of biological activities encourage their
exploration and potential use for plant
protection and food preservation purposes
(Raveau et al., 2020). Different EOs obtained
from some thyme species have demonstrated
allelopathic effects and could be used for weed
control (Ghasemi et al., 2020). Thymol, 5-
methyl-2-isopropyl-1-phenol, the major
constituent of EOs from Thymus species was
approved as biocide/pesticide in European
Union and USA (Rathod et al., 2021).

In this study we investigated the application of
thyme essential oil (TEO) as seed disinfectant
and soil treatment. The main aim of this study
was to test the activity of TEO on four plant
pathogenic fungi, Fusarium graminearum,
Rhizoctonia solani, Pythium ultimum and
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Botrytis allii and to evaluate the effect of
fungal inhibitory doses on plant seed
germination. Each of the tested fungal
pathogens causes devastating diseases, with
important economic losses (Katan, 2017). Their
epidemiological cycle is dominated by the
dominancy of the soilborne primary inoculum
(Lucas, 2006). Conservative farming practices,
e.g, no-tillage and soil coverage with plant
residues increase soilborne pathogens (Bockus

& Shroyer, 1998; Page et al, 2013).
Disinfection by  biofumigation of the
rhizosphere areas reduces not only the

incidence of the seedling blight, root rot and
damping off (Baysal-Gurel et al., 2018), but
also the late plant disease, i.e., head blight
(Drakopoulos et al., 2020).

TEO could be used as biofumigant from slow-
release nanoformulations, applied as soil
treatment or seed dressing, to decrease primary
inoculum of the soilborne pathogen and to
reduce the severity of plant disease. However,
the main issue is related to the phytotoxicity of
the thymol, the principal component of TEO
(Pinheiro et al., 2015). The results presented
here aim to evaluate the directions for
development of TEO nanoformulation with
reduced phytotoxicity and even enhanced
inhibitory activity against plant pathogens.

MATERIALS AND METHODS

Materials

The following culture media and chemicals
were used: Potato Dextrose Agar (PDA,
purchased from Scharlau, Barcelona, Spain);
synthetic low-nutrient agar (KH2PO4 1.0 g/L,
KNOs 1.0 g/, MgSO4 - TH20 0.5 g/L, KC1 0.5
g/L, glucose 0.2 g/L, sucrose 0.2 g/L, agar 15
g/L, all substances being for microbiological
use, purchased from Scharlau, Barcelona,
Spain), thyme essential oil, according to ISO
19817:2017, with 54% thymol (Aroma-Soap,
Salonta, Romania); agar for roots proton pump
assay (Scharlau, Barcelona, Spain) and bromo-
cresol (Sigma, Merck Group, Darmstad,
Germany); reagents for reactive oxygen species
identification: Phosphate Buffer (Scharlau,
Spain) and Nitroblue Tetrazolium Chloride,
NBT (Sigma, Merck Group, Darmstad,
Germany); phytotoxicity test kit according to
ISO 18763:2016, Phytotox kit - for liquid



samples (supplied by MicroBioTests, Gent,
Belgium) with 3 species of seeds included
(Sorghum  saccharatum; Lepidium sativum;
Sinapis alba); pure water produced by Milli-Q®
Purification = System (Merck, Darmstad,
Germany).

Fungal strains and cultivation methods

The fungal strains used in this study were
F.  graminearum CBS 45497 (Culture
collection of fungi and yeasts, Westerdijk
Fungal Biodiversity  Institute,  Utrecht,
Netherland), R. solani anastomosis group AG-
4, P. ultimum DSM 62987, B. allii DSMZ
62081 (DSMZ - German Collection of
Microorganisms and Cell Cultures, Leibniz
Institute, Braunschweig, Germany). The PDA
medium was prepared following the standard
protocol and it was sterilized in an autoclave
(MLS - 3751L, PHCBI, Tokyo, Japan) at
121°C for 15 minutes. The PDA medium was
poured in sterilized 90 mm Petri dishes, 20 ml
per dish. Fresh cultures of F. graminearum,
R. solani, P. ultimum and B. allii, were
prepared by inoculating mycelial disks excised
from the edge of old cultures into the centre of
Petri dish with PDA medium. The inoculated
Petri dishes with the plant pathogenic fungi
were kept in an incubator (MIR-154-PE,
PHCBI, Tokyo, Japan), at 28°C, for 7 days.

Fungistatic activity of thyme essential oil

Antifungal assays were performed using the
filter paper disc diffusion method according to
(Soylu et al., 2010) with minor modifications
and applied on plate lid. Mycelium 6 mm discs
of 10 days old fungus grown previously on
synthetic low-nutrient agar were placed at the
center of 60 mm Petri dishes containing PDA
culture medium and incubated at 28°C in dark-
ness. Several doses of pure TEO were applied
on sterilized filter paper disc (Whatman No. 1)
of 5 mm diameter and placed on the inner
surface of the inverted lid of Petri dishes. The
plates were immediately sealed with parafilm
to prevent the loss of essential oils from the
plates and incubited at 28°C until the control
was completely grown in the plate. The doses
varied between 0.005 and 8.77 pL/cm?. The
mean radial mycelial growth of the pathogen
was determined by measuring the diameter of
the colony in two directions at right angles
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when the plate surface of the control was
covered by fungus.

The growth inhibition rate (GIR), was
measured as the percentage of inhibition of
radial growth relative to the control, calculated
using the following formula (eq. 1):

GIR = ((DC - DT) / DC) x 100 (eq. 1)

where: DC represents the mycelial growth
diameter of the fungal colony in the control and
DT represents the mycelial growth diameter in
the treatment. Fungal growth was measured
using Image] software. Experiments were
performed in triplicate. The minimum
fungistatic dose (MFsD) was the dose at which
the growth inhibition was 100%.

Fungicidal activity of thyme essential oil

To establish the fungicidal effects of TEO on
the phytopathogens of interest, transfer
experiments were done. The mycelium discs
that were 100% inhibited by TEO dose were
transferred to fresh PDA to assess their
viability after five days incubation at 28°C. The
residual fungal growth was monitored by
measuring the radial growth of the fungi and
the minimum fungicidal dose (MFcD) was
determined as the dose for which there was
zero residual fungal growth.

The activity of thyme essential oil on plant
seeds

The effect of TEO on plant seeds was deter-
mined using Phytotox kit at 0.1% TEO,
approximately the average of the 3 highest
MFcD obtained. The seeds were incubated in
the provided plate with 20 mL ddH>O (control)
and 20 mL ddH20 + 0.02 mL TEO. On each
plate, 10 seeds were placed, at 10 mm from
each other. The samples were incubated in the
growth chamber for 3 days, in an upright
position, in their cardboard supports, in a
growth chamber at 25°C (+/- 1°C) for 3 days.
Phytotoxicity of TEO comprised several
procedures and measurements: percent of
germinated seeds, roots and shoots length, roots
proton pump, seedling qualitative and semi-
quantitative total reactive oxygen species, by
staining with nitro blue tetrazolium (NBT) and
stereomicroscope analysis by Image Analysis
software - ImageJ (Schindelin et al., 2015).



Percentage of germinated seeds, roots and
shoots length

After the 3 days of seeds incubation, the plates
were photographed and incubated in the
climate chamber, for another 24 hours in the
dark. Percentage of germinated seeds was
calculated according to the formula:

((A-B)/ A) x 100 (eq. 2)

where: A-control and B-TEO treatment. The
roots and shoots were measured by
photographing the plates and performing
analysis with ImageJ (Schindelin et al., 2015).

Proton pump assay

Roots proton pump assay was adapted
according to the previous method (Zandonadi
et al., 2016) with minor modifications.

The specific medium was prepared: 0.75%
agar, bromocresol purple (0.004% /L). The pH
was adjusted to 6.8 before the agar was added.
The medium was autoclaved at 121°C for 15
minutes. After cooling, 25 mL of medium was
poured into 90 mm Petri plate. For each Petri
dish, 2 seedlings was positioned, with the roots
embedded in the agar, and the stem and leaves

outside the environment. The plates were incu-
bated at room temperature for 24/48 h,
depending on the plant species, after which
they were examined.

Reactive oxygen species assay

The protocol for detection of O* ions in plant
tissues with NBT was used (Kaur et al., 2016).
Briefly, the roots were soaked for 15-20 min in
eppendorf tubes containing 2 mL of 2 mM
NBT in phosphate buffer pH 6.1. The roots
were next washed with ddH>O and visualized
under stereomicroscope and the color intensity
was analyzed with ImageJ.

RESULTS AND DISCUSSIONS

The growth of all the strains tested was
inhibited by TEO, but the inhibitory dose was
dependent on fungal species.

Figure 1A shows the inhibitory percent as a
function of dose for B. allii, in the fungistatic
test. The aspect of the inhibition of colonies
growth and development at various TEO doses,
is presented in Figure 1B.
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Figure 1. (A) Inhibition percent of mycelia growth of B. allii as a function of TEO dose;
(B) Aspect of B. allii colonies in Petri dish at different TEO doses

66



100 100 100 100 100 100 100 100

100 94.18 _ — - - - o - -
90 N
X
= 80
k=1
8 70 63.95
k5

-

= 60
8 47.95
5 50
E 40

30

20

10 0.00 0,29 1.89 2.37

0 —_ - /= ==

S I I A T S VN O N S W S <A SO
N N AT S P I AN S, v B B G SR S SO B
Dose (uL/ cm?)

B

Control 0.005 pL/ cm? 0.016 pL/ cm? 0.027 puL/ cm?

0.038 uL/ cm?

0.049 pL/ cm?

0.122 pL/ cm?

Figure 2. (A) Inhibition percent of mycelia growth of P. ultimum as a function of TEO dose;
(B) Aspect of P. ultimum colonies in Petri dish at different TEO doses

The complete fungistatic effect was reached
within the first 5 doses tested (MFsD
0.108 pL/cm®). Similar behaviour was
observed for the other strains, the most resistant
strain being P. ultimum (Figure 2A and B,
MFsD 0.244 pL/cm?®) and the least resistant
being R. solani (MFsD 0.054 pL /cm?).

The mycelium discs incubated at doses that
induced 100% fungistatic effects were tested
for MFcD of TEO, by transferring them on
fresh PDA medium without TEO and
evaluating the residual growth on fresh PDA
medium after previous exposure to the doses
with total fungistatic effect. Figure 3A and B
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shows the behaviour of mycelium B. allii, with
a large difference between MFsD and MFcD.
All MFsD and MfcD values are included in
Table 1. One can see that MFcD can be from
much higher (20x higher MFcD than MFsD in
the case of B. allii) to identical to MFsD
(R. solani and P. ultimum), with intermediate
difference between MFsD and MFcD for
F.  graminearum. The highest MFsD
(P. ultimum) is 4x higher than the lowest MFsD
(R. solani) and the highest MFcD (B. allii) is
almost 40x higher than the lowest MFcD
(R. solani).
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Figure 3. (A) Percent of residual growth of B. allii on fresh PDA after previous exposure to the dose represented on
the X axis; (B) Aspect of the B. allii colonies up to MFeD (2.193 uL/ cm?®)

Table 1. MFsD and MFcD values of TEO

Fungal strain MFsD (uL/cm?®) | MFcD (pL/cm?)
F. graminearum 0.122 0.439
B. allii 0.108 2.193
R. solani 0.054 0.054
P. ultimum 0.244 0.244
F.  graminearum  Schwabe (teleomorph:

Gibberella zeae) is one of the most destructive
plant pathogens, causing seedling blight, crown
and root rot and head blight in cereals (Del
Ponte et al., 2022). F. graminearum 1is a
soilborne pathogen and agricultural practices
are key factors in controlling its primary
inoculum (Leplat et al., 2013).

R. solani Kiihn (teleomorph: Thanatephorus
cucumeris) 1s an ubiquitous soilborne plant
pathogen that infects a wide range of important
cultivated plants - cereals, legumes, potatoes,
root crops such as sugar beet, fodder crop such
as alfalfa, leafy vegetables (Ajayi-Oyetunde &
Bradley, 2018).

P. ultimum is an oomycetes plant pathogen that
produce seedling blight and root/stem rot on a
wide range of host plants, including corn, vege-
tables and ornamentals such as flower bulbs,
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summer flowers and perennials (Kamoun et al.,
2015). P. ultimum thrives in soil or substrates
with high-water content and at medium tempe-
ratures and proliferates in no-tillage managed
fields (Bickel & Koehler, 2021).

Plant pathogens from Phytium, Fusarium and
Rhizoctonia spp. are the most frequent patho-
gens that cause damping-off of seedling, a
devastating disease in nursery and greenhouses
(Bickel et al., 2021).

B. allii was for long time considered either a
synonym for B. aclada or a hybrid between B.
byssoidea x B. aclada (Staats et al., 2004).
Today is recognised as a distinct specie,
(telemorph Botryotinia allii), closely related to
B. byssoidea and B. aclada (Steentjes et al.,
2021) B. allii is a pathogen that causes onion
neck rot, survives in soil or on rotten bulbs as
sclerotia. During storage, the infection is
mostly seen in the throat region, but can also
come from any tissue that comes in contact
with the fungal inoculum (Steentjes et al.,
2021).

As we mentioned already, we selected these
fungal plant pathogen species because their
soilborne primary inoculum is essential for



plant disease progression and biofumigation in
the rhizosphere with EOs could be effective.

In order to test the effects on seeds, we applied
the average dose of the 3 highest MFcD
(0.941 pL/cm?, approximated to 0.1%) on 3
plant species: Sorghum saccharatum, Lepidium
sativum, Sinapis alba.

Photos of the plants were taken in order to
measure the roots and shoots length (Figure 4).
TEO partially inhibited the seed germination
and more significantly the development of
seeds.

E

Figure 4. Seed germination and growth of S. saccharatum
(A, B); L. sativum (C, D); S. alba (E, F) without (A, C, E)
and with (B, D, F) TEO

The germination inhibition induced by TEO
was 34% for Lepidium sativum, 25% for
Sorghum saccharatum and 4% for Sinapis
alba. The most significant phytotoxic effect of
TEO was manifested as root growth inhibition:
97% (L. sativum), 87.11% (S. alba), 97.47%
(S. saccharatum).

The development of primary and lateral root
was affected, resulting in deterioration of root
architecture. The shoot development was
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mainly affected in the case of L. sativum
(almost 99%) (Figure 5).

The TEO effect was lower for S. alba seedling,
formed from an oleaginous seed, than was for
the other seedlings, formed by starchy seeds.

Sorghum saccharatum

120 85-i-38
100 a3
80 70
60
40
9.08
20 2.16 L 427
0 = N
(%) (mm) (mm)
Germination Root length Shoot length
H Control 0.1% TEO
Lepidium sativum
120
100
100
80 67
60 - 38.38
40
12.51
20
1.2 0.16
) -  C
220 (%) (mm) (mm)
Germination Root length Shoot length
H Control 0.1% TEO
Sinapis alba
120
100 g7
1o = 59.44
80
60
40
17.2
20 7.01 9.95
; M -
0
(%) (mm) (mm)
Germination Root length Shoot length
H Control 0.1% TEO

Figure 5. Germination percent, root length and shoot
length of seeds in the presence and absence of 0.1% TEO
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Figure 6. Proton pump from seedling of the tested plants not-exposed (a) and exposed (b) to the thyme essential oils
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Sorghum saccharatum

Lepidium sativum

Sinapis alba

Figure 7. Detection of O% ions with nitro blue tetrazolium in tissues of plant not-exposed (a) and exposed (b) to the
thyme essential oils

The oil bodies reduce toxic effect of
hydrophobic TEO oil constituents. The same
reduced toxic effect of TEO was determined
for another oleaginous seed, soybean (Sotelo et
al., 2021). The proton pump is slightly
amplified in C3 seeds (L. sativum, S. alba) and
is not affected in the C4 monocot seeds
(S. saccharatum) by the TEO treatment (Figure
6). Most probably this is related to the main
mechanism of EOs, including TEO
phytotoxicity — induction of high level of
reactive oxygen species (Lima et al., 2019;
Singh et al., 2009; Staszek et al., 2021).

Intensity of the color formation by NBT in
reaction with ROS, determined by image
analysis of the radicles, suggest a modulation
of the reactive oxygen species level during seed
germination. In sorghum, a monocot plant,
TEO have not a statistical influence on ROS
formation, with tendency to decrease, In such
monocot plant ROS play a significant role in
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seed germination (Farooq et al., 2021). In the
dicot plant the ROS production is significantly
amplified (Figure 7 and Figure 8). These dicot
plants are more sensitive to endo-signals formed
by ROS, such as modification of the redox
status of glutathione pool (Castro et al., 2021).
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Figure 8. Intensity of the color formation by nitroblue
tetrazolium in reaction with reactive oxygen species
from radicles of the tested seedlings, determined by

image analysis of the stained radicles.



The results presented here suggest that the
formulation of the TEO should include hydro-
phobic compounds and a safener, a compounds
that protect plants against ROS action. Such
formulation will slowly release the volatile
components and will reduce their side-effects.

CONCLUSIONS

TEO has both fungistatic and fungitoxic effect.
The most sensitive fungal specie, both to
fungistatic effects and to fungitoxic effects was
R. solani. TEO has potential to reduce
inoculum of soilborne plant pathogens by
reducing the soil inoculum by fumigation.

TEO 1is phytotoxic for the tested seeds,
S. saccharatum, S. alba, and L. sativum. The
phytotoxic effect is related to higher production
of ROS, Further studies should nanoformulate
TEO with hydrophobic compounds and
compounds that protect plants against ROS
action.

ACKNOWLEDGEMENTS

The research leading to these results has
received funding from European Regional
Development Fund (ERDF), the Competiti-
veness Operational Programme (POC), Axis 1,
project ~ POC-A1-A1.2.3-G-2015-P_40 352,
My SMIS 105684, “Sequential processes of
closing the side streams from bioeconomy and
innovative (bio)products resulting from it -
SECVENT”, subsidiary project 1229/2020.

REFERENCES

Abd-ElGawad, A. M., El Gendy, A. E. G., Assaeed, A.
M., Al-Rowalily, S. L., Alharthi, A. S., Mohamed, T.
A., Nassar, M. 1., Dewir, Y. H. & Elshamy, A. 1.
(2021). Phytotoxic Effects of Plant Essential Oils: A
Systematic Review and Structure-Activity
Relationship Based on Chemometric Analyses.
Plants-Basel, 10(1).

Ajayi-Oyetunde, O. O. & Bradley, C. A. (2018).
Rhizoctonia solani: taxonomy, population biology
and management of rhizoctonia seedling disease of
soybean. Plant Pathology, 67(1), 3-17.

Angelini, L. G., Carpanese, G., Cioni, P. L., Morelli, I.,
Macchia, M. & Flamini, G. (2003). Essential Oils
from Mediterranean Lamiaceae as Weed Germination
Inhibitors. Journal of Agricultural and Food
Chemistry, 51(21), 6158-6164.

Arraiza, M. P., Gonzalez-Coloma, A., Andres, M. F.,
Berrocal-Lobo, M., Dominguez-Nuiez, J. A., Jr, A.

71

C. D. C., Navarro-Rocha, J. & Calderon-Guerrero, C.
(2018). Antifungal Effect of Essential Oils. In
Potential of Essential Oils: InTech.

Baysal-Gurel, F., Liyanapathiranage, P. & Mullican, J.
(2018). Biofumigation: Opportunities and challenges
for control of soilborne diseases in nursery
production. Plant Health Progress, 19(4), 332-337.

Bickel, J. T. & Koehler, A. M. (2021). Review of
Pythium species causing damping-off in corn. Plant
Health Progress, 22(3), 219-225.

Bockus, W. & Shroyer, J. (1998). The impact of reduced
tillage on soilborne plant pathogens. Annual review
of phytopathology, 36(1), 485-500.

Castro, B., Citterico, M., Kimura, S., Stevens, D. M.,
Wrzaczek, M. & Coaker, G. (2021). Stress-induced
reactive oxygen species compartmentalization,
perception and signalling. Nature plants, 7(4), 403-
412.

Chrysargyris, A., Charalambous, S., Xylia, P., Litskas,
V., Stavrinides, M. & Tzortzakis, N. (2020).
Assessing the Biostimulant Effects of a Novel Plant-
Based Formulation on Tomato Crop. Sustainability,
12(20).

Cimanga, K., Kambu, K., Tona, L., Apers, S., De
Bruyne, T., Hermans, N., Totté, J., Pieters, L. &
Vlietinck, A. J. (2002). Correlation between chemical
composition and antibacterial activity of essential oils
of some aromatic medicinal plants growing in the
Democratic Republic of Congo. Journal of
ethnopharmacology, 79(2), 213-220.

De Almeida, L. F. R., Frei, F., Mancini, E., De Martino,
L. & De Feo, V. (2010). Phytotoxic Activities of
Mediterranean Essential Oils. Molecules, 15(6),
4309-4323.

Del Ponte, E. M., Moreira, G. M., Ward, T. J.,
O'Donnell, K., Nicolli, C. P., Machado, F. ],
Duffeck, M. R., Alves, K. S., Tessmann, D. ],
Waalwijk, C., van der Lee, T., Zhang, H., Chulze, S.
N., Stenglein, S. A., Pan, D., Vero, S., Vaillancourt,
L. J., Schmale, D. G., Esker, P. D., Moretti, A.,
Logrieco, A. F., Kistler, H. C., Bergstrom, G. C.,
Viljoen, A., Rose, L. J., van Coller, G. J. & Lee, T.
(2022). Fusarium graminearum Species Complex: A
Bibliographic ~ Analysis and  Web-Accessible
Database for Global Mapping of Species and
Trichothecene Toxin Chemotypes. Phytopathology,
112(4), 741-751.

Drakopoulos, D., Kigi, A., Gimeno, A., Six, J., Jenny,
E., Forrer, H.-R., Musa, T., Meca, G. & Vogelgsang,
S. (2020). Prevention of Fusarium head blight
infection and mycotoxins in wheat with cut-and-carry
biofumigation and botanicals. Field Crops Research,
246, 107681.

Duke, J. A. (2017). Handbook of phytochemical
constituents of GRAS herbs and other economic
plants: Routledge.

Farooq, M. A., Zhang, X., Zafar, M. M., Ma, W. &
Zhao, J. (2021). Roles of Reactive Oxygen Species
and Mitochondria in Seed Germination. Frontiers in
plant science, 12, 781734-781734.

Ghasemi, G., Alirezalu, A., Ghosta, Y., Jarrahi, A.,
Safavi, S. A., Abbas-Mohammadi, M., Barba, F. J.,
Munekata, P. E. S., Dominguez, R. & Lorenzo, J. M.



(2020). Composition, Antifungal, Phytotoxic, and
Insecticidal ~ Activities of Thymus kotschyanus
Essential Oil. Molecules, 25(5), 1152.

Kamoun, S., Furzer, O., Jones, J. D. G., Judelson, H. S.,
Ali, G. S., Dalio, R. J. D., Roy, S. G., Schena, L.,
Zambounis, A., Panabieres, F., Cahill, D., Ruocco,
M., Figueiredo, A., Chen, X. R., Hulvey, J., Stam, R.,
Lamour, K., Gijzen, M., Tyler, B. M., Grunwald, N.
J., Mukhtar, M. S., Tome, D. F. A., Tor, M., Van den
Ackerveken, G., McDowell, J., Daayf, F., Fry, W. E.,
Lindqvist-Kreuze, H., Meijer, H. J. G., Petre, B.,
Ristaino, J., Yoshida, K., Birch, P. R. J. & Govers, F.
(2015). The Top 10 oomycete pathogens in molecular
plant pathology. Molecular Plant Pathology, 16(4),
413-434.

Katan, J. (2017). Diseases caused by soilborne
pathogens: biology, management and challenges.
Journal of Plant Pathology, 305-315.

Kaur, N., Sharma, I., Kirat, K. & Pati, P. K. (2016).
Detection of Reactive Oxygen Species in Oryza
sativa L. (Rice). Bio-protocol, 6(24), €2061.

Krzysko-Lupicka, T., Walkowiak, W. & Bialof, M.
(2019). Comparison of the Fungistatic Activity of
Selected Essential Oils Relative to Fusarium
graminearum Isolates. Molecules, 24(2), 311.

Leplat, J., Friberg, H., Abid, M. & Steinberg, C. (2013).
Survival of Fusarium graminearum, the causal agent
of Fusarium head blight. A review. Agronomy for
sustainable development, 33(1), 97-111.

Li, X., He, T., Wang, X. H., Shen, M., Yan, X., Fan, S.
S., Wang, L., Wang, X. P., Xu, X., Sui, H. & She, G.
M. (2019). Traditional Uses, Chemical Constituents
and Biological Activities of Plants from the Genus
Thymus. Chemistry & Biodiversity, 16(9).

Lima, E. L. F., Macedo, W. R. & Silva, G. H. (2019).
Effect of Thymol on Soybean Seeds Germination:
Physiological and Biochemical Analysis. Brazilian
Archives of Biology and Technology, 62.

Lucas, P. (2006). Diseases caused by soilborne
pathogens. In The epidemiology of plant diseases (pp.
373-386): Springer.

Nicolopoulou-Stamati, P., Maipas, S., Kotampasi, C.,
Stamatis, P. & Hens, L. (2016). Chemical Pesticides
and Human Health: The Urgent Need for a New
Concept in Agriculture. Frontiers in Public Health,
4.

Page, K., Dang, Y. & Dalal, R. (2013). Impacts of
conservation tillage on soil quality, including
soilborne crop diseases, with a focus on semi-arid
grain  cropping  systems. Australasian  Plant
Pathology, 42(3), 363-377.

Pinheiro, P. F., Costa, A. V., Alves, T. d. A., Galter, 1.
N., Pinheiro, C. A., Pereira, A. F., Oliveira, C. M. R.
& Fontes, M. M. P. (2015). Phytotoxicity and
cytotoxicity of essential oil from leaves of
Plectranthus amboinicus, carvacrol, and thymol in
plant bioassays. Journal of agricultural and food
chemistry, 63(41), 8981-8990.

72

Porte, A. & Godoy, R. L. (2008). Chemical composition
of Thymus vulgaris L. (Thyme) essential oil from the
Rio de Janeiro state, Brazil. Journal of the Serbian
Chemical Society, 73(3), 307-310.

Rathod, N. B., Kulawik, P., Ozogul, F., Regenstein, J. M.
& Ozogul, Y. (2021). Biological activity of plant-
based carvacrol and thymol and their impact on
human health and food quality. Trends in Food
Science & Technology, 116, 733-748.

Raveau, R., Fontaine, J. & Sahraoui, A. L. H. (2020).
Essential Oils as Potential Alternative Biocontrol
Products against Plant Pathogens and Weeds: A
Review. Foods, 9(3).

Schindelin, J., Rueden, C. T., Hiner, M. C. & Eliceiri, K.
W. (2015). The ImageJ ecosystem: An open platform
for biomedical image analysis. Molecular
reproduction and development, 82(7-8), 518-529.

Singh, H. P., Kaur, S., Mittal, S., Batish, D. R. & Kohli,
R. K. (2009). Essential oil of Artemisia scoparia
inhibits plant growth by generating reactive oxygen
species and causing oxidative damage. Journal of
chemical ecology, 35(2), 154-162.

Sotelo, J. P., Oddino, C., Giordano, D. F., Carezzano, M.
E. & Oliva, M. d. 1. M. (2021). Effect of Thymus
vulgaris essential oil on soybeans seeds infected with
Pseudomonas syringae. Physiological and Molecular
Plant Pathology, 116, 101735.

Soylu, E. M., Kurt, S. & Soylu, S. (2010). In vitro and in
vivo antifungal activities of the essential oils of
various plants against tomato grey mould disease
agent Botrytis cinerea. International Journal of Food
Microbiology, 143(3), 183-189.

Staats, M., van Baarlen, P. & van Kan, J. A. L. (2004).
Molecular Phylogeny of the Plant Pathogenic Genus
Botrytis and the Evolution of Host Specificity.
Molecular Biology and Evolution, 22(2), 333-346.

Staszek, P., Krasuska, U., Ciacka, K. & Gniazdowska, A.
(2021). ROS Metabolism Perturbation as an Element
of Mode of Action of Allelochemicals. Antioxidants,
10(11), 1648.

Steentjes, M. B. F., Scholten, O. E. & van Kan, J. A. L.
(2021). Peeling the Onion: Towards a Better
Understanding of Botrytis Diseases of Onion.
Phytopathology®, 111(3), 464-473.

Tudi, M., Ruan, H. D., Wang, L., Lyu, J., Sadler, R.,
Connell, D., Chu, C. & Phung, D. T. (2021).
Agriculture Development, Pesticide Application and
Its Impact on the Environment. International Journal
of Environmental Research and Public Health, 18(3).

Zandonadi, D. B., Santos, M. P., Caixeta, L. S., Marinho,
E. B, Peres, L. E. P. & Facanha, A. R. (2016). Plant
proton pumps as markers of biostimulant action.
Scientia Agricola, 73, 24-28.

Zeljkovic, S. C. & Maksimovic, M. (2015). Chemical
composition and bioactivity of essential oil from
Thymus species in Balkan Peninsula. Phytochemistry
Reviews, 14(3), 335-352.





