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ABSTRACT

Verticillium dahliae, a soil-borne fungus, is responsible for Verticillium wilt, one of the most serious vascular dis-
eases affecting olive groves worldwide. This disease is prevalent mainly in the Mediterranean region, causing sig-
nificant economic damage to olive orchards, particularly among highly susceptible varieties. The fungus penetrates
the xylem tissue of the trees, leading to leaf drop and wilting; in severe cases, it can even kill the trees. Controlling
Verticillium wilt is challenging due to the pathogen’s long-term survival in the soil and its complex biological
nature. The pathogen’s pathogenic mechanism is highly intricate, as the pathogen can survive as microsclerotia in
the soil for many years and has the ability to spread through plants and irrigation water. This review aims to pro-
vide up-to-date information on the biology of V. dahliae, including its strains, infection cycle, and epidemiology.
Chemical control has proven relatively ineffective, while intensive cultivation and irrigation exacerbate the con-
ditions conducive to disease development. This highlights the urgent need for sustainable and integrated disease
management techniques. These techniques may include planting resistant varieties, such as Frantoio; biological
control using agents such as Trichoderma species; solar soil sterilization; and improved drainage practices. Re-
cent developments have emphasized the role of ecology and biotechnology in managing this disease through the
application of microbial biostimulants. In this review, climate drivers of the disease are analysed in a dedicated
section, the level of evidence of diagnostic and control approaches is graded (olive-specific versus other hosts),
and an integrative framework linking pathogen biology, diagnostics and management is proposed together with
the main knowledge gaps.

Keywords: Verticillium dahliae, Verticillium wilt, Olea europaea, climate change, sustainable agriculture, inte-
grated disease management.

INTRODUCTION

Olea europaea subsp. europaea L., the cultivat-
ed olive tree, is an integral part of the socio-ecolog-
ical structure of the Mediterranean region, promot-
ing biodiversity and the economy and cultivated
for thousands of years (FAO, 2020). Being native
to this area, the tree has been cultivated by humans
since ancient times, according to available evidence
(Green, 2002, 2004; Connor, 2005). The high de-
gree of tolerance of this tree, its longevity, and

the good taste characteristics of the fruit, whether
as olives or oil, make it a vital component of the
Mediterranean agroecosystem. Mediterranean cli-
mate has served as one of the principal forces in the
development of agriculture in the region, which has
historically involved the cultivation of olives, cere-
als, and grapes (Ramos et al., 2025). As the leading
producer of olives in the world with an area of more
than 2.62 million hectares, Spain is responsible for
about 45% of olive oil and 23% of table olives pro-
duced around the globe (FAOSTAT, 2021).
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In the past, traditional propagation methods
did not contribute to the loss of genetic diversity
in the olive tree or to the adaptive evolution of the
species. This limited effect resulted from low se-
lection pressure in extensive cultivation systems
and the strong geographic structuring of cultivar
ranges, which tended to confine most varieties
to their native regions (Barranco et al., 2017).
Over recent decades, however, olive growing has
undergone a “green revolution,” shifting from
extensive, traditional practices to high-density
plantation systems (Connor et al., 2014; Montes-
Osuna and Mercado-Blanco, 2020). While these
changes increased productivity, they also made or-
chards more vulnerable to pathogens particularly
V. dahliae, the agent of Verticillium wilt of olive
(VWO). Combined with environmental stressors,
the change in production systems has aggravated
the incidence and severity of soil-borne and xy-
lem-invading diseases, notably those caused by V.
dahliae and Xylella fastidiosa, which today rep-
resent transboundary threats to olive production
(Jiménez-Diaz et al., 2011; Schneider et al., 2020).

Verticillium wilt is now regarded as the most
destructive disease of olive trees worldwide. First
recorded in Italy in 1946, it has since become
widespread across the Mediterranean region
(Jiménez-Diaz et al., 2011). Verticillium wilt is
caused by the soil-borne, xylem-colonizing as-
comycete V. dahliae Kleb., a vascular pathogen
that produces severe wilting, defoliation, branch
necrosis, reduced fruit yield, and, ultimately, tree
death (Inderbitzin et al., 2011; Lopez-Escudero
and Mercado-Blanco, 2011; Jiménez-Diaz et al.,
2012; Levin et al., 2003; Landa et al., 2019).

In Morocco, another significant olive-produc-
ing country within the Mediterranean region, the
area devoted to olive production exceeds 560,000
ha and accounts for about 5% of national GDP. It
is dominated by the Picholine Marocaine variety
to the tune of 80-96% of the planted area. (Hadid-
dou et al., 2013; Bouymajane et al., 2020). This
variety’s popularity in Morocco can be attributed
to several factors including its past prominence.

In contrast, ‘Picual’ is considered one of the
most important cultivars in various Mediterranean
nations because of its characteristics like precoc-
ity, high productivity, low fruit removal force
(which is beneficial for mechanized harvest), and
wide adaptability to various soils and climates
(Barranco, 2008). However, another drawback
of ‘Picholine Marocaine’ is that it is very vulner-
able to the Verticillium wilt disease, putting olive

510

production in the country in danger (Boutaj et al.,
2020a,b). Due to the economic and environmental
significance of this disease, Verticillium wilt man-
agement has become an important task for scien-
tists and the olive oil industry around the globe
(Lopez-Escudero and Mercado-Blanco, 2011;
Jiménez-Diaz et al., 2012; Tsror, 2011).

Previous review articles have already consid-
ered the biology of the pathogen and VWO man-
agement (Lopez-Escudero and Mercado-Blanco,
2011; Jiménez-Diaz et al., 2012). The achieve-
ments of the past decade have been summarized
as well (Montes-Osuna and Mercado-Blanco,
2020).This review (i) explores the effects of cli-
mate variables as an independent factor influenc-
ing the olive-V. dahliae pathosystem; (ii) assesses
the evidentiary basis for the diagnosis and man-
agement of the disease and distinguishes olive-
based data from that of other hosts; (iii) identi-
fies the diagnostic assays validated for olive; (iv)
develops an integrated concept of the relationship
between biology, diagnostics, and management.

OLIVE CROP

The economic importance of olive
cultivation worldwid

Olive oil is an essential product of the olive
tree as well as a critical component of the Medi-
terranean cuisine. Apart from its nutritional value,
it holds much cultural and economic importance
throughout the area (Vossen, 2007; Mallamaci
et al.,, 2021). As per International Olive Coun-
cil, worldwide consumption of olive oil for the
2024/25 period is estimated to be approximately
3,064,500 tonnes, up by 10.0% from 2023/2024.

The planting of olives is primarily carried
out in countries with high and medium incomes;
49% of the total area of olives grown is planted
in high income countries, while around 44% is
planted in countries with medium incomes (Vil-
lar and Pereira, 2018). Production is significantly
concentrated in a few Mediterranean countries
according to FAOSTAT (2025), (Figure 1). The
largest producer is Spain, which produces about
5.10 million tons in 2023 (=30.9% of total pro-
duction), followed by Italy (2.39 million tons,
14.5%), Turkey (1.52 million tons, 9.2%), Por-
tugal (1.19 million tons, 7.2%), Tunisia (1.08
million tons, 6.5%), and Morocco (1.05 million
tons, 6.3%). Algeria and Syria produce about 0.90
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Figure 1. Olive production by regions (a) and top ten olive-producing nations globally in 2023 (b),
(FAOSTAT, 2025)

million tonnes (5.5%) and 0.70 million tonnes
(4.2%), respectively.

Geographically, the total area of land used
for cultivating olive is 10,578,246 hectares with
total production of about 19,464,495 tonnes
(Al-Jaleely et al., 2025). The major producer of
olives includes Europe with a share of 58.6 per-
cent, while Africa contributes 20.7 percent, and
Asia contributes 16.0 percent. Other parts include
Americas (4.2%) and Oceania (0.5%). This geo-
graphic distribution indicates the significance of
the Mediterranean region in the olive industry.

VERTICILLIUM WILT: A MAJOR
THREAT TO OLIVE CULTIVATION

Biology and pathogenicity of V. dahliae
Kleb.

The V. dahliae Kleb. is a soil fungus which
attacks the vascular system of the plants. It is a
highly polyphagous fungus which can survive in
soil for very long time periods, thus posing se-
rious threats to agriculture. This fungus, an Eu-
karyota organism, belongs to taxonomic classi-
fication groupings under Kingdom: Fungi; Phy-
lum: Ascomycota; Subphylum: Pezizomycotina;
Class: Sordariomycetes.

Of the 10 known species of Verticillium, V.
dahliae is regarded as the most pathogenic and
economically important one (Inderbitzin et al.,
2011; Inderbitzin and Subbarao, 2014). The fungi
affect more than 400 plants in different genera,
such as cotton, potatoes, and tomatoes (Song et
al., 2020; Klosterman et al., 2009; Njoroge et al.,
2009; Wheeler and Johnson, 2016). V. dahliae
occurs extensively throughout the temperate and

warm zones, from 60°N to 50°S latitude (Har-
ris, 1998; Pegg and Brady, 2002). It causes con-
siderable damage to olive trees especially in the
Mediterranean region, where it represents a ma-
jor problem. Apart from olives, this pathogen is
known to attack several other host species such as
potato (Solanum tuberosum), pistachio (Pistacia
vera), eggplant (Solanum melongena), almond
(Prunus dulcis), cotton (Gossypium hirsutum),
and tomatoes (Solanum lycopersicum) (Jiménez-
Diaz et al., 2012; Klosterman et al., 2009; Kowal-
ska, 2021).V. dahliae was considered an asexually
reproducing organism without any knowledge
about its sexual phase (Usami et al., 2009).

From the morphological perspective, the ana-
morph phase of V. dahliae is characterized by
hyaline conidiophores with verticillate branching
(Figure 2). The conidiophores are usually erect,
sparsely branched, brown to dark brown, with
usually thick and warty walls. Annellations de-
velop due to percurrent growth of the conidioge-
nous cells (Schubert et al., 2003). Conidia are ap-
proximately 2.5 to 5 pm long and 1.25 to 2.5 pm
wide. At 15 days of incubation at a temperature
of 25 °C in darkness, most of the V. dahliae iso-
lates form microsclerotia, which are compacted
and melanized, allowing them to survive for long
periods within the soil (Gharbi et al., 2016). On
PDA medium, there are variations between the
growth rates of the mycelium. At temperatures of
23-25 °C without light, the growth rate averages
from 1.9 to 3.66 mm/day (Kaliterna et al., 2016;
Varo et al., 2016). The characteristics of persis-
tence within the soil environment, wide host
range, adaptability within the genome, and ability
to colonize plant vascular tissue make V. dahliae
one of the most persistent plant pathogens that is
difficult to manage.
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Figure 2. Morphological characteristics of V. dahliae strains isolated from symptomatic olive tissue
(Keykhasaber et al., 2018; Jiménez-Diaz et al., 2012)

Symptoms in olive trees

Typical symptoms observed for V. dahliae
infection in olives are a consequence of vas-
cular impairment (Figure 3). This leads to
chlorosis, early leaf senescence, stunted plant
growth, necrosis, leaf fall, and eventually
dieback and plant mortality (Montes-Osuna
and Mercado-Blanco, 2020). An unequivo-
cal symptom of infection involves darkened
browning of the vascular system, visible when

slicing stems of the olive plant (systemic in-
fection of the fungus). With disease develop-
ment, branches of the infected plants become
desiccated with dead leaves persisting on their
surface. The lower canopy is typically more af-
fected since there is more soil inoculum at the
root level. Olive plants infected by the fungus
are weakened and exhibit canopy defoliation
in severe cases (Rhouma et al., 2023). These
effects highlight the considerable economic
significance of the pathogen.

Figure 3. Characteristic disease symptoms of Verticillium wilt in Olea europaea: partial or complete tree wilting
with defoliation (A, B), shoot and branch dieback (C), and vascular discoloration and necrosis (D)
(Anton Dominguez, 2024)
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Two types of the disease have been identi-
fied: one being apoplexy (acute) and the other
slow decline (chronic). Apoplexy occurs in the
Mediterranean region during late winter to early
spring, where there is sudden wilt in primary and
secondary shoots. The leaves become chlorotic,
necrotic, and inwardly curled without falling off,
resulting in drying up. This type of the disease af-
fects young trees greatly, sometimes causing total
tree death (Blanco-Lopez et al., 1984; Jiménez-
Diaz et al., 1998). V. dahliae annually results in
significant losses to the economy globally.

The chronic variant appears more slowly.
The symptoms manifest themselves starting from
the spring period and intensify during summer
by such signs as chlorosis, necrosis, shedding of
leaves that retain their green color, and mortality
of inflorescences. Defoliation may affect certain
branches, while green leaves remain on the shoot
tips (Jiménez-Diaz et al., 1998). It is possible for
both types to occur in the same tree depending on
external factors and inoculation. Mummification
of the fruits can also be seen from the spring to the
autumn periods. In addition, the disease changes
the taste characteristics of olives and lowers oil
quality (Landa et al., 2019).

Geographic distribution of V. dahliae in
Olea europaea

Verticillium wilt, which is caused by the fun-
gus V. dahliae that lives in the soil, is the most se-
vere fungal disease to affect olive crops around the
globe (Figure 4). In the last 20 years, verticillium

Verticillium dahliae (VERTDA)

O Present

@ Transient

wilt has killed many trees because of the cultiva-
tion of susceptible varieties, irrigation, and olives
grown in former host crops (Montes-Osuna and
Mercado-Blanco, 2020). The first report was done
in Sicily on varieties including Bella di Spagna,
Nocellara, and Ogliarola (Ruggeri, 1946). It then
expanded into other Italian areas (Cirulli, 1975,
1981) before reaching other European nations,
the Middle East, and USA (Jiménez-Diaz et al.,
1998). The propagation and maintenance of V.
dahliae infection in the orchards have been as-
sociated with current agricultural practices in-
volving the use of self-rooted nursery stocks in
compact plantations, irrigation using the drip sys-
tem, zero tillage, and excessive fertilizer applica-
tion on productive or recently established lands
(Jiménez-Diaz et al., 2011).

V. dahliae has spread globally through major
agricultural regions, according to the EPPO Glob-
al Database (EPPO, 2025). This fungal pathogen
can be found in Spain, Italy, France, Germany,
and the United Kingdom in Europe. In North
America, it has been observed in several states of
the United States and Canada. Also, it is prevalent
in Brazil, Argentina, and Chile in South America.
In Asia, it can be found throughout China, India,
Turkey, and several other countries located in the
Middle East and Central Asia. In Africa, it is pres-
ent in Egypt, Tunisia, Kenya, and South Africa.
The pathogen is present in New Zealand and Aus-
tralia as well. Such extensive spread throughout
various types of climate proves that V. dahliae is
a highly adaptable organism that can settle in the
soil of olive-growing areas for quite a long time.

2025-06-22
(c) EPPO https://gd.eppo.int

Figure 4. Worldwide distribution of V. dahliae (EPPO, 2025)
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Life cycle and infection biology of V. dahliae
in olive trees

Verticillium wilt of olive has two stages in
which disease progression takes place, namely
the saprophytic stage in the soil and the parasitic
stage within the host (Figure 5). Microsclerotia
are the chief means by which the fungus survives
on soil, and they have been found to be able to
live up to 15 years without the presence of a host
as dark-colored resting structures in the soil (Wil-
helm, 1955). Production of melanin is strongly
linked to the development of microsclerotia in the
fungus, therefore, any darkened region signifies
MS development (Wang et al., 2018b). Micro-
sclerotia develop within dead or decaying plant
tissues to act as an important source of inoculum
for further infection (Schreiber and Green, 1963).

Microsclerotia germination is induced by root
exudates from host plants, which allow the fun-
gus to emerge and invade the plant roots either
via their apex or wounds created alongside roots
(Bishop and Cooper, 1983).

Exudates released from susceptible plants
promote germination of microsclerotia. Hyphae
then enter the roots, either through the tips of the
roots or by entering lateral roots at the sites of
wounds (Bishop and Cooper, 1983). When the co-
nidia have germinated on the roots’ surface, there
will be a development of the hypopodium, which
produces a penetration peg for entry into the
root cells (Zhao et al., 2016). The fungus is able
to grow through the root system into the xylem

Microsclerotia

| /i::\

Sporedispersal
via water/ air

Micraclerotia ¢
Formation ~ §

ConidiaRelease
& Dispersal

Verticllate
Conidiphores

olive tree

‘Hyphal Germinatio

vessels, affecting its functions of transporting nu-
trients and water (Jiménez-Diaz et al., 2012). The
process of continuous conidial formation ensures
germination, infection, and colonization cycles,
which eventually lead to wilting of branches or
plants (Héner and Diederichsen, 2016).

Symptoms of Verticillium wilt occur even at
extremely low levels of inoculum, where infec-
tion may occur with microsclerotia concentra-
tions as little as 0.1 MS/gm of soil, emphasizing
the high infectious nature of this fungus (Hiem-
stra, 1998). Disturbance in water and nutrient
balance leads to characteristic symptoms such as
chlorosis and defoliation in Verticillium wilt oc-
currence. Symptoms are determined by the par-
ticular pathotype of V. dahliae, and development
of the disease after planting is also affected by the
type of soil (Dervis et al., 2010).

Current knowledge on V. dahliae and its
interaction with Olea europaea

The specificity of the pathotypes, either mod-
erately virulent non-defoliating (ND) or extreme-
ly virulent defoliating (D), in isolates of V. dahli-
ae has been established from genotypic variation,
where informative markers could be found within
genes related to host-specific virulence control
(Keykhasaber et al., 2018).These terms of pathot-
ypes (D and ND) define the phenotype, and the
two major ones which influence olive in some in-
stances have been (Mercado-Blanco et al., 2003;
Lopez-Escudero and Mercado-Blanco, 2011).

1. Germnationf
Microsclerotia

2. Root exsudates / invasion

4. Conidia
production

J  5.Release of conidia
in infected soil

Figure 5. Schematic diagram depicting the infection cycle of Verticillium wilt in tree species

514



Ecological Engineering & Environmental Technology 2026, 27(12), 509-540

There are two races of V. dahliae termed Race
1 and Race 2 based on the existence and non-ex-
istence of the Avel effector protein gene (Popov
et al., 1972; Maruthachalam et al., 2010; de Jonge
et al., 2012). The Race 1 is characterized by fun-
gi with Avel that is identifiable (makes the host
organisms avirulent) in presence of Vel gene in
plants, whereas the race 2 is without Avel that
helps to evade the Vel resistance of the host plant
for infection. Racial differentiation is critical for
population genetics and host range studies of V.
dahliae (Baroudy et al., 2019).

There is considerable genetic diversity in V.
dahliae with respect to its pathogenicity and host
spectrum. V. dahliae has genetic variation in terms
of chromosomal rearrangement and horizontal
gene transfer enabling evolutionary adaptability
(de Jonge et al., 2013; Chen et al., 2018). Genetic
analysis studies show variable degrees of diver-
sity along with mixed reproductive behavior, such
as genetic segregation into two distinct groups in
Uruguay strains, which exhibited moderate ge-
netic diversity and linkage disequilibrium (Ber-
naschina et al., 2020). Various markers like micro-
satellites have been used to analyze genetic diver-
sity in single orchards and extensive geographic
populations (Puri et al., 2017; Short et al., 2015).

Variation of virulence, host range, and envi-
ronment adaptation within V. dahliae isolates due
to its high level of genetic variability poses a chal-
lenge for disease management (Jeseni¢nik et al.,
2023). The secretome of the fungus is made up of
nearly 800 proteins, among which there are many
effector proteins that assist in promoting host in-
fection and pathogenic activity (Klosterman et
al., 2011; Lo Presti et al., 2015). Nevertheless,
even with such versatility, the population struc-
ture of V. dahliae is frequently highly clonal as
a result of frequent asexual propagation (Fradin
and Thomma, 2006; Milgroom et al., 2014). With
such genetic flexibility, it is possible to develop
coevolution with hosts as well as new pathotypes
(Atallah et al., 2010; Song et al., 2020).

The genetic and phenotypic diversity of V.
dahlia is expressed at distinct biological levels
that must be clearly differentiated. Pathotypes
are defined by disease phenotype and virulence:
the defoliating (D) pathotype causes rapid de-
foliation and high mortality, whereas the non-
defoliating (ND) pathotype induces milder vas-
cular wilt and often allows plant recovery (San-
chez-Hernandez et al., 1998; Lopez-Escudero &
Mercado-Blanco, 2011).

Vegetative compatibility groups (VCGs), in
contrast, are genetic lineages based on the ability
of asexually reproducing isolates to form stable
heterokaryons (Puhalla, 1979; Leslie, 1993). At
least eight VCGs have been described and largely
correspond to distinct clonal lineages (Jiménez-
Gasco et al., 2014; Milgroom et al., 2014). Impor-
tantly, pathotypes and VCGs are not equivalent.
Although occasional associations between certain
VCGs and virulence phenotypes exist, no consis-
tent correlation allows VCG membership to pre-
dict pathogenicity. VCG classification informs
population structure but cannot serve as a direct
marker of virulence (Acharya et al., 2020).

Factors influencing the development and
spread of Verticillium wilt in Olea europaea

The evolution of Verticillium wilt is highly de-
pendent on host-pathogen-environmental dynam-
ics where inoculum level and means of spread play
crucial roles (Pegg and Brady, 2002; Katan, 2017).
Although the physiological condition of the olive
plant influences significantly the expression of the
disease, environmental conditions and farm man-
agement practices are equally important.

The thermal condition in the soil has a ma-
jor effect on the effectiveness of V. dahliae. The
optimum temperature for growth of the fungi is
20-25°C, which is usually the temperature during
spring season in the Mediterranean climate (Pegg
and Brady, 2002). Temperatures that are lower
than 20°C can allow fungal growth in the host but
not in the soil (Fradin and Thomma, 2006; Tha-
nassoulas et al., 2006).

High levels of soil moisture, high humidity
levels, and over irrigation favor a higher density
of inoculum and increased incidence of disease
development (Tsror, 2011; Lopez-Escudero and
Blanco-Lopez, 2005; Pérez-Rodriguez et al.,
2016). Within Spain, the highest incidences occur
from February to June, coinciding with optimum
infection conditions for the pathogen (Garcia-
Ruiz et al., 2014).

V. dahliae affects olives regardless of the soil
type, but disease development is determined by
the climate and the soil. Lighter soils (sandy and
loamy) in colder climatic conditions are favor-
able for rapid disease development, while heavier
soils (clay and silt) in warmer climates worsen the
disease symptoms (Goicoechea, 2006).

Dispersal by insect vectors has been observed.
Xylophagus species such as Scolytus intricatus
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and Xyleborus dispar can transport the pathogen
(Riziero and Ragazzi, 1998; Riziero et al., 2002).
Though there is uncertainty surrounding their
ability to serve as V. dahliae vectors for olives, a
few pieces of research indicate their involvement
in pathogen spread in specific instances (Liu et
al., 2021; El-Hamalawi, 2008).

Locally, the disease spreads via contaminated
soil, contaminated irrigation water, diseased plant
material, and wind-borne debris. Poor sanitation
via the use of poorly disinfected equipment plays
a crucial role in the spread from one tree to an-
other. Diseased trees shed their microsclerotia
into the surrounding soils, thus ensuring that the
pathogen remains locally persistent and infec-
tious (Liu et al., 2021; El-Hamalawi, 2008).

Long-distance dispersal occurs through hu-
man activities such as moving infected plant
stocks, roots containing infected soil, or through
contaminated tools. The introduction of infected
plant materials into non-infested orchards is the
principal method of spreading V. dahliae.

The current agricultural practices such as
planting high density, regular irrigation, intensive
mechanization, and application of fertilizers fa-
vor growth of V. dahliae. Such practices can af-
fect the soil and cause damage to the roots hence
allowing the pathogen easy access to host tissues
(Montes-Osuna and Mercado-Blanco, 2020)

CLIMATE CHANGE AND THE
OLIVE-VERTICILLIUM DAHLIAE
PATHOSYSTEM

Climate change is expected to alter the envi-
ronmental factors that control the olive-V. dahliae
pathosystem. While there is not much direct evi-
dence yet, three types of studies indicate the ef-
fect of climate on the disease: (i) the established
thermophilic and hygrophylic requirements of the
fungus, (i1) field observations correlating climatic
factors with the presence of the pathogen, and
(iii) ecological niche models predicting shifts in
response to future climates (Table 1).

The manifestation of the disease in olive trees
is highly dependent on temperatures. The op-
timal growing conditions for fungi are between
20-25 °C, while the degree of symptom manifes-
tation decreases sharply above 30 °C during the
summer season (Requena-Mullor et al., 2020).
Under laboratory conditions, soil temperature
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has a different effect on the development of the
two pathotypes in olive varieties: infection with
the defoliated pathotype (D) is favoured between
1624 °C in the susceptible grower ‘Picual” and
between 20-24 °C in the other less susceptible
cultivator ‘Arbequina’, while infection with the
non-defoliated pathotype (ND) occurs between
16-20 °C (Calder6n et al., 2014).

In 779 olive orchards in Granada, V. dahliae
exhibited a higher frequency with a low daily
temperature range compared to the seasonal tem-
perature range; irrigation decreased this effect,
demonstrating that proper irrigation management
could help prevent symptoms at the optimal ther-
mal level of the pathogen (Requena-Mullor et
al., 2020). At the landscape scale, these climatic
conditions were integrated into ecological niche
models and temperature, rainfall seasonality and
isothermality became the main predictors of the
distribution (Arias-Giraldo et al., 2025). In line
with these data, climate change projections for
southern Spain reveal a redistribution of adapted
regions towards the south and southeast of Anda-
lusia without an overall decrease in areas suitable
for development (Arias-Giraldo et al., 2026).

Excessive water in the soil and over-irriga-
tion increase inoculum levels and disease occur-
rence (Lopez-Escudero & Blanco-Lopez, 2007;
Santos-Rufo et al., 2017). Indeed, the incidence
and severity of disease are very much controlled
by irrigation amount and frequency, especially in
the case of susceptible cultivars; the effect also de-
pends on the degree of susceptibility to the disease
(Santos-Rufo et al., 2017, 2018; Santos-Rufo &
Rodriguez-Jurado, 2021). Thus, with higher tem-
peratures and lower precipitation, irrigation per-
formed by growers might lead to the development
of conditions favouring the disease pathogen.
Furthermore, both infection by the pathogen and
drought cause closure of stomata and decrease in
transpiration (Calderon et al., 2014); nevertheless,
the combined effect of these factors has not yet
been measured for olives. Experiments performed
on other pathosystems indicate that transpiration
is a factor facilitating transportation of conidia in
the xylem (Pennypacker et al., 1991); however,
this has not yet been tested for olives.

Variability in climatic conditions impacts all
the methods mentioned above. Resistance screen-
ing ought to be done using a range of tempera-
tures. Biocontrol and biostimulant effects have
been little studied under varying temperatures
and humidity conditions. Indices of thermal and
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Table 1. Climatic drivers, their expected effects on Verticillium wilt of olive and implications for management,
with the level of evidence

Climatic driver

Expected effect

Implication for management

Evidence level

Pathotypes favoured by temperatures of about
20-25 °C (air) and 16—24 °C (soil); ND favours
16-20 °C soil temperatures in ‘Picual’. High

Screen cultivars and rootstocks
for their tolerance to soil
temperatures; concentrate

Level 2 (Calderén
et al., 2014); Level

oscillation and
isothermality

differences; isothermality negatively affects
occurrence but is influenced by rainfall
seasonality.

climate analysis; include
isothermality in decision-making
instruments for new plantings.

Temperature summer temperatures (>28-30 °C) reduce monltor.mg in spring a_nd autumn |1 (RequenaT-MgIIor
) : . . ) periods; do not plant in places et al., 2020; Arias-
symptom expression. Shift of infection window o ;
due to warming is primarily hypothetical where the conditions may Giraldo et al., 2025)
’ become favourable in the future.
H_|gh§r occurrence is characteristic where Risk assessment based on Level 1 (Requena-
Temperature diel differences are small compared to annual

Mullor et al., 2020;
Arias-Giraldo et al.,
2025)

Precipitation
seasonality

Seasonality weakens the negative impact of
isothermality; occurrence is enhanced with
seasonality and mild conditions.

Seasonality indices should be
taken into account when creating
risk maps; do not plant in
favourable seasonal areas under
future scenarios.

Level 1 (Requena-
Mullor et al., 2020;
Arias-Giraldo et al.,
2025)

Soil moisture and
irrigation

Excessive and frequent irrigation increases
inoculum levels, disease incidence and
severity, especially in susceptible varieties;
irrigation diminishes the influence of
isothermality. Increased irrigation need due to
drought currently lacks direct evidence.

Irrigation scheduling is an
important tool here; choose less
irrigation or deficit irrigation in
case of susceptible cultivars.

Level 1-2 (Santos-
Rufo et al., 2017;
Santos-Rufo et al.,
2018)

Humidity,
evapotranspiration
and vapour
pressure

Near-surface moisture, vapour pressure and
potential evapotranspiration contain important
niche indicators of pathogen presence.

Include layers for humidity and
evapotranspiration in models

of niches and risks; monitor
microclimates in densely planted
orchards.

Level 1, niche
modelling (Arias-
Giraldo et al., 2025)

Drought and heat
stress

Both infection and drought cause stomata
closure and increased canopy temperature;
interactions between these variables in regard
to host susceptibility remain unknown and
thermal stress indicators lack specificity to
disease.

Thermal indices can be used for
early detection, but molecular
or visual confirmation is needed
for avoiding misinterpretation of
drought for disease..

Level 2 physiological
data (Calderon et al.,
2014)

Combined climate
projections

Suitable habitat moves towards southern/
southeastern Andalusia (without any
decrease).

Choose pathogen-free planting
material and places based on
current and future risk maps.

Level 1, modelling
(Arias-Giraldo et al.,

2026)

Note: Level — 1 field trials or surveys in olive; Level 2 — controlled experiments in olive;

silico; Level 4 — other hosts.

physiological stress from remote sensing that
are used for assessment of water stress can be
biased by drought conditions. Irrigation sched-
uling, fertilization, and diagnostics need to take
into account climate variables. It is thus impor-
tant to conduct climate-relevant evaluations of
the methods.

INTERACTION BETWEEN OLEA
EUROPAEA AND V. DAHLIAE

Interaction between olive and V. dahliae has
been studied extensively at both cell and tissue
levels (Garber and Houston, 1966; Perry and
Evert, 1983; Gerik and Huisman, 1988; Rodri-
guez-Jurado et al., 1993; Zhou et al., 2006; Eynck
et al., 2007). Nevertheless, the amount of the

Level 3 — in vitro/in

pathogen does not necessarily determine the in-
tensity of disease symptoms (Mercado-Blanco et
al., 2003; Markakis et al., 2009).

Colonization mechanisms of V. dahliae in
Olea europaea

Colonization of the vascular system is one
of the main characteristics that make V. dahliae
pathogenic. The process uses an exoproteome
with the role of helping in tissue penetration,
growth inside the host and symptoms manifesta-
tion (Klosterman et al., 2009; Fradin and Thom-
ma, 2006; Chen et al., 2016). Colonization of
roots and xylem invasion are made easier through
the action of pectinase and cellulase enzymes,
which have the capacity to break down plant cell
walls. On the other hand, olive trees have lignin
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synthesis, which makes the plant cell wall harder
to penetrate (Klosterman et al., 2011; Zhang et
al., 2017; Gharbi et al., 2017).

Plant defense response

Trait characteristics of the root systems play
a big role in determining whether it is suscep-
tible or not. Dense, branching lateral roots can
present a high risk of attack since their surface
is more exposed to soil pathogens. According to
work carried out by Cardoni et al. in 2022, at
the initial stage after inoculation with V. dahliae,
the roots of tolerant varieties are less branched
and have a larger root diameter, which stimu-
lates their lignin content and root membrane
permeability after inoculation. Furthermore, this
contributes to stimulating the expression of ol-
ive genes associated to the lignin biosynthetic
pathway with defense mechanisms, including
the induction of innate immunity: the brassino-
steroid insensitive 1-associated receptor kinase
gene (BAK1) and (WRKY5) and the production
of hydrolytic enzymes capable of degrading the
fungal cell wall (B-1,3-glucanase), as well as lig-
nin biosynthetic processes in the cell wall (C4H
and CO-MT).

VWO-tolerant cultivars

= S
TRRY
2 Y%

Structural Genetic Biochemical

Specificroot length | 68-1,3-
glucanase

PSpecific rootarea |fC4H

T Totallignin *

content

1 Gmonolignol ?
production

T Membrane
permeability

Number of forks

1 CO-MT
and tips

Diameter thin roots | T BAK1

In contrast to susceptible varieties, which in-
duced increased expression of the salicylic acid
signal transduction factor (WRKYS5) and CO-MT,
and a related decrease in C4H expression, Higher
concentrations were observed of S-monolignols,
along with a decrease in G-monolignols result-
ing a reduction in overall lignin content. Also, the
decreased activity of enzymes that protect olive
cells against ROS toxins, such as ascorbate per-
oxidase (APX), restricted ROS clearance, making
the plant more susceptible to V. dahliae (Figure 6).

Lignin serves as a physical barrier against
entry by pathogens (Ferreira et al., 2007; Van-
holme et al., 2010; Lee et al., 2019). Lignin levels
in roots are generally higher in tolerant varieties
(Frantoio) than in susceptible ones (Bubici and
Cirulli, 2012). Furthermore, reactive oxygen spe-
cies (ROS) are involved, where, in case of sus-
ceptible varieties like Picual, there is ROS-related
gene expression following infection. However, it
is worth noting that this process comes later on,
compared to the initial action of pathogens (Jimé-
nez-Ruiz et al., 2017).

Molecularly, Tolerant varieties initiate a fast
and synchronous transcriptional response upon
infection, where genes involved in the synthesis
of lignin (C4H, COMT), enzymes that modify

VWO-susceptible cultivars

Structural Genetic Biochemical
1 specificroot length (] APX [ Total lignin *
content
t Specificrootarea || C4H 1 S monolignol 4
production
T Number of forksand | CO-MT 1 Membrane
tips permeability

T wrks

~t | Diameter thin roots

Figure 6. Schematic representation summarizing the main defense strategies against pathogens based on root
system functioning in VWO-resistant (left) and VWO-sensitive (right) olive varieties infected by V. dahliae.
The structural, genetic and biochemical differences between the roots of resistant and susceptible olive varieties
following inoculation with V. dahliae are presented in the table. Increases and decreases in lignin are indicated
by green and red arrows respectively; similarly, the blue lines and green rectangles represent the presence or
absence of lignin in the cell structure respectively; lines indicate a higher concentration (*), whilst the absence of
lines represents lower concentrations (?). G- and S-type monolignols are indicated respectively by the structures
of coniferyl alcohol and sinapyl alcohol (Cardoni et al., 2022)
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plant cell walls (such as p 1,3 glucanase), as well
as defense proteins like BAK1 and WRKY'5 are
activated. The early initiation of these pathways
increases resistance through the strengthening
of barriers against pathogen colonization (Car-
doni et al., 2022).

Effector interactions and disruption of
plant immunity

Effectors secreted by V. dahliae allow the fun-
gus to overcome or avoid the immune response
in the host plant, break down physical structures
for colonization (Zhang et al., 2022; Sun et al.,
2023). For instance, LysM effector VdPDA1 pro-
tects chitin in the fungus from the action of plant
chitin receptors and inhibits chitin-triggered resis-
tance (Gao et al., 2019). Additionally, V. dahliae
synthesizes chemicals that can kill host cells such
as protein-lipopolysaccharides and sulfacetamide
(Luo et al., 2014; Zhang et al., 2016; Fradin and
Thomma, 2006).

DIAGNOSIS AND MONITORING

VWO is difficult to manage partly because
colonisation can remain symptomless and micro-
sclerotia persist in soil. Diagnostic methods must
therefore be specific. Conventional methods of
detection of V. dahliae including virulence test
and soil screening, later followed by cultivation
have been employed conventionally. But these
methods are laborious and time-consuming, tak-
ing up to six-eight weeks to provide any results
(Juetal., 2020). Delay in diagnosis can allow the
spread of pathogens without getting noticed.

The use of such DNA based molecular meth-
ods has been inevitable in order to deal with some
shortcomings of the classical techniques as a re-
sult of their increased speed, accuracy, and sensi-
tivity. The traditional PCR technique has also been
shown to be an efficient and economical approach
for the detection of V. dahliae in both plant and
soil specimens (Nazar et al., 1991; Pérez-Artés
et al., 2000; Kuchta et al., 2008). Enabling much
faster diagnostics than culture based approaches.

Another benefit of RT-qPCR is its ability to
combine sensitivity and quantification in one step.
This technique allows quantifying the presence of
fungal DNA and estimating both the biomass and
number of microsclerotia in the analyzed sample,
providing valuable data about the dynamics of

pathogens (Bilodeau et al., 2012; Kageyama et
al., 2003; Wei et al., 2015). Importantly, qPCR
makes it possible to detect the pathogen even
prior to symptom development, which makes it
an integral part of integrated management of ol-
ives infected by V. dahliae (Montes-Osuna and
Mercado-Blanco, 2020).

Some improvements have also been made
to PCR-based techniques. The nested PCR tech-
nique is able to detect organisms better by using
two rounds of amplification (Mercado-Blanco et
al., 2001; Pérez-Artés et al., 2005), whereas mul-
tiplex PCR makes it possible to simultaneously
detect different organisms in a single test (Inder-
bitzin et al., 2013). These advances have helped
shorten diagnosis times and increase confidence
in detecting pathogens (Gramaje et al., 2013;
Wang et al., 2013; Borza et al., 2018; Dan et al.,
2001; Gayoso et al., 2007; Duressa et al., 2012).

Apart from traditional PCR-based assays,
isothermal amplification methods were also em-
ployed as a consequence of their applicability un-
der field conditions. Methods such as Recombinase
polymerase amplification (RPA), Loop-mediated
isothermal amplification (LAMP), and Rolling
circle amplification (RCA) render any need for a
thermocycler unnecessary, thus providing more
rapid, portable, and convenient options for patho-
gen identification. Nevertheless, problems with
these assays include difficulties like contamina-
tion, nonspecific amplification, and primer-dimer
formation, all resulting in false-positive results.
(Joung et al., 2020; Wang et al., 2018a).

Hybrid platforms that integrate nucleic acid
amplification tests for speed and CRISPR-based
detection systems for specificity offer an opportu-
nity to address deficiencies inherent in using one
diagnostic method alone. For instance, LAMP-
CRISPR/Casl12a test combines the quick loop-
mediated isothermal amplification technique with
the CRISPR-Cas12a cleavage, thus making pos-
sible the specific detection of target DNA (Zhu et
al., 2022; Yang et al., 2022; Mahas et al., 2021; Li
et al., 2022; Fan et al., 2023). One of the quick-
est diagnostic approaches is the use of RPA-LFD,
which is recombinase polymerase amplification
combined with lateral-flow detection and that can
provide a result in 25 minutes compared to more
than 2.5 hours required for PCR or 1 hour for
LAMP (Ju et al., 2020; Reid et al., 2018).

However, these techniques are not as highly
validated for VWO (Table 2). The nested and du-
plex nested PCRs were developed and validated
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in olive plants to test for D and ND pathotypes,
with the latter removing ambiguous results due
to heterologous amplification of the D pathotype
marker gene in ND-infected plants (Mercado-
Blanco et al., 2003). The LAMP test that was ap-
plied to soils of the olive orchard was able to de-
tect 5 microsclerotia per gram of soil artificially
inoculated with the fungus, and LAMP (26 of 32)
and direct LAMP (24 of 32) gave more positive
results than nested PCR (22 of 32) (Moradi et
al., 2014). The colorimetric LAMP technique ap-
plied to crude extracts of naturally infected olive
woods gave results within 35 min and detected
lower infection rates than nested PCR and SYBR
gPCR in un-purified extracts, at a 80% sensitiv-
ity rate through multisampling (Megariti et al.,
2024). However, the RPA and CRISPR/Casl2a
techniques mentioned above were mainly dem-
onstrated on other pathogens/hosts, and there is
no olive plant validation for V. dahliae in our re-
search; hence, these techniques can only serve as
proof of concept for VWO (Table 2).

Aside from the molecular approaches, Re-
mote sensing also provides a non-destructive ap-
proach towards assessing crop growth and devel-
opment through the detection of electromagnetic
radiation that is either emitted, reflected or back-
scattered by plants. With respect to Verticillium
wilt disease, remote sensing techniques such as
multispectral, thermal, and hyperspectral imag-
ing have proven successful in early detection of
symptoms of infection in olives. When integrated

into unmanned aerial vehicle (UAV) systems,
remote sensing techniques allow rapid mapping
and analysis of the occurrence of disease. Image
processing and the computation of vegetations
indices provide information regarding healthy
trees, trees with moderate infection and severely
infected trees. Remote sensing is used to make
decisions and actions needed to prevent the fur-
ther spreading of Verticillium Wilt (Calderon et
al., 2013; Martinelli et al., 2015). Moreover, the
use of UAV imagery-based vegetation indices as-
sists in evaluating the plant stress caused by V.
dahliae infection, thereby facilitating effective
disease management.

However, the remote sensing signals cor-
respond to the physiological effects of vascular
disruption, primarily water stress, but not the
pathogen per se. The physiological variables of
canopy temperature, the Crop Water Stress In-
dex, blue-band vegetation indices and chloro-
phyll fluorescence have been used successfully
for the early diagnosis and categorization of
different severities of natural infection (Calde-
ron et al., 2013). In applying the technique to
a commercial olive-producing area with 3,000
hectares, Calderon et al. (2015) obtained an av-
erage accuracy rate of 59.0% using the linear
discriminant analysis technique but an accuracy
rate of 79.2% using support vector machines.
However, both techniques were highly diver-
gent in their detection of early infection. In ad-
dition, other causes, such as drought, nutrition

Table 2. Validation status of detection methods for V. dahliae in olive

infected trees (Megariti et al., 2024)

Method Evidence in olive / V. dahliae Stage for VWO Main limitation
Is_olatlon and results in 6-8 weeks (Ju et al., 2020). Established SIow;_deIays diagnosis and allows
virulence tests unnoticed spread.

Nested / duplex Validated in planta for D and ND pathotypes | Established L:?hoorag]rﬁiz?r?tl)z?s:ti;n?:s\fel
nested PCR in olive (Mercado-Blanco et al., 2003). (laboratory) P 9 :
complicates sampling.

Protocols developed to quantify V. dahliae | i iicheq Needs purified DNA and
qPCR DNA in olive tissues (see Montes-Osuna and (laboratory) thermocycler

Mercado-Blanco, 2020). ry yeler.

Olive-orchard soils (Moradi et al., 2014); Validation in Limited number of orchards/
LAMP crude olive wood extracts from naturally progress; field- cultivars; contamination and false

oriented prototypes | positives need control.

Evidence mainly from other hosts or

RPA/RPA-LFD, pathosystems; no olive-specific validation

Proof of concept for | Sensitivity and specificity in olive

RCA identified in our search. olive tissues unknown.
LAMP-CRISPR/ Demonstrated for other pathogens (Zhu et al., Proof O.f concept; Requires olive-specific design and
. not validated for S
Cas12a 2022; Yang et al., 2022). validation.
VWO

Remote sensing Olive-specific studies in naturally infected aztr?(t:;sept;){iglc;gg:.c:lestarreast?ofther
(thermal, orchards (Calderon et al., 2013, 2015); Validated at P gen, sep

L L from drought and nutrient stress
hyperspectral, discrimination from Xylella fastidiosa (Poblete |research scale not demonstrated: around truthin
UAV) etal., 2022). -9 9

needed.
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problems, and other vascular or root diseases,
can lead to a signal that may be misinterpreted.
Therefore, ground-truth measurements and mo-
lecular diagnostics are still important in validat-
ing remote sensing maps and cannot replace the
traditional diagnostic tests. However, research
on olive trees is only available for few orchards
and geographic locations. Thus, more validation
under varying conditions, especially North Af-
rican orchards, will be needed in order to test
the validity of these techniques. Likewise, while
Navrozidis et al. (2023) used machine-learning
algorithms to classify olive diseases from hyper-
spectral data, the techniques were only validated
on a few orchards. Thus, digital agriculture can
be viewed as a complement to molecular diag-
nostics and not a replacement, hence the need
for more validation.

INTEGRATED DISEASE MANAGEMENT
STRATEGIES FOR V. DAHLIAE-
INDUCED WILT IN OLIVE

V. dahliae is known to be a difficult phy-
topathogen due to lack of management strat-
egies and its ability to infect plant tissues as
well as form microsclerotia that can persist for
many years (Calvo-Pena et al., 2025). Chemi-
cally, there are not enough methods to treat this
pathogen and since the elimination of fumiga-
tion chemicals like methyl bromide according to
the Montreal Protocol is inevitable, the situation
gets worse (Panth et al., 2020).

The significance of Verticillium wilt of ol-
ive (VWO) can be justified by: (a) a very high
degree of susceptibility for most olive varieties

-Koroneiki
\ -Frantoio

Resistant olive genotypes

-Atsiholou

-Soil fumigation: Methyl

bromide, Chloropicrin

-Fungicides: Aureofungin,

Benomyl, Captan, Thiram,

(Lopez-Escudero and Mercado-Blanco, 2011;
Trapero et al., 2013); (b) lack of chemical so-
lutions for this disease (Lopez-Escudero and
Mercado-Blanco, 2011); and (c) a long life
cycle in soil, up to 14 years (Tjamos and Jimé-
nez-Diaz, 1998). Climate changes might make
it more difficult for farmers to handle this issue
(Kocmankova et al., 2009). Neither one method
nor a combination can solve the problem com-
pletely due to the extensive host range and per-
sistence of this pathogen in the environment
(Schnathorst, 1981). Thus, efficient control
measures should be aimed at minimizing mi-
crosclerotia in soil and inhibiting germination
(Antonopoulos et al., 2008).

Considering the longevity of microsclerotia
and the ineffectiveness of fungicides, control has
been directed towards preventive and ecological
means of disease management (Lopez-Escudero
and Mercado-Blanco, 2011; Lopez-Moral et al.,
2021). In view of the low efficiency of the individ-
ual measures, it is recommended that IDM be used,
which entails the integration of cultural practices
(Figure 7), resistant genotypes, selective chemi-
cals, antagonistic microbes, plant defense elicitors,
and phytochemicals (Milgroom et al., 2014).

An effective approach towards combating
the V. dahliae infection demands an IDM system
including both pre-planting and post-planting
approaches (Tsror, 2011; Jiménez-Diaz et al.,
2012). Since the number of fungicides that can
act as preventers or treatments is limited, differ-
ent practices must be undertaken before planting
as well as after planting to minimize the chances
of infection (Lopez-Escudero and Mercado-
Blanco, 2011; Mulero-Aparicio et al., 2020;
Santos-Rufo and Rodriguez-Jurado, 2021).

Cultural practices

limination: infected par\
pruning residues
Regular pruning
. Tree density, air circulatio/

-

29

Alternative control methods

-Benefocial fungi :(AMF).\

-Benificial bacteria:Bacillus sp

-Amendments: Compost...

Figure 7. Control scheme for Verticillium wilt of Olea europaea due to V. dahliae infection
(Milgroom et al., 2014)
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Preventive measures and pre-planting
strategies

The right agricultural practices are vital for
olive pest and disease management, and even
more so for minimizing Verticillium wilt. Preven-
tion measures are very effective in decreasing dis-
ease occurrence and spreading. Decisions made
before planting, including site selection, planting
density, and orchard design, play an important
role in disease prevention due to the conditions
favoring disease development such as lack of
aeration, poor light, and high humidity. Pathogen-
free propagation material (Morello et al., 2016),
optimal irrigation management (Baroudy et al.,
2018), and monitoring should be applied. Patho-
gens can also be controlled using disinfection
through chemigation (Gomez-Galvez et al., 2019,
2020). Nutritional and irrigation management are
crucial when using fertilization irrigation (ferti-
gation) (Barranco et al., 2010).

Disinfection in irrigation systems is achieved
through hypochlorites and chlorine gas. However,
chlorine gas must be handled with care since it
has corrosive tendencies and must be controlled in
terms of pH and concentration (Newman, 2004).
Alternation of crops with non-host plants or us-
ing resistant varieties decreases the inoculum in
the soil (Fan et al., 2020). Activated peroxide and
quaternary ammonium compounds have been used
in Spain to avoid biofilms in irrigation systems
(de Linan-Vicente and de Lifian-Carral, 2019). It
should be noted that certain cultural methods like
spreading manure containing infected plant debris
can actually disseminate the pathogen (Lopez-Es-
cudero and Blanco-Lépez, 1999).

Quantification of V. dahliae microsclerotia
before crop planting is a critical step in the man-
agement of the disease. PCR-based tests provide a
rapid means of detecting and quantifying V. dahl-
iae in plant samples (Dan et al., 2001; Hu et al.,
1993; Li et al., 1999) and soil samples (Mahuku
and Platt, 2002). Competitive PCR with an inter-
nal standard will enable relative quantification of
V. dahliae, providing greater comparability among
test results. Knowledge about the specific pathot-
ypes associated with a particular field is also cru-
cial since, in general, olive cultivars have higher
susceptibility to the defoliating (D) pathotype
than to the non-defoliating (ND) pathotype and,
hence, growing olive plants that are prone to D
infection in D-infected soils is not a good practice.
The information regarding soil inoculum levels
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may be useful in a risk prediction model for the
development of Verticillium wilt of olive (VWO),
and hence pre planting soil tests are valuable tools
in VWO prevention (Lopez-Escudero and Blanco-
Loépez, 2007; Pérez-Artés et al., 2005).

New development areas for olives are usu-
ally sites where the previous crops were hosts to
V. dahliae (cotton, potato, and sunflower), rais-
ing the chance of having this pathogen infect
the crop. In terrains with hills, the site selected
should have slopes that are well exposed to sun-
light (south, southwest, southeast, west, or east);
low lying sites with poor air circulation, imper-
meable soil, and proximity to water sources such
as rivers should be avoided (Agosteo and Schena,
2011). Ensuring good soil drainage and adopting
practices that reduce soil moisture also help lower
disease incidence.

Historically, Mediterranean olive tree density
was set at 100 to 300 trees per hectare. In recent
times, there have been increased plant densities
ranging from 300 to 400 trees per hectare up to
very high densities, such as more than 1,500 trees
per hectare (Hall, 2011; Lopez-Escudero and
Mercado-Blanco, 2011; Connor et al., 2014).

For such optimization, a combined strategy
involving orchard design, pruning, controlled
deficit irrigation, and fertilization is necessary. All
this is needed for reducing canopy humidity and
better penetration of fungicides, thus decreasing
the incidence of infection (Connor et al., 2014).
According to Requena-Mullor et al. (2020), cor-
rect irrigation at crucial times of pathogen pres-
ence (spring and fall) may prevent the manifesta-
tion of symptoms.

The approach focuses on the utilization of
preventive and sustainable measures which mini-
mize the reliance on artificial chemicals. One
such measure is the use of natural alternatives
which possess low persistence, high bioactivity,
low mammalian toxicity, and environmental safe-
ty and therefore can be used effectively as compo-
nents in the management of VWO as substitutes
for chemical fungicides (Varo et al., 2017; Gea et
al., 2019). In their study assessing the effective-
ness of twenty EOs against V. dahliae, Varo et al.
(2017) established that EOs of Thymus spp. are
most effective in inhibiting both the growth of the
fungus and microsclerotia germination.

Soil solarization is another validated, sustain-
able pre planting control for V. dahliae (Lopez-
Escudero and Blanco-Lopez, 2001). By covering
soil with transparent plastic to trap solar heat,
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solarization reduces populations of soilborne
pathogens, nematodes, and weeds. It is particu-
larly useful soon after pathogen introduction and
has documented benefits for disease reduction
and soil health, so broader adoption is recom-
mended (Gamliel and Katan, 2012; Panth et al.,
2020; Simmons et al., 2014).

Organic amendments and biostimulants

Beyond classical biological control agents,
several soil amendments and biostimulants show
promise against V. dahliae in olive cultivation.
One such promising approach is the use of bio-
char as a soil amendment.

Biochar improves soil structure, boost mi-
crobial diversity, and suppress some soilborne
pathogens, including V. dahliae (Poveda et al.,
2021). Furthermore, the deployment of biostimu-
lants and biological fertilizers gained popularity,
not only for enhancing plant nutrition but also for
contributing to disease suppression and increas-
ing stress tolerance in plants (Compant et al.,
2016; Hassani et al., 2018; Lopez-Moral et al.,
2021). Their use is increasing as part of sustain-
able crop management.

Marine algal extracts (alginate, laminarin, car-
rageenan, ulvan) act as elicitors in olive, upregulat-
ing defense enzymes such as phenylalanine ammo-
nia lyase (PAL) and promoting lignin deposition,
which reduces the extent of vascular discoloration
in infected shoots (Salah et al., 2018).

Arbuscular mycorrhizal fungi (AMF) are
particularly beneficial for increasing nutrient up-
take, reducing plant stress, and limiting pathogen
establishment at root infection sites (Bagyaraj,
2018; Pozo et al., 2010; Singh et al., 2019).

Overall, combining these measures, Bios-
timulants which include microbial, botanical,
and chemically derived formulations are now a
key component of sustainable crop management
because they reliably improve plant growth and
health (Corsi et al., 2022). In the case of olive
plants, biostimulants have been reported to en-
hance vigor and confer some resistance to verti-
cillium wilt disease (Almadi et al., 2020; Regni et
al., 2021; Lopez-Moral et al., 2021).

Research indicates that entomopathogenic
fungi such as M. brunneum and B. bassiana
may decrease susceptibility to verticillium wilt
and reduce the soil inoculum level of V. dahliae
in sensitive olive genotypes (Lozano-Tovar et
al., 2017). Agricultural by-products abundant in

polyphenols including grape and olive pomace
have been found to have antifungal and phytotox-
ic properties. Olive mill wastewater (OMW) in
particular has notable in vitro antifungal activity
and can inhibit the growth of the fungus beyond
the microsclerotial region of V. dahliae (Soultatos
et al., 2025). These properties may be attributed
to the presence of nitrogen compounds such as
nitrate, which has the capacity to disintegrate mi-
crosclerotia (Tenuta and Lazarovits, 2002). Un-
fortunately, the increased cost and preference of
local cultivars limit their use.

Bioprotection at present means two things:
utilization of living organisms that are biocon-
trol agents, and use of naturally occurring bio-
active compounds (such as extracts from plants
and crustaceans) (Collinge et al., 2022; Stenberg
et al., 2021). In the past couple of decades, there
have been various kinds of biological/ecological
techniques that have been investigated for their ef-
fectiveness against VWO: organic fertilizers, es-
sential oils, seaweed extracts, plant biostimulants,
natural fertilizers, and microorganisms. Mycorrhi-
zal fungi are special since not only do they sup-
press the growth and virulence of V. dahliae but
they also prime the plant defense response (Mon-
tes-Osuna and Mercado-Blanco, 2020; Lopez-
Moral et al., 2021; Poveda and Baptista, 2021).

Biocontrol has often been advocated as a sus-
tainable solution to decrease the use of pesticides,
with reduced chances of developing resistance
when compared to single site fungicides; yet, the
sustainability of biocontrol for olive trees has
hardly ever been evaluated(Pandit et al., 2022;
Shang et al., 2024). However, in controlled ex-
periments, there were several materials from na-
ture that decreased the incidence of V. dahliae,
and microorganisms serve as “mini chemical
factories” capable of producing different bioac-
tive compounds (Berdy, 2005). Rhizobacteria
such as Pseudomonas (Mercado-Blanco et al.,
2004; Goémez-Lama Cabanas et al., 2018b) and
Paenibacillus (for example P. polymyxa PIC73)
have shown promising activity against VWO in
planta, mainly under controlled conditions (G6-
mez-Lama Cabanas et al., 2018a). Streptomyces
species are also promising BCAs (Calvo-Pena et
al., 2023; Diaz-Diaz et al., 2024).

BCAs work through multiple mechanisms:
enhancing soil suppressiveness, establishing as
endophytes, direct antagonism of the pathogen,
and eliciting host defenses (Tjamos et al., 2004,
2005; Ruano-Rosa et al., 2017; Varo et al., 2018;
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Mulero-Aparicio et al., 2019a,b; Azabou et al.,
2020; Montes-Osuna and Mercado-Blanco, 2020;
Lopez-Moral et al., 2021; Poveda and Baptista,
2021). For example, Paenibacillus alvei K165
suppresses microsclerotial germination and con-
trols the defoliating pathotype in ‘Kalamon’
olives (Markakis et al., 2016). Co-inoculation
with Lactobacillus plantarum and Streptomyces
spp., combined with olive-mill waste compost,
reduced disease incidence by about 80% in one
study (Varo-Suarez et al., 2018).

Biocontrol tends to be most effective in con-
trolled settings such as nurseries and greenhous-
es, whereas evidence from commercial orchards
remains limited; However, the use of biological
control agents (BCAs) in the propagation pro-
cess has proven to be a viable method, especially
for its potential to prevent infections at an early
stage, despite the lack of empirical data to support
this claim. (Angelopoulou et al., 2014).

Recently, research has focused on the role of
olive microbiome in developing novel strategies
for biocontrol. Epiphytic and endophytic micro-
bial associations in olive trees play an important
role in maintaining plant wellbeing. Utilization
of Synthetic microbial communities (SynComs),
Agosteo SynComs are a promising but still ex-
ploratory approach; whether they provide more
robust or durable protection than single strains
has not been demonstrated against V. dahliae.

The majority of literature on the topic of bio-
stimulant and biocontrol use in olives was con-
ducted under controlled conditions. The screen-
ing of 32 compounds found that Aureobasidium
pullulans and Phoma sp. were among the most
efficient treatments applied to the foliage (Lopez-
Moral et al., 2021). However, further research
admitted that the efficiency of the majority of
these substances has not yet been proved in natu-
ral olive plantations (Lopez-Moral et al., 2022).
This means that the efficiency of those treat-
ments cannot be compared between themselves
and with field experiments, due to differences in
methods of inoculation, density of the inoculum,
pathotype, cultivar, age of the plant and timing
of application. That is why literature recommends
conducting screening under field-like conditions.

Further evidence, published since 2023, pro-
vides additional support for this precaution, but is
still limited to controlled environments. In a two-
year programme, 25 candidates were tested in vi-
tro, in planta and in the field; of these, only a few
(e.g. A. pullulans, F. proliferatum, T. asperellum
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and B. velezensis strains) were able to reduce
disease in ‘Picual’, while an even fewer number
was validated in the field (Muhammed-Ahmed et
al., 2026). Such reduction in the number of can-
didates indicates that in vitro antagonism is not
a good predictor of the field performance. The
greenhouse experiments support this trend: R.
irregularis decreased disease severity, incidence
and defoliation in ‘Picholine Marocaine’, as well
as increased lignin and phenolic accumulation
(Boutaj et al., 2025), while a consortium of P,
yamanorum and T. longibrachiatum with olive-
mill-waste compost reduced symptoms up to 80%
on detached leaves, however, depending on the
variety (Hajji-Hedfi et al., 2026a,b). There have
been screened Trichoderma strains as native can-
didates (Carrasco et al., 2024).

With the unreliable results obtained by us-
ing inoculants of single strains, researchers have
started looking at SynComs as an improved so-
lution. However, for the olive tree, most of the
information about its rhizospheric microbiome is
largely descriptive.

An integrative management strategy can be
adopted whereby resistant/tolerant genotypes (or
grafting the susceptible genotype onto resistant
genotypes) and proper irrigation/cultivation tech-
niques are used to reduce inoculum spread (Jimé-
nez-Diaz et al., 2011; Bubici and Cirulli, 2012;
Jiménez-Fernandez et al., 2016). The genotype-
to-phenotype approach has been useful in iden-
tifying some of the candidate genes for disease
resistance using transcriptome analysis on a small
set of cultivars (Jiménez-Ruiz et al., 2019; Leyva
Pérez et al., 2018). Resistance mechanisms in-
volve the action of pattern-recognition receptors
(PRRs) that identify PAMPs to elicit PTI respons-
es, and specific resistance proteins that recognize
effectors to induce ETI (Jones and Dangl, 2006;
Bacete et al., 2018).

Resistance rootstock has a role in reducing
susceptibility, delaying disease development and
the progression rate (Porras-Soriano et al., 2003;
Bubici and Cirulli, 2012; Yildiz et al., 2020). Us-
ing resistant varieties is the most practical ap-
proach to managing VWO, but the prevalence
of defoliating type pathogens can limit its effec-
tiveness (Jiménez-Diaz et al., 2011, 2012). There
are no varieties that have full immunity to the
infection (Bubici and Cirulli, 2012; Trapero et
al., 2013, 2015; Garcia-Ruiz et al., 2014; Montes-
Osuna and Mercado-Blanco, 2020), but ‘Empel-
tre’, ‘Frantoio’, ‘Oblonga’ and ‘Changlot Real’
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varieties have demonstrated high resistance lev-
els by slowing down disease symptoms, recovery
and low death rates (Lopez-Escudero et al., 2004;
Lopez-Escudero and Mercado-Blanco, 2011).

Several wild genotypes also show strong re-
sistance to the defoliating race, which makes them
interesting for rootstock development (Jiménez-
Fernandez et al., 2016). Their asymptomatic nature
is correlated with reduced growth of the pathogen
and limited acrosetal colonization, an essential cri-
terion for rootstock selection (Jiménez-Fernandez
et al., 2016; Beckman and Talboys, 1981).

Current screening has increased the sample
size of genotypes but has also revealed the limi-
tations of the evidence. Of 77 genotypes tested
for resistance against defoliating isolates, only
7.8% have been found to be highly resistant (six
genotypes, including Frantoio and Ghiacciolo),
24.7% were found to be resistant, while 67.6%
were found to be moderately to highly suscep-
tible, some even more susceptible than Picual
(Vizzarri et al., 2026). Resistance is thus not com-
mon; however, the above findings are based on
five plants per genotype, one isolate, ten weeks of
study, and one temperature regime.

Resistance has been associated with vascular
structure (Santos-Rufo et al., 2023) and plant re-
actions in a wide range of cultivars (Serrano et al.,
2023); however, these studies have been largely
descriptive and have not led to selection markers
that have been verified. Breeding programs for
disease resistance also tend to be time-consuming
(Valverde et al., 2023) and resistant rootstock can
be ineffective in soil environments with high in-
oculum concentration (Valverde et al., 2021).

Alternative control methods

Numerous research articles propose different
methods to overcome V. dahliae. The suggested
means of dealing with this problem include or-
ganic substances extracted from olive mill waste
(OMW), such as composts, extracts, as well as
microorganisms that live in this waste. These ma-
terials have shown positive results in laboratory
experiments and, in some cases, in field studies,
although results should be interpreted with caution
given the heterogeneity of protocols and the limit-
ed number of olive-orchard trials. As OMW exhib-
its antifungal properties, it presents an ecologically
safe alternative in combating plant diseases.

Allium species (onions, garlic, Welsh onions)
produce organosulfur compounds that have been

extensively investigated for their antibacterial na-
ture. The antifungal properties observed against
V. dahliae suggest their suitability as biological
control agents for V. dahliae (Sarfraz et al., 2020;
Deberdt et al., 2012; Sorlozano-Puerto et al.,
2018, 2020; Borlinghaus et al., 2014). Consider-
ing the prevalence of the crops and the natural an-
tibacterial properties possessed by the chemical
compounds produced, they can be considered as
one feasible eco-friendly method of controlling V.
dahliae in olive groves.

Plant extract alternatives are becoming in-
creasingly important. The effect of pomegranate
peel and carob leaf extracts was first characterised
against V. dahliae, slowing down disease develop-
ment in olives (Anton-Dominguez et al., 2024a);
thereafter, these extracts were suggested as be-
ing potential inducers of host resistance (Anton-
Dominguez et al., 2025a). Likewise, natural-based
commercially available products were studied as
bioprotectors (Anton-Dominguez et al., 2024b),
and one particular product based on onion extract
had a biostimulant effect and protected against
Verticillium wilt (Falcon-Pineiro et al., 2024).
The majority of those results have been obtained
in controlled conditions; field experiments are
scarce, but nonetheless, a set of 19 natural prod-
ucts and microorganisms were evaluated in field
conditions (Agusti-Brisach et al., 2025), building
on previous works (Mulero-Aparicio et al., 2020).
Plant nutrition was also investigated since nitro-
gen and potassium unbalance was studied as a
possible factor affecting susceptibility to Verticil-
lium wilt (Lopez-Moral et al., 2022). However, for
all those treatments, standardisation of the extract
content, doses, timing and costs, together with
commercial validation, need to be established.

Post-planting control measures

Biofumigation consists of incorporating
plant tissues rich in glucosinolates (GSLs) into
the soil to suppress soilborne pathogens (Wei et
al., 2016). In the presence of disruption of the
GSL-containing tissues, myrosinase enzyme
catalyzes the conversion of GSLs to isothiocya-
nates (ITC) that have a biocidal action on soil
pathogens (Kirkegaard et al., 1993; Kirkegaard
and Matthiessen, 2004). GSLs are found in sev-
eral families of plants belonging to the Cappa-
rales order, especially the Brassicaceae family
(Fenwick et al., 1983; Brown and Morra, 1997;
Van Dam et al., 2009).
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Of these, brassica species with high levels of
glucosinolates have especially been found to be
successful in reducing the population of V. dahli-
ae in the soil, and their early use as biofumigants
has been shown to reduce VWO infection rates
and increase yields, validating their use as a post-
establishment measure in olive cultivation.

Control of V. dahliae is challenging due to
its long period of survival in the soil in the form
of microsclerotia for up to 14 years and also its
capacity to survive as an endophyte in xylem tis-
sue of the host plants (Pegg and Brady, 2002; Al-
strom, 2001). Chemical control measures are still
limited (Trapero et al., 2015; Mulero-Aparicio et
al., 2020). Chemigation using disinfectants via
drip irrigation has been considered as a promising
component of integrated VWO management.

Various chemicals have been reported to in-
hibit growth of V. dahliae, such as aureofungin,
benomyl, captan, thiram, fosetyl-Al, azoxystrobin,
trifloxystrobin and acibenzolar-S-methyl (Lopez-
Escudero and Mercado-Blanco, 2011). Addition-
ally, Conn et al. (2005) also reported that ammo-
nium chloride can induce microsclerotial degrada-
tion under certain conditions, suggesting targeted
chemical interventions may offer additional con-
trol options when integrated with other strategies.

RECENT ADVANCES — OMICS AND
DIGITAL AGRICULTURE

Most recently, omics-based investigations
into the plant species-specific response have re-
focused on the constitutive, rather than induced
defences (Leyva-Pérez et al., 2018; Jiménez-Ruiz
et al., 2019). Expanding upon that, the transcrip-
tome analysis of wild olive clones revealed the
association of the resistance to the D pathotype
with the lignification and phenylpropanoid me-
tabolism as well as the development of systemic
acquired resistance. Despite the similar levels
of total lignin between resistant and susceptible
clones, there was a difference in the monolignols
(Mascufiano et al., 2025). Similarly, in the study
using the LC-MS technique to profile the roots,
stems and leaves from ten different cultivars, cer-
tain metabolites were identified, whose presence
or absence was associated with the resistance or
susceptibility, respectively, which allowed for the
identification of potential biomarkers (Serrano-
Garcia et al., 2023). While such data can be used
for marker-assisted selection, the problem is that

526

it is still correlative, involves only a small set of
genotypes grown in controlled conditions, and, as
far as the authors know, was never validated as a
predictor of field resistance.

However, digital technologies are develop-
ing in parallel with the mentioned molecular
techniques. The UAV-based imaging with RGB
camera and subsequent analysis with YOLOVS
model was already used to identify the olive
trees and classify them according to their health
status (Mamalis et al., 2023). Further in this di-
rection, the three-stage machine learning model
based on thermal and hyperspectral features has
shown success in the differentiation of V. dahliae
and X. fastidiosa infections in 27 olive orchards
in Italy and Spain, producing the false-positive
rate of 4%, overall accuracy of 92% and kappa
coefficient of 0.8 for X. fastidiosa identification
(Poblete et al., 2021). In effect, it means that one
source of the confounding factors, another vas-
cular disease, was solved. However, whether the
distinction between the disease and drought or
nutrient stress can be made under varying irriga-
tion regime remains unknown.

Comparative synthesis of control strategies
and level of evidence

Control approaches based on the experimen-
tal system, evidence level, effect observed, short-
comings and field application potential have been
summarized in Table 3. Any quantifiable reduc-
tion of effects is presented only when such data
have been mentioned in the reviewed sources;
the effect sizes can be incomparable among the
experiments. For the olives, the most convincing
evidence exists regarding resistant cultivar utili-
zation and clean planting material, while biologi-
cal and biostimulant approaches have promising
potential but are mainly supported by controlled
environment experiments.

Three aspects that need to be known to con-
duct a practical comparison are scarcely known
in olives. First, studies of host resistance and
orchard management are usually performed in
several seasons, while information on biologicals
and biostimulants is based on studies conducted
in one season or in laboratory conditions. Second,
the effect of cultivar and pathotype on the per-
formance of resistance is known; however, reac-
tion of the cultivar depends on the pathotype and
temperature (Calderdn et al., 2014). Performance
of BCAs is well studied as strain-dependent, and
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Table 3. Comparative summary of control strategies for Verticillium wilt of olive

Strategy Host and experimental Evidence Reported effect Main limitations F'.eld
system level readiness
s ‘Frantoio’, ‘Empeltre’ Few resistant
ﬁg\éi];'t?g?,-agriggmroned and ‘Changlot Real’ cultivars; agronomic Hiah
Resistant cultivars ' 9 1-2 show high resistance; |and commercial traits; on
programme (Valverde et Y (available)
al., 2023) no cultivar is fully pressure of the D
v immune pathotype
Several wild genotypes
. Olive; controlled conditions strongly resistant . -
Resistant or (Jiménez-Fernandez et al to the D pathotvpe: Scion compatibility Moderate
tolerant rootstocks, 2016 Diaz-Rueda et al v 2 15 of 68 Zenotyges’ and field performance | (selection
including wild olive 2021) (22%) resistant in one need validation stage)
screening
Aureobasidium Efficacy not shown in
s Olive; controlled conditions pullulans, Phoma sp. yn .
Biostimulants and . . ) natural olive groves; |Low to
. (Lopez-Moral et al., 2021; 2 and copper phosphite
defence inducers 3 dependence on dose, | moderate
Lépez-Moral et al., 2022) among the most L .
U timing and cultivar
effective in planta
Biocontrol agents Olive; in vitro, nursery, Strain-dependent Inconsistent field
(Pseudomo:?as greenhouse and soil suppression; a performance; Low to
Bacillales ’ experiments (Gémez- 2.3 non-pathogenic F. formulation and scale- moderate
Fusarium, Lama Cabanas et al., oxysporum strain up (Deketelaere et (nurseries)
Stre tom’ces) 2018a; Mulero-Aparicio prevented symptoms in | al., 2017); few field
ptomy et al., 2020b) naturally infested soil studies
Mainly other hosts Disease reduction in
Synthetic microbial | (cotton; Wu et al., 3.4 cotton: no olive field Host transferability; Low
communities 2024); olive microbiome lid . identified strain compatibility (exploratory)
characterisation validation identifie
gr:lgeanndlfnents Olive and other hosts; Variable; in a bioassay, Heterogengogs
olive mill waste, laboratory to field (Varo- ?égﬁiengastvz:i:n post glric\)/teo_ccz)?lcsh,elllrrglted
essential oils, Suarez et al., 2018; Lopez- 2-4 o Y o Variable
Allium compounds, | Escudero and Blanco- by 100% and other "a"dat'”F mostly
biofumigation ’ Lépez, 2001) amendments by pre-planting or site-
e ’ ’ 63-73% specific
solarisation p
No fully effective option; Environmental and
Olive; limited efficacy chemiyation underp ’ | regulatory constraints;
Chemical control | (Lopez-Escudero and 1-3 evaluagtion (Gomez- methyl bromide Low
Mercado-Blanco, 2011) . phase-out (Panth et
Galvez et al., 2020) al., 2020)

Note: Evidence levels: 1 — field studies in olive, 2 — controlled-condition studies in olive, 3 — in vitro/in silico

studies, 4 — studies on other hosts.

their effect on cultivars is poorly studied (Gomez-
Lama Cabanas et al., 2018a). Third, economic ef-
ficiency has not been quantified and is scarcely
known, and there is no cost-benefit analysis of
most approaches.

An integrative framework linking biology,
diagnostics and management

Verticillium wilt of olive can be organized into
the following four complementary pillars based
on their ability to address different stages of the
disease cycle : prevention (site history and patho-
gens free materials), host resistance (cultivars
and rootstock), inoculum reduction (biologicals,
amendments, and soil solarization), and adaptive
management (irrigation, scouting, mapping, and
sampling) (Figure 8 and Figure 9).

Biological and epidemiological knowledge
of the pathosystem is essential for developing
diagnostic methods and management strat-
egies. Since there is no single approach that
would be completely efficient (Lépez-Escu-
dero & Mercado-Blanco, 2011; Montes-Osuna
& Mercado-Blanco, 2020), the combination
approach should be used. The preventive pil-
lar includes pathogen-free planting material
and proper site and pre-planting selection.
The host resistance pillar, which has the most
olive-specific evidence base, includes plant-
ing only the resistant varieties/rootstocks. The
inoculum suppression pillar involves using
biocontrol agents, biostimulants, and organic
amendments, despite the lack of many stud-
ies in the field. Adaptive management com-
bines irrigation practices, climate-based risk
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Microsclerotia persist
up to 14 years

Soil assay (qPCR / LAMP)
Pathogen-free material
Pre-planting measures

2 Root infection

Microsclerotia formed in
dead tissue and litter

Feeds back to step 1:
soil assay and clean-planting
decisions

'

Wilting, leaf drop (D),
dieback, tree death

Thermal / hyperspectral imaging
+ molecular confirmation

e Verticillium wilt 0

cycle in olive

climate modulates
steps 2-4

Germination and penetration
of the root cortex

Biocontrol agents,
biostimulants (L2-3)
Irrigation scheduling

3 Xylem colonisation

Spread in vessels;
host defence response

Resistant cultivars and
rootstocks (L1-2)
PCR in planta

Colour-coded boxes show the disease stage (top) and the tools that act on it (bottom, bold); L = level of olive-specific evidence.

Figure 8. Disease cycle of Verticillium wilt in olive and the stages at which diagnostic and control tools act. L,
level of olive-specific evidence; D, defoliating pathotype
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Figure 9. Conceptual framework linking climate drivers, the olive—V. dahliae pathosystem, diagnosis and the
four management pillars, graded by level of olive-specific evidence (L1-L3 as defined in the note to Table 3)

assessment and sampling. Overall, these four
pillars, ranked according to the olive-specific
evidence base, create a comprehensive deci-
sion making framework linking the life cycle
of the pathogen and management practices.
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CONCLUSIONS

Olive cultivation is a cornerstone of Mediter-
ranean agriculture, but it is increasingly threat-
ened by Verticillium wilt, a severe disease caused
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by the soil-borne fungus V. dahliae. The pathogen
survives for long periods in soil, infects many plant
species, and is difficult to control, causing signifi-
cant economic losses in olive orchards. Current
management strategies are limited and rely mainly
on preventive measures, resistant cultivars, and
biological control. Sustainable approaches, includ-
ing beneficial microorganisms, organic amend-
ments, and natural plant-based products, also
show promise. An integrated strategy combining
advanced diagnostics, biological control, resistant
cultivars, and digital agriculture tools emerges
from the reviewed literature as the most promising
way to protect olive production and the long-term
sustainability of Mediterranean orchards.

The best supported components of olive
are resistant varieties, clean planting material,
knowledge of pathotype and molecular diagnosis,
and irrigation and agronomy, which are based on
field observations and experiments. Biological
control and biostimulants are based primarily on
laboratory experiments, while SynComs, CRIS-
PR-based diagnostics and specificity of remote
sensing indicators are still under research. An
integrated approach involving diagnostics, host
resistance, biological control and digital technol-
ogies looks like the most efficient way of protect-
ing olive from diseases. This approach is not vali-
dated by experiments as an integrated system but
is based on the fact that none of these measures is
efficient enough by itself and works at a certain
step of the disease cycle. Climate change makes
this system more complicated since temperature
and moisture conditions can affect the disease de-
velopment, reaction of varieties and efficiency of
protective measures.
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