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ABSTRACT

Grapevine dieback is an increasing concern in Morocco, where fungal pathogens, particularly Fusarium species,
are involved in disease development. This study aimed to isolate, identify and evaluate the pathogenicity of Fu-
sarium species associated with symptomatic grapevine plants. Fungal isolates were obtained from symptomatic
tissues and then identified using morphological and molecular approaches, Analyses revealed the presence of
isolates belonging to Fusarium solani (R1 and R3), Fusarium falciforme (R2 and A46), and Fusarium chlamydo-
sporum (D11). Pathogenicity was evaluated using herbaceous stem inoculation assay on grapevine. All isolates
were pathogenic, inducing progressive vascular lesions and foliar symptoms typical of Fusarium dieback. At 14
days post inoculation (dpi), isolate R1 was the most aggressive, with a 25.67 = 10.52 mm lesion length and 52.1%
height reduction compare to the control. This growth inhibition was directly associated with the expansion of the
necrosis, causing stem dieback and structural collapse. The isolate R2, A46 and D11 exhibited intermediate levels
of aggressiveness. At this stage, the foliar disease severity was significantly higher in all infected plants. By 21
days, the whole plant disease severity index reached 100%, confirming a lethal systemic infection. The pathogen
was successfully re-isolated from symptomatic tissues, fulfilling Koch’s postulates. To our knowledge, this study
represents the first report of F. solani and F. falciforme associated with grapevine in Morocco. Overall, this study
highlights the diversity and pathogenicity of Fusarium species associated with grapevine dieback in Morocco and
demonstrates the effectiveness of herbaceous stem inoculation for pathogenicity assessment.

Keywords: Vitis vinifera, pathogenicity test, herbaceous stem inoculation, vascular necrosis, disease severity in-
dex, grapevine wood diseases.

INTRODUCTION

The grapevine (Vitis vinifera) is an emblem-
atic crop that plays an essential role in the global
economy, particularly thanks to the wine indus-
try, which generates billions of dollars each year
(Khadatkar et al., 2025). According to the inter-
national organization of vine and wine (OIV), vit-
iculture holds a prominent place in many coun-
tries, including Morocco, contributing both to the

local economy and regional culture (OIV, 2022).
In addition to its economic value, the grapevine
is also a symbol of cultural heritage, often asso-
ciated with traditions, rituals, and ways of life
(Bustamante et al., 2024).

However, grapevines are highly susceptible to
various fungal diseases that threaten their health
and productivity. Among these diseases, downy
mildew (Plasmopara viticola), gray mold (Bot-
rytis cinerea), and powdery mildew (Erysiphe
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necator) are the most studied in the literature
(Georgiev et al., 2014). Wood diseases such as
Black Dead Arm and Eutypiose, are among the
most destructive diseases affecting vineyard sus-
tainability. The agents responsible for these dis-
eases cause the death of the grapevine over a more
or less long term (Bertsch et al., 2013; Bruez et al.,
2013; Larignon et al., 2009). Grapevine dieback is
also a common and significant disease, caused by
a multitude of fungal pathogens including Fusar-
ium wilt, which primarily manifests as a general
weakening of the plants, yellowing and wilting
of the leaves followed by dieback (Tayou et al.,
2026). It is also manifested by root rot, cankers on
the wood (brown/black), and discoloration of the
internal vascular tissues, hindering the circulation
of the sap (Akgiil et al., 2024).

The first studies on grapevine Fusarium wilt,
caused by Fusarium oxysporum f.sp. herbe-
montis, were first reported in 1940 in Brazil in
the states of Rio Grande do Sul, Santa Catarina,
and Sao Paulo (de Andrade et al., 1995; Gallotti,
1991; Garrido et al., 2004). Despite the detection
of grapevine Fusarium wilt in Brazil at that time,
research on this disease is still rare worldwide.

In Morocco, Fusarium wilt has historically
been overlooked, as it is not typically categorized
as a major or classic disease of the grapevine
(Tayou et al., 2026), unlike its devastating impact
other crops such as date palm (Bayoud), cereals
(Qostal et al., 2019a; Qostal et al., 2019b; Qos-
tal et al., 2025), legumes (El Hazzat et al., 2023;
Elbouazaoui et al., 2022), nursery plants of 7hu-
ja (EL Haddadi et al., 2019; El Haddadi et al.,
2021), or argan trees (El Rhoch et al., 2025).

A recent study conducted in Moroccan vine-
yards identified a diverse fungal consortium asso-
ciated with grapevine trunk diseases, compress-
ing ten Fusarium species (Kenfaoui et al., 2024).
Despite these advances, the diversity of Fusarium
species associated with grapevine dieback in Mo-
rocco, as well as their potential role is symptom
development, still requires further investigation.

The present study aims to contribute to a
better understanding of this fungal complexes.
Fusarium isolates were obtained from the roots of
grapevines exhibiting wilting symptoms and then
identified based on morphological criteria and
molecular analyses. A phylogenetic analysis was
also conducted to clarify their taxonomic rela-
tionship, while pathogenicity test was performed
on grapevines via simple inoculation of herba-
ceous stems to assess their pathogenic potential.
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This method involves inoculating the herbaceous
stems of greenhouse-grown plants with explants
derived from cultures of the studied Fusarium
species, enabling rapid symptom development.

MATERIALS AND METHODS

Isolation of plant pathogenic fungi

During the summer of 2023, in the Marrakech
region (Morocco), samples of grapevine plants,
traditional local variety (Doukkali, large-grain ta-
ble grapes), showing foliar symptoms (chlorosis
and necrosis), stunting, and especially decline,
were collected from five randomly selected fields,
totalling 50 plants (10 per vineyard). In the lab-
oratory, the roots showing necrosis and the base
of the stems of the diseased plants were cleaned
with running water to remove soil particles. A to-
tal of 500 fragments of infected vascular tissues
(roots and stem bases) were collected and disin-
fected for 2 minutes in a 0.5% sodium hypochlo-
rite solution, then rinsed several times with sterile
distilled water before being dried on sterile fil-
ter paper (Boukharta et al., 2012; Meddah et al.,
2011; Mouria et al., 2014). Next, the disinfected
fragments were transferred to PSA (Potato Sac-
charose Agar) medium composed of 200 g potato,
15 g agar-agar, 20 g of sucrose, and 1000 mL of
distilled water, and supplemented with 100 mg/L
chloramphenicol. The cultures were then incubat-
ed in the dark at 28 °C for 6 days.

The macroscopic and microscopic observa-
tion of the developed colonies allowed for the
identification of fungal species and the calcula-
tion of their isolation percentages (Pi) (Ouazzani
Touhami et al., 2000) using Equation (1)

NsX
Pi = —= % 100 (1
where: NsX — number of colonies assigned to an
individual species; NT — overall number
of colonies obtained from all isolated fun-
gal species.

Several fungal species have been obtained.
The isolates were purified by single spore culture.
A 5 mm agar plug bearing sporulating mycelium
was excised from a PSA culture, transferred to
10 mL of sterile distilled water, and vortexed to
obtained a spore suspension. 1 mL of these sus-
pension was spread onto water agar plates (15 g
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Agare-agare and 1000 mL distilled water), and
incubated at 28 °C. The plates were examined
every 24 h for spore germination. Germinated
spores were individually transferred to separate
PSA plates and incubated at the same tempera-
ture until colony development, resulting in mono-
sporic cultures. Based on their colony morphol-
ogy, growth characteristics, sporulation, and mi-
croscopic features, five representative isolates of
Fusarium were selected for morphological and
molecular identification.

Morphological description of Fusarium
isolates

The five isolates, R1, R2, R3, A46, and D11,
all obtained from grapevine roots, were first sub-
cultured from isolated conidia and stored on pieces
of filter paper at -20 °C (El Hazzat et al., 2022).
These Fusarium isolates thus collected were re-
plated in Petri dishes containing sterile PSA medi-
um. The examination was conducted based on the
development of the cultures on this medium. The
macroscopic observations focused on the appear-
ance of the cultures, the density of the mycelium,
its color, its growth, and the production of spores.
The microscopic examination, conducted using an
optical microscope at magnifications of x40, x100,
and x400, allowed for the observation of the na-
ture of the mycelium, conidiophore structure, co-
nidial morphology (shape and size), as well as the
presence of survival structures, particularly chla-
mydospores. For each isolate, approximately 50
conidia were measured from 3 independent plates.
The mounting medium used for microscopic ob-
servations is cotton blue. Morphological identifica-
tion was carried out based on the data from (Booth,
1972; Champion, 1997; Messiaen and Cassini,
1968; Nelson et al., 1983; Tivoli, 1988).

DNA-based identification of fungal isolate

Fungal genomic DNA was isolated from 15 mg
of fresh mycelial tissue employing the MagPureX
magnetic bead-based extraction kit, strictly follow-
ing the protocols provided by the manufacturer. the
Concentration and quality of the recovered DNA
were subsequently the manufacturer. The concen-
tration and quality of the recovered DNA were
subsequently evaluated by Nano Implant N50
spectrophotometer (Implen GmbH Schatzbogen,
Miinchen Waltham, Germany) by monitoring the
260/280 and 260/230 absorbance ratio.

For the molecular identification, PCR am-
plification targeted the ITS rDNA region using
the ITS rDNA region using the Multi-Gene Op-
tiMax Thermal Cycler. The amplification was
set up in a final volume of 20 pL, consisting
of 11 pL milli-Q water, 2 pLL 10X PCR buffer
(supplemented with MgCl, and dNTPs), 0.2 pL
x-VITA-Taq DNA polymerase, 1 pL pf template
gDNA, and specific primers: ITS1 (CTTGGT-
CATTTAGAGGAAGTAA) and ITS4 (TCCTC-
CGCTTATTGATATGC), in accordance with
White et al. (1990). The template profile com-
prised an initial denaturation step at 95 °C for
3 min, followed by 35 cycles of denaturation at
95 °C for 30 s, annealing at 55 °C for 30 s, and
extension at 72 °C for 30 s, concluded by a final
elongation at 72 °C for 7 min 25 s. post-ampli-
fication, the resulting PCR products underwent
purification via ExoSAP-IT kit. Bi directional
sequencing of the ITS rDNA gene was subse-
quently executed using the ABI PRISM BigDye
Terminator kit on an automated ABI PRISM
3130XL Genetic Analyzer.

Sequence alignment and phylogenetic
reconstruction

The ITS rDNA sequences obtained from the
isolates were deposited in the GenBank database
under the accession numbers PV752255.1 (isolate
D11), PV752252.1 (isolate A46), PV752253.1
(isolate R2), PV752254.1 (isolate R1), and
PV752251.1 (isolate R3). Sequence similarity
analyses were performed using the BLASTn al-
gorithm and UNITE Database (Abarenkov et al.,
2024) by comparison with reference sequences
available in the GenBank database. Multiple se-
quence alignments were determined with Clus-
talW algorithm implemented in MEGAT11 (Tamu-
ra et al., 2021). Phylogenetic relationships were
reconstructed using the Neighbor-Joining (NJ)
method (Saitou and Nei, 1987), and the robust-
ness of the inferred clades was assessed using
1000 bootstrap replicates.

Pathogenicity assessment

The pathogenicity of the five Fusarium iso-
lates, newly obtained from grapevine, traditional
local variety (Doukkali), was evaluated under
greenhouse conditions. Drawing inspiration from
studies that used detached woody shoots from
grapevines or citrus, inoculated with explants
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of the pathogen, to respectively test the patho-
genicity of Fusarium (Kenfaoui et al., 2024) or
other soil-borne pathogens (Boudoudou et al.
2023; Boudoudou et al. 2024), another simple
technique was adopted in this study. This tech-
nique was used to shorten the development of
symptoms in the inoculated plants. It involves
inoculating the herbaceous parts of young grape-
vine plants growing in plastic bags containing a
culture substrate made of Mamora sand and peat
(V/V). The herbaceous stems of the 8-month-old
plants were inoculated with fungal explants de-
rived from fungal cultures of the studied Fusari-
um species. In this regard, a longitudinal wound
of 8§ mm in length and 1 mm in width was creat-
ed in the herbaceous part of the stem (Figure 1).
Nine grapevine plants were used for each treat-
ment, including five Fusarium isolate and con-
trol. Each grapevine plants were considered is
one experiments unit, resulting in nine biological
replicates per treatment. A square mycelial plug
from a 10-day-old fungal culture growing on
PSA medium is placed on the wounded area of
herbaceous stem and then secured with adhesive
tape. For the control plants, a piece of sterile PSA
plug was applied to the wound in the same man-
ner. Afterward, the plants were brought back to
the greenhouse and watering was done every day.
The inoculated lesions were individually moist-
ened twice a day. The development of symptoms
in the inoculated plants was monitored over time.
Lesion length and width were measured using a
ruler at 14 days post-inoculation (dpi) and used
for statistical analysis.

The Figure 1 illustrates the artificial inocula-
tion process of Fusarium isolates into the herba-
ceous stem, followed by early symptom qualifica-
tion at 14 dpi including lesion size, foliar disease
severity index, and plant height, The final assess-
ment of whole severity plant at 21 dpi (created by
Biorender.com).

Assessment of the foliar disease severity
index

The foliar disease severity index (FDSI), was
used to assess disease intensity at 14 days post
inoculation, according to a predefined rating scale
reported by Douira et al., (1995) and Mouria et
al., (2007) (Table 1).

The notes related to the number of leaves
constitute the foliar disease severity index, which
was calculated using Equation 2:

Y(i x Xi) 2

FDSI =
6 X Ntf

where: FDSI — foliar disease severity index;
1 — foliar damage score (from 0 to 5);
Xi — number of leaves assigned to score i;
NtF — total number of evaluated leaves.

Plant height measurement

Plant height was measured from the stem
base to the apical meristem using a graduated
ruler at 14 dpi. In plants exhibiting structural col-
lapse, height was recorded as the vertical distance
from the stem base to the lowest structurally in-
tact point of the stem. These measurements were
performed on all replicates across all treatments
to quantify the impact of the disease on overall
plant growth.

Whole-plant disease severity assessment

Disease severity was evaluated at 21 days
post inoculation (dpi) using a qualitative scoring
system ranging from 0 to 4 (Table 2). The sever-
ity scale was established based on the symptom
progression observed on the entire plant.

Disease severity was expressed as mean se-
verity score + standard deviation. For standardize
comparison among treatment, severity score was
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Figure 1. Schematic workflow of the Fusarium inoculation protocol on herbaceous grapevine stems
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Table 1. Scale for evaluating foliar symptoms on
grapevine leaves inoculated with the tested Fusarium
isolates

Score Appearance of the leaves

0 Healthy-looking leaf

Yellowing of the leaf, less than 50% of the leaf
surface

More than 50% of the leaf surface is yellowed and
the onset of necrosis

1

2

More than 50% of the leaf surface shows necrosis

4 Leaf desiccation

Leaf drop

additionally converted into a disease severity in-
dex (WDSI %) using Equation 3:
Y(n xd)
DSI (%) = —————x 1 3

WDSI (%) = =73 00 3)
where: n — number of plants assigned of each

score; d — represent the disease score;

N —total number of plants; D — maximum

disease score (4).

Re-isolation

Following disease severity assessment, stem
portions adjacent to symptomatic area that re-
mained attached to the inoculated plantlets were
excised using a sterile scalpel and cut into small
fragments (5-10 mm in length), these fragments
were then re-isolating following the procedure
previously describe in initial isolation. Briefly,
surface sterilization with 0.5% hypochlorite solu-
tion, rinsed with sterile water, dried on sterile fil-
ter paper, and placed on PSA medium. For each
Fusarium isolate, 16 stem fragments collected
from different inoculated were plated onto four
petri dishes containing PSA medium, with four
fragments per dish. The plates were incubated for
7 days at 28 °C. Emerging fungal colonies were

Table 2. Whole-plant disease severity scale used to
evaluate symptom progression in inoculated grapevine

Score Symptom

0 Healthy plant

1 Slight foliar chlorosis or wilting of lower leaves

2 Moderate stem necrosis and leaf wilting

Severe defoliation, stem necrosis and stem

3 dieback
4 Complete plant collapse, terminal dieback or plant
death

purified and compared with corresponding inoc-
ulated isolates based on their morphological char-
acteristics. The re-isolation rate was calculated as
the percentage of inoculated plants from which the
corresponding fungus was successfully recovered.

The re-isolation percentage (PR) was deter-
mined using Equation 4:

Ns
PR % =—x 100 4
Yo N7 4)

where: Ns — number of stem fragments yielding
the target fungal isolate; N7 — total number
of stem fragments cultured.

Statistical methods

For the pathogenicity assessment, a com-
pletely randomized design was used with six
treatments (five isolates and one control). Nine
individual plants were evaluated per treatment
(n =9 biological replicates, for a total of plants).
Data distribution and homogeneity of variance
were systematically checked prior to statistical
testing. For non-parametric data resulting for
pathogenicity assessment (such as lesion length,
lesion width, foliar disease severity index, plant
height, and whole-plant disease severity), a
Kruskal-Wallis data was conducted, followed by
Dunn’s pairwise post-hoc test using the dunn.
test package in R software (4.4.0), with p-values
significant adjustment using the Holm-Bonfer-
roni methods. Conversely, parametric data, such
as re-isolation percentages, one-way Analysis of
Variance (ANOVA) was performed followed by
Tukey test (HSD) test for mean comparison p <
0.05 using the agricolae package in R.

RESULTS

Morphological characterization
of the isolates

The analysis of 500 fragement of vascular
tissus (root and stem bases) allowed the isolation
of several fungi, including 50 isolates belonging
to the genus Fusarium, which was the most rep-
resented genus (10%). Among these isolates, five
(R1, R2, R3, A46, D11) were selected for in-depth
analyzes based on their sporulation capacity and
their macro and microscopic characteristics.

The colonies of the R1 and R3 Fusarium
isolates exhibited a cream-white pigmentation
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with a fluffy aerial texture, while microscopic
observation revealed the presence of fusiform,
slightly curved macroconidia, with 2 — 3 septa,
measuring 20 — 80 um % 10 — 20 um for R1 and
30 — 85 pm % 10 — 20 um for R3, septate micro-
conidia measuring 8 — 11 x 2.2 — 2.8 um for R1
and 8 — 11 x 2.2 — 2.8 um for R3, and abundant,
globular, solitary or paired chlamydospores.
Isolates R2 and A46 developed white colonies
textures, with R2 exehibiting a cottony texture
and A46 a sub-cottony texture. Both isolates
exibited falcate (crescent-shaped) macroconid-
ia, with thin walls, 1 to 3 septa, and variable
dimensions. Isolate R2 produced macroconidia
of 50 — 70 pm x 10 — 11 pm, microconidia of
30 — 50 pum x 10 — 11 pm, and abundant chla-
mydospores. Isolate A46 developed smaller
macroconidia of approximately 40 — 60 pm %
10 — 20 um and microconidia of 20 — 40 pm x
0.9 — 11 pm. Finally, the D11 isolate exhibit-
ed cream-white to brown colonies, dense aerial
mycelium, with strongly curved macroconidia,
5 — 7 septa, measuring 35 — 50 pm x 3.8 — 5.2
um, scarce microconidia, 9 — 12 x 2.5 — 3.0 um,
and abundant chlamydospores, often arranged
in chains (Table 3; Figure 2).

These morphological differences suggest het-
erogeneity within the genus Fusarium. Specific
identification was established by sequencing.

Molecular identification

BLAST analysis of the ITS rDNA sequenc-
es, combined with taxonomic assignment us-
ing the UNITE database, indicated that all
isolates belong to the genus Fusarium. Isolate
D11 (GenBank accession number PV752255)
exhibited the highest sequence similarity to
Fusarium  chlamydosporum, whereas iso-
lates A46 (PV752252) and R2 (PV752253)
showed closest affinity to Fusarium falciforme.

Furthermore, isolates R1 (PV752254) and R3
(PV752251) displayed highest similarity to
Fusarium solani. Phylogenetic analysis based
on ITS rDNA sequences placed the five iso-
lates R1 (PV752254.1), D11 (PV752255.1),
R2 (PV752253.1), R3 (PV752251.1), and A46
(PV752252.1) within the genus Fusarium, a
taxonomically complex and genetically diverse
genus comprising several closely related spe-
cies belonging to the Fusarium solani species
complex (FSSC), including F. solani, F. fal-
ciforme, and F. keratoplasticum. Isolates A46
and R2 clustered with reference sequences of
Fusarium falciforme providing support for
their assignment to this species. Similarly, iso-
lates R1 and R3 grouped with well-character-
ized Fusarium solani reference strains, thereby
corroborating their taxonomic identification. In
contrast, isolate D11 occupied a distinct phylo-
genetic position within the same species com-
plex and showed closest affinity to Fusarium
chlamydosporum, indicating a divergent lin-
eage within the complex (Figure 3).

Evaluation of pathogenicity

Lesions developed and its impacts

The lesion that appeared on the herbaceous
grapevine stems depends on the tested. The in-
oculation, lesions developed on all the inoculated
stems. The lesions initially manifested as brown
spot canker-like spots. These arears gradually ex-
tended in depth, causing necrosis of the vascular
tissues. Both the length and width of the lesions
were measured at 14 days of post inoculation
(dpi) to assess the pathogenicity of the isolates.

Internal lesion length revealed highly sig-
nificant difference among the strains (p < 0.001).
Isolate R1 (F solani) produced the most exten-
sive lesion 25.67 = 10.52 mm, which represents

Table 3. Macroscopic and microscopic characteristics of different Fusarium isolates differentiated at the specific

level
Code | Colony color Texture Shape c.)f. Size of macroconidia Size of microconidia Presence of
macroconidia chlamydospores
R1 | Cream white Cottony Fusiform 20-80umx10-20um [ 8—11pum x 2.2 -2.8 um Present
R3 | Cream white Cottony Fusiform 30-85umx10-20um [ 8—11pum x 2.2 —-2.8 um Present
R2 White Cottony Falciform 50-70 um x 10— 11 ym | 30 — 50 ym x 10 — 11 ym Present
A46 White Sub cottony Falciform 40-60 um x 10 —20 ym (20 —40 ym x 0.9 — 11 ym Present
Creamy white Strongly
D11 to brown Cottony Curved 35-50um x3.8-52um | 9—-12 uym x 2.5 -3.0 ym Present
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R1 R3 R2

F. solani F. solani

F. falciforme

A46 D11

F. falciforme F. chlamydosporum

4
4
£y

L}

! )
\}% v =

Figure 2. Morphological identification of different Fusarium isolates: (A) macroscopic observation of
fungal colonies grown on PSA medium, (B) microscopic observation of Fusarium,
(a) macroconidia, (b) microconidia

a significant increase compared to the control.
The isolate R2, A46, and D11 showed intermedi-
ate values (from 18.33 = 3.8 to 20 + 6.20 mm),
while R3 present the limited progression among
the pathogens (16.89 = 3.55 mm).

This longitudinal progression was closely mir-
rored by traversal expansion of the lesions (p =

0.014). Isolate R1 again showed the highest capac-
ity of lateral incision, with a mean width of 2.78
+ 1.09 mm being significant to the control (1.33
+ 0.50 mm), followed by R2 (F. falciforme) with
2.56 + 0.73 mm. where the other isolates did not
differ from it. No significant differences were ob-
served between the isolates (Figure 4 and 5A-B).

. PQ788698.1 Fusarium solani strain Yg206

61

17

21 _|: KP881505.1 Fusarium solani isolate BI01

JX519332.1 Fusarium oxysporum isolate BuLt-10
5 MW898131.1 Fusanum solani isolate G02

PQ788760.1 Fusarium solani strain Wg502

—l 0Q396684.1 Fusarium falciforme isolate Yazdm23
MN540872.1 Fusarium keratoplasticum isolate L-2718/2012
MN545537 .1 Fusarium falciforme isolate L-2833/2012
OW987491.1 Fusarium paranaense
PQ803966.1 Fusarium solani isolate Snef 3222
LC745688.1 Fusarium falciforme sample733
MN326634 .2 Fusarium falciforme isolate P111
PQ656150.1 Fusarium oxysporum isolate IF7

® A46 PV752252 Fusarum falciforme

® R2PV752253 Fusarium falciforme

& D11 PV/752255 Fusarium chlamydosporum
@

[ ]

R3 PV752251 Fusarium solani
R1 PV752254 Fusarium solani
KY914560.2 Fusarium solani strain JALPK

—
—
a\_n‘:

Figure 3. Phylogenetic tree showing the relationships between isolates of Fusarium solani, Fusarium falciforme,
and Fusarium chlamydosporum (R1_PV752254, D11 PV752255,R2 PV752253, R3 PV752251,
and A46 PV752252) based on ITS region sequences. The phylogenetic tree was constructed
using the Neighbor-Joining method with the Kimura 2-parameter model and 1000 bootstrap replicates
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Leaf symptoms and foliar disease
severity index

In addition to the lesions observed on the
herbaceous stems, foliar symptoms were ob-
served on the inoculated grapevines. The
leaves exhibited progressive chlorosis, starting
at the margins and extending toward the cen-
tral blade, followed by the appearance of ne-
crosis and wilting, and ending with the drying

Control

or dropping of the leaves. The evaluation of
symptom severity conducted using the foliar
disease severity index (FDSI) was significantly
affected by the inoculations. The control plants
exhibited the lowest values (0.084 + 0.07),
while all the studied isolates induced a signif-
icant increase the FDSI (0.55 = 0.19 to 0.76 +
0.10; p < 0.001), with no significant difference
among them (Figure 4 and 5C).

Figure 4. Morphological and symptomatic progression of Fusarium infection:
(A) lesion on the herbaceous stem at 14 dpi, showing characteristic vascular browning;
(B) specific leaf symptoms, including marginal chlorosis and necrotic spots;
(C) general appearance of inoculated plants versus the control at 14 dpi, displaying initial wilting
and growth reduction; (D) final disease outcome at 21 dpi illustrating terminal dieback
and total desiccation of all inoculated plants. The chorological sequence
from (C) to (D) highlight the rapid systemic dieback of the host following infection
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Plant height and stem stability

Simultaneously, all inoculated plants showed
a significantly lower plant height compared to the
controls (p < 0.001). This reduction in growth
was directly linked to progressive lesion expan-
sion and the initiation of stem collapse induced
by the fungal infection. Among the tested strains,
isolate R1 induced the most marked reduction in

plant height, decreasing the height to 21.33 + 6.42
cm, which corresponds to a 52.1% reduction com-
pared to the control group. This was followed by
isolate A46 with a 45.0% reduction. The isolates
R3, A46, and D11 showed intermediate effects on
plant height, with no significant differences be-
tween them (p > 0.05) (Figure 5D). The progres-
sion of symptoms, particularly stem collapse, was
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Figure 5. Pathogenicity and growth impact of Fusarium isolates tested on grapevine:
(A) average lesion length on the herbaceous stem in mm, (B) average of lesion width in mm.
(C) foliar disease severity index, (D) plant height in cm, (E) whole plant disease severity index
based on a 0 — 4 qualitative scale. Date represents means + SD (n = 9). Different letters indicate significant
differences according to Kruskal-Wallis test following by Dunn’s multiple comparison (p < 0.05)
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ultimately reflected in the overall disease severity
assessed at a later stage.

Whole-plant disease severity index (WDSI)
and terminal symptom

Symptom progression was definitively cap-
tured by the disease severity assessment at 21 dpi.
Control plants maintained a low baseline severity
score of 1.22 +0.97, corresponding to a WDSI of
30.6%. In stark contrast, all Fusarium-inoculated
plants reached the maximum score of 4.0 + 0.0
(100% WDSI; p = 0.003), characterized by com-
plete plant collapse, terminal dieback and severe
tissue necrosis (Figure 4D; 5E).

Re-isolation

The re-isolation of infected grapevine stems
showed variable re-isolation rates depending on
the tested isolates. Isolate R1 was re-isolated
in 87.5% of the analyzed fragments. Isolate R3
showed a re-isolation rate of 68.75%. The isolates
R2, A46, and D11 showed average re-isolation
rates of 87.5%, 81.25%, and 56.25%, respectively
(Figure 6). This re-isolation confirmed the pen-
etration and establishment of these pathogens in
the plant tissues and the induction of the various
observed symptoms, thus meeting the criteria of
Koch’s postulates.

DISCUSSION

Inoculation test on herbaceous stems of Vitis
vinifera showed that all tested isolates are capa-
ble of inducing cankers on the stems, and cause
foliar symptoms, characteristic of Fusarium wilt
(de Sain and Rep, 2015; Qostal et al., 2025; Ram-
chandra and Bhatt, 2012). Morphological and
molecular analyses allowed the isolates to be as-
signed to the Fusarium solani species complex
(FSSC), including Fusarium solani (R1 and R3),
Fusarium falciforme (R2 and A46), and Fusar-
ium Chlamydosporum (D11). Although all were
pathogenic. Significant variability in pathogenic-
ity was observed among Fusarium isolate.

Isolate R1 (F. solani) showing the highest vir-
ulence, associated with more extensive longitudi-
nal lesions (25.67 £ 10.52 mm). This aggressive
colonisation of vascular tissues resulted in severe
inhibition of vegetative development. In compar-
ison, isolate R2, A46, D11 exhibited intermediate
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Figure 6. Percentage of re-isolation of Fusarium
isolates from stem tissues. Mean followed by the
same letter do not differ significantly according
to the Tukey’s HSD test (p < 0.05)

pathogenicity, while R3 (16.89 + 3.55 mm)
proved to be least virulence than R1.

The foliar disease severity index, evaluated
at 14 dpi was significantly higher in all isolates
compared to the control, reflects an overall physi-
ological effect of the infection, which is likely
to affect photosynthesis and, consequently, plant
vigor (Adnani et al., 2024; Huang and Luo, 2021;
Mendonca De Souza et al., 2023; Nogués et al.,
2002). Our results highlight a direct link between
the extension of necrotic lesions and impaired
host function. In particular, the extension of can-
kers causing a loss of structural integrity in the
stem at the inoculation point, leading to the onset
of collapse, which explains the drastic reduction
in plant height 52.3% for R1 compared to the
control.

The symptomatic progression, ranging from
leaf chlorosis to stem dieback, suggests a disrup-
tion in the plant’s water balance (Adu-Acheam-
pongetal., 2012; Guo etal., 2020; Li et al., 2025).
Although all isolates reached lethal pathogenic-
ity at 21 dpi (100% WDSI), a marked variabil-
ity in virulence kinetics was captured at 14 dpi.
This distinct chronological difference suggests
that isolate R1 exhibited superior aggressiveness,
likely associated to faster vascular colonization
on increased toxin production, thereby causing an
earlier collapse of vital physiological functions
compared with the other strains (Bernardos et al.,
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2025; Guo et al., 2020; Li et al., 2025). On the
other hand, controls plants exhibited a baseline
severe score of 1.22 £ 0.97 (30.6% WDSI) at 21
dpi. This mild symptomatic response non inocu-
lated control is primarily interpreted as a physi-
ological reaction to mechanical stress caused by
stem wounding during inoculation (Fotios et al.,
2021; Gramaje et al., 2018). Young herbaceous
grapevine tissues are particularly fragile and may
develop localized chlorosis or slight wilting fol-
lowing physical injury. Nevertheless, the contrast
remains highly significant (p = 0.003); while con-
trol plants tolerated this localized stress without
further disease progression, all Fusarium isolates
induced systemic, irreversible dieback, confirm-
ing that plant death was strictly driven by patho-
gen virulence (Mirghasempour et al., 2022).

Furthermore, the direct responsibility of the
isolates in this process was confirmed by the sys-
temic re-isolation of the pathogens from the stem
tissues, thus validating Koch’s postulates for all
tested species (Beccari et al., 2022; Ekwomadu
and Mwanza, 2023). The overall system progres-
sion, resulting in the complete dieback of the
plant, is the consequence of a major physiologi-
cal failure that can be explained by the isolate
variable ability to produce cell wall-degrading
enzymes such as pectinases and cellulases, fa-
cilitating tissue penetration and progression, as
well as by the secretion of phytotoxins, several
of which have been identified in F. oxysporum,
F. graminearum, and F. solani. These compounds
allow for the colonization of the xylem, leading
to vessel blockage (vascular occlusion) and dis-
ruption of water transport, which results in leaf
wilting, necrosis, and general plant weakness
(Castillo et al., 2025; Ekwomadu and Mwanza,
2023; Gutiérrez-Sanchez et al., 2023; Jackson et
al., 2024; Lopez-Diaz et al., 2018).

Fusarium on grapevines fits into a pattern al-
ready described in several wine-growing regions.
In Turkey, Akgiil et al. showed a high diversity
of Fusarium in nurseries, particularly F. solani, F.
annulatum, F. brachygibbosum, and F. nirenber-
giae, with some species causing wood necrosis,
basal and root rot, as well as a marked reduction in
root biomass, while others behaved more like op-
portunistic parasites (Akgiil et al., 2024). In Cali-
fornia, Bustamante et al. (2022) also highlighted
a complex of ten Fusarium species associated
with the decline of young vines, including the F
solani complex, capable of producing significant
woody lesions on rootstocks when conditions

are favorable for infection (Urbez-Torres et al.,
2023). On grapevines in Egypt, F. solani has been
identified among the main agents of root rot and
decline of young grapevines, with highly aggres-
sive isolates on roots and collars (Ziedan et al.,
2020; Hemida et al., 2017; Hemida et al., 2024;
Shehata et al., 2019). Other species, such as F
commune, F. acutatum, or F. proliferatum, have
recently been reported as emerging agents of root
rot, vascular wilt, or cluster burn in various coun-
tries (China, India, Russia), confirming the grow-
ing role of the Fusarium genus in grapevine dis-
eases on a global scale (Bustamante et al., 2022;
Holkar et al., 2025; Volynchuk, 2023; Yurchenko
et al., 2020; Zhang et al., 2023).

Previous studies in Morocco reported ten Fu-
sarium species associated with grapevine trunk
diseases, including F. clavum, F brachygibbosum,
F chlamydosporum, F. equiseti, F. foetens, F. cul-
morum, F. oxysporum, F. proliferatum, F. verticil-
lioides, and F. thapsinum (Kenfaoui et al., 2024).
In the present study, F. chlamydosporum was also
identified, whereas the other two Fusarium spe-
cies recovered in our study were not previously
reported in Moroccan vineyards. To the best of our
knowledge, this study represents the first report of
Fusarium solani and F. falciforme associated with
grapevine dieback in Morocco. Moreover, patho-
genicity was assessed differently between the two
studies. The previous study evaluated detached
grapevine twigs mainly based on lesion length
(Kenfaoui et al., 2024), whereas the present study
used herbaceous stems that remained attached to
the plant, allowing pathogenic effects to be as-
sessed to both the local and whole-plant levels
through lesion development, plant height, foliar
disease, and overall whole plant disease severity.

The inoculation test on the herbaceous stem
is a simple and quick method (14 days) to assess
the pathogenic potential of a species. On the other
hand, root soaking inoculation or inoculation via
the culture medium requires at least 3 to 5 months
for symptoms to appear (Ziedan et al., 2011). The
use of this method allows for preliminary assess-
ment of the pathogenic potential and facilitates
preventives control measures.

However, some limitations of the present
study should be acknowledged. While the patho-
genicity of these Fusarium isolates was success-
fully demonstrated under controlled condition,
field environments introduce complex biotic
and abiotic interaction that may influence real-
world disease dynamics. Furthermore, although
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the identified species provide critical insights, a
broader screening involving a larger number of
isolates from diverse agro-ecological zones in
Morocco is required to fully map the genetic di-
versity and widespread prevalence of this com-
plex. In addition, the use for ITS regions alone
may provide limited resolution for distinguished
closed related species.

Nevertheless, the detection of highly aggres-
sive isolates particularly F solani, suggests a po-
tential risk for young grapevine plants, especially
under Mediterranean conditions. These pathogens
may contribute to grapevine dieback and reduce
plant vigour, highlighting the need for improved
phytosanitary monitoring and the development of
integrated disease management strategies.

CONCLUSIONS

In conclusion, this study provides critical in-
sights into the diversity and pathogenic potential
of Fusarium species associated with grapevine
dieback in Morocco. Through a robust polypha-
sic approach, Fusarium solani, F. falciforme, and
FE. chlamydosporum were successfully isolated
from symptomatic root tissues and accurately
characterized. Compared with the ten Fusarium
species previously reported to be associated with
grapevine trunk diseases in Morocco, F. chla-
mydosporum was the only species in common,
whereas for the other two species identified in the
present study were distinct. This species compo-
sition provides new evidence for the occurrence
of F. solani and F. falciforme in Morocco and,
to the best of our knowledge, represents the first
report of their involvement in this context, fur-
ther documenting their ability to induce typical
vascular necrosis and severe stem desiccation,
thereby supporting their role as active trunk path-
ogens. Our findings demonstrate that all evaluat-
ed isolates are highly pathogenic, culminating in
a 100% whole-plant disease severity index and
complete plant dieback by 21 dpi. Notably, the
distinct kinetics captured at 14 dpi highlight that
isolate virulence is a key determinant of the speed
and severity of stem dieback. Ultimately, these
results fill a critical knowledge gap and under-
score the urgent need to integrate these Fusarium
species into future epidemiological surveillance
and integrated management strategies to protect
the regional viticulture industry.
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