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Introduction

Native to China and commonly known as
the Tree-of-Heaven, Ailanthus altissima
(Mill.) Swingle has been introduced in over
50 countries across all continents, except
Antarctica, and is invasive in Italy and 22
other countries (Kowarik & Sdumel 2007,
Walker et al. 2017). A. altissima was intro-
duced in France in the 18* century as an or-
namental and shade tree (Hu 1979, Slad-
onja et al. 2015), and has since been spread
to other parts of central and southern Eu-
rope. In Italy, A. altissima was introduced
to the Botanical Garden of Padua in 1760. It
was later used for silk production and rail-
road construction, subsequently spreading
throughout the country (Badalamenti et al.

Ailanthus altissima (Mill.) Swingle (tree-of-heaven) is a widespread tree classi-
fied as an invasive alien species in the European Union. Recently, severe wilt
decay from Verticillium spp. infections in A. altissima trees has been reported
in both Europe and the USA. In lItaly, the disease was first observed in
Trentino-South Tyrol in 2017. Since then, the progression of infection foci has
been monitored, and the pathogens involved have been isolated and charac-
terized at the molecular level. Between 2017 and 2022, the number of disease
foci increased to 171, affecting entire valleys in this mountainous region. The
foci appear unaffected by environmental conditions and impact trees in urban,
peri-urban, and wooded areas. Attacks targeted both individual trees and clus-
ters of various size. Dead plants were detected in 138 foci, and in some cases,
complete disappearance of A. altissima was reported. Infected or dead
seedlings/saplings were also observed in 97 foci. Verticillium dahliae was iso-
lated from 103 foci and confirmed through real-time PCR assays using the
VertBT primer. No wilting symptoms were observed in other tree species near
the affected A. altissima individuals. Inoculation tests on A. altissima seed-
lings confirmed the pathogenicity of the isolates, while vine and apple seed-
lings showed no effects. The natural spread of V. dahliae foci proved very ef-
fective, showing few limitations in controlling A. altissima. Therefore, report-
ing and monitoring the natural spread of wilt could represent a preliminary re-
sponse to the EU’s request to combat the invasion of A. altissima.
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2012). In the Trentino-Alto Adige region , it
began to spread spontaneously starting in
1856 (Montecchiari et al. 2020).

A. altissima is now recognized as an inva-
sive species and has been reported to ad-
versely impact native plant communities in
Italy (Lazzaro et al. 2020). It is the most
common non-native plant species in urban
areas (Kowarik & Sdumel 2007). Further im-
pacts of A. altissima invasion include alter-
ations to soil and litter fauna caused by
root suckers, which disrupt soil community
dynamics and ecosystem functioning (Mo-
tard et al. 2015). Moreover, A. dltissima
presents additional problematic traits in ur-
ban environments, including allergenic pol-
len, caustic leaves, and an unpleasant odor
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from its male flowers (Sladonja et al. 2015).

A. altissima is challenging to control once
it has established (Soler & lzquierdo 2024).
These trees produce a large number of
seeds that have a high germination rate
and can be dispersed over long distances,
mainly by wind (Landenberger et al. 2007).
Additionally, they can propagate through
lateral roots and can regenerate from root
suckers after being cut down (Pan & Bas-
suk 1986). Associated with its versatile re-
productive strategies, A. altissima exhibits
allelopathic effects due to toxic root exu-
dates that may inhibit the growth of other
plants, contributing to its aggressiveness
and persistence in the environment (Heisey
1990). These adaptive traits promote suc-
cessful colonization and competitive exclu-
sion of native species, ultimately making A.
altissima one of the most invasive species.
In 2019, the species was included on the
Union list of Invasive Alien Species (IAS) of
Union concern, thereby subjecting it to
monitoring and control across all EU mem-
ber states (Kowarik et al. 2021).

Despite its high tolerance for adverse en-
vironmental conditions, A. altissima is vul-
nerable to biotic agents. In recent decades,
diseased or dead plants have been ob-
served exhibiting symptoms of wilt decay,
including wilting leaves, premature defolia-
tion, terminal dieback, yellow vascular dis-
coloration, and mortality (Pile Knapp et al.
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2022). Representatives of the genus Verti-
cillium have been reported as the primary
pathogen causing extensive mortality of A.
altissima in many countries. Verticillium
nonalfalfae Inderb. previously identified as
V. albo-atrum Reinke & Berthold (Inderb-
itzin et al. 2011) and V. dahliae Kleb. were
isolated in the USA (Schall & Davis 2009),
Austria (Maschek & Halmschlager 2017),
and Spain (Moragrega et al. 2021). Only V.
dahliae was isolated in Hungary (Izsépi et
al. 2018) and in Northern Italy (Longa et al.
2019). Similarly, Pisuttu et al. (2020) iso-
lated only V. dahliae, which causes wilt of
A. altissima in Tuscany, Central Italy. More
recently, V. dahliae was reported in natu-
rally declining stands in Slovakia (Racek et
al. 2025).

The emergence of Verticillium-based dis-
eases presents a new opportunity to con-
trol the spread of A. dltissima, paving the
way to potential biological control meth-
ods. In this context, the pathogen V. nonal-
falfae is regarded as more aggressive than
V. dahlige (Pile Knapp et al. 2022). It has
been suggested as a promising biological
control method (Kasson et al. 2015) to help
mitigate the impact of A. altissima on na-
tive plant communities. In fact, V. nonalfal-
fae is the active ingredient in an approved
mycoherbicide (Ailantex®) in Austria (Dub-
ach et al. 2021) and in other European
countries.

However, the natural spread of the dis-
ease underscores the need for targeted in-
vestigations to understand its actual im-
pact and potential as a control method for
this invasive tree. In this study, we present
the results of a six-year monitoring effort
on the progression of A. altissima wilt dis-
ease in the Trentino-South Tyrol regions
(Northern Italy). The study has three main
goals: (i) to assess the spread and fre-
quency of wilting and the associated de-
cline of A. altissima in this alpine region; (ii)
to examine any potential correlation be-
tween environmental variables and A. al-
tissima decline; (iii) to identify the Verticil-
lium species involved in the disease foci de-

velopment and evaluate their pathogenic-
ity.

Material and methods

Field surveys

The surveys were conducted in Trentino-
South Tyrol (13,607 km?), located in the
southern part of the Eastern Alps. The
presence of A. altissima has been reported
since the 19" century, with trees now pri-
marily recorded in the valley bottoms and
some areas between forests on the slopes.
A detailed map A. altissima distribution has
not yet been produced due to its irregular
and patchy occurrence, typically found in
small groups of plants or as individual
trees. However, botanical records of the
species’ presence were available and map-
ped (Prosser & Bertolli 2015), serving as the
basis for locating existing stands.

Most A. altissima plots were easily visible
along roads, rivers, and railroads in the val-
ley bottoms, making continuous monitor-
ing of the decline easier (Fig. 1). Staff from
the Forest and Fauna Service of the Auton-
omous Province of Trento and the Depart-
ment of Forestry of the Province of
Bolzano provided valuable and detailed in-
formation to locate A. altissima nuclei and
affected trees in woods and landscapes.

The presence of the disease was evalu-
ated through continuous monitoring dur-
ing the vegetative periods (June-Novem-
ber) from 2017 to 2022. For each infected
site, the following data were collected:
general site characteristics, altitude, as-
pect, slope (%), substrate (calcareous/sili-
ceous), soil depth (superficial, deep), posi-
tion (ridge, slope, valley bottom), and type
of A. altissima stand (pure or mixed; single
tree, small group - 2 to 10 trees -, or large
group — more than 10 trees).

Disease presence was assessed by exam-
ining the entire crown for dead or suffering
leaves and branches. It was also confirmed
by checking for characteristic orange to
brown discoloration of the first wood tis-
sues under the bark on the stem or bran-
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ches. The impact of the disease was re-
corded as (i) a single tree affected, (ii) a
small group (two to 10 infected trees), or
(i) more than 10 trees infected. The pres-
ence and number of dead trees were also
recorded.

Regeneration of A. altissima was re-
corded at each site, along with observa-
tions of disease-related damage on symp-
tomatic or dead individuals. Other tree
species within a 30-meter range from the
foci were also assessed for any symptoms
of stress. In addition, potential disturbance
factors, such as wildfires, trampling, dam-
age caused by game or livestock, anthro-
pogenic disturbance, and rockfalls, were
considered and excluded. The plots were
localized with a high-precision GPS device,
and all data were directly recorded using a
digital field mapping app, SMASH Smart
Mobile App for the Surveyor’s Happiness
(https://[www.geopaparazzi.org/ — available
for both Android and iOS platforms), which
allows users to create customized survey
forms. A dedicated form was developed
explicitly for this study.

Infected plots located approximately 100
meters apart were considered as separate
sites. In each plot, a sample of bark or
branches was collected from a single symp-
tomatic plant for molecular analysis. In 14
plots, no samples were collected because
the plants were not accessible.

An exploratory data analysis (EDA) was
conducted to identify patterns and charac-
terize the geographic distribution of dis-
ease foci. The data was first prepared for
analysis by identifying and separating cate-
gorical variables for targeted examination.
Key descriptive statistics were computed,
and several comprehensive visual sum-
maries were generated using a combina-
tion of plots and charts. These visualiza-
tions provided an overview of the data and
were instrumental in revealing patterns,
anomalies, and potential areas of interest
for further investigation.

Correlations between disease foci and en-
vironmental factors, such as altitude, as-
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Fig. 1 - Maps of sampled sites in Trentino-Alto Adige in 2017 (left), 2019 (middle) and 2022 (right). Infected sites detected each year
were identified with different colors (© OpenStreetMap contributor).
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pect, slope, bedrock type (calcareous/
siliceous), soil depth (superficial/deep), and
topographic position (ridge, slope, valley
bottom), were examined. The analyses
were conducted separately for continuous
and categorical variables.

Regarding continuous variables, since alti-
tude and slope were not normally distrib-
uted, the non-parametric Spearman’s rank
correlation test was applied to verify any
associations between each environmental
variable and the presence of the following
symptoms: leaves wilting (A), wood discol-
oration (B), and dead plant (C). Each symp-
tom category was binarized (1 = present, 0
= absent), and correlations were tested
separately for each category.

For categorical variables, Fisher’s exact
test was preferred over the Chi-square
test, due to the low expected frequencies,
to ensure valid statistical inference. To fur-
ther assess the strength of these associa-
tions, we calculated Cramér’s V coefficient,
which measures the effect size of the rela-
tionship between two factorial variables
using the “rcompanion” package (Mangia-
fico 2025). All analyses were performed in
R (R Core Team 2023).

Fungal isolation

Wood samples from 30 symptomatic
plants were cut into 5-cm-long pieces and
surface-sterilized by dipping them into a 2%
(w/v) sodium hypochlorite (NaClO) solu-
tion for 60 seconds, followed by rinsing in
sterile distilled water for 30 seconds. After
removing the bark, samples were exam-
ined for noticeable tissue discolorations,
and fragments were excised from these
zones and placed onto Petri dishes contain-
ing Potato Dextrose Agar (PDA, Oxoid,
Hampshire, UK) amended with 0.40 mg L*
Chloramphenicol (Sigma-Aldrich). Five frag-
ments were placed on each plate, and two
plates were prepared for each sample. Seg-
ments of 30 symptomatic stems or
branches were also put in a moist chamber
(4-5 pieces in Petri dishes with diameter of
90 mm, containing moistened filter-paper).
Petri dishes were sealed with Parafilm®
“M” (Pechiney Plastic Packaging, Menasha,
WI, USA) and incubated at 21 °C in the dark
for 14 days. Resulting isolates morphologi-
cally resembling Verticillium spp. were sub-
cultured and incubated under the same
conditions.

Pathogenicity test

Four isolates of V. dahliae (number 2, 8, 11,
23 - see Tab. S1in Supplementary material)
obtained from affected adult trees in 4 dif-
ferent areas and verified by molecular
tools were used in the pathogenicity test
following the method described in Scala et
al. (2019). One-two-year-old seedlings of A.
altissima were collected in the field and
transplanted into pots with standard nurs-
ery substrate. For each isolate, mycelial
plugs were cut from the edges of seven-
day-old cultures and placed into 4-mm-di-
ameter circular wounds in the seedlings,
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with the mycelial surface facing the cam-
bium. Inoculated holes were sealed with
Parafilm to avoid contamination or desicca-
tion. Six A. dltissima seedlings were inocu-
lated for each isolate, while six seedlings
were used as controls. Two of the strains
(number 2 and 11) were inoculated on 4-
year-old plants of vine (Pinot Nero ex-
tav11s, grafted on Kober 5 Bb) and apple
(Fujion grafted on Mg), with six replicates,
using the method described above.

Seedlings and plants were placed in a cli-
mate-controlled chamber at 24 °C and were
regularly irrigated. Inoculation was carried
out in July 2019 and checked weekly for
five months. The results of inoculation
were assessed by examining for the pres-
ence of orange-brown tissue beneath the
bark and wilted foliage. From inoculated
subjects, re-isolation was performed, and
the resulting cultures were morphologi-
cally identified as V. dahliae.

DNA extraction from fungal mycelium
and plant tissue

Fungal mycelium was scraped with a ster-
ile scalpel blade from the cultures obtained
on PDA plates. The mycelium was homoge-
nized using a Mixer Mill MM 300 (Retsch
GmbH, Germany) in 2 mL reaction tubes,
each containing a 3 mm tungsten carbide
bead (Qiagen, Hilden, Germany) and 180 pL
Lysis Buffer T1 provided with the Nucle-
oSpin™ Plant 1 kit (Macherey-Nagel, Diiren,
Germany), which was used to extract the
total nucleic acid according to the manu-
facturer’s instructions. For DNA extraction
of wood segments, 1 g of the same sam-
ples used for fungal isolation was lyoph-
ilized for 24 hours, ground in sterile stain-
less-steel jars using a mixer-mill disruptor
(MM 400, Retsch, Germany) at 25 Hz for 45
seconds. Then, 50 mg of the fine powder
obtained were used for DNA extraction fol-
lowing the protocol described above. The
concentration of DNA from fungal mycelia
and plant tissue was measured using a
Qubit fluorometer (Thermo Fisher, Walth-
am, MA, USA) with the High Sensitivity
DNA Assay Kit, and the samples were
stored at -20 °C until further analysis.

PCR amplification and sequencing

For molecular identification of the fungal
strains, the ITS region and 5.8S gene of the
rDNA were amplified by PCR using primer
pairs ITS1-F (Gardes & Bruns 1993) and ITS4
(White et al. 1990). The 25 pL PCR reaction
mixture included 12.5 pL of GoTag™ Green
Master Mix (Promega, Madison, WI, USA),
9.5 pL of water supplied with the GoTagq,
0.4 UM of each primer (Sigma-Aldrich, St.
Louis, MO, USA), and 1 pL of DNA. Negative
(sterile water) and positive controls (V.
dahlige strain Vd_BZ1, Accession no.
MH607412 — Longa et al. 2019) were in-
cluded in all PCR runs. Cycling was carried
out in a Biometra 96 Professional thermo-
cycler (Biometra, Gottingen, Germany)
with an initial denaturation step at 95 °C for
5 minutes, followed by 30 cycles of denatu-

ration at 95 °C for 30 seconds, annealing at
55°C for 30 seconds, and elongation at 72 °C
for 45 seconds, with a final elongation step
at 72°C for 5 minutes. PCR fragments were
analyzed using 1% agarose gel electro-
phoresis in 1x Tris-boric acid-EDTA buffer
(TBE), stained with SYBR Safe® (Life Tech-
nologies, Milan, Italy), and visualized under
UV light. The GeneRuler® DNA ladder mix
(Thermo Scientific) was used as a size stan-
dard. PCR products were sent to the Se-
quencing Platform of Fondazione Edmund
Mach for sequencing. The obtained DNA
sequences were analyzed using BLAST (Ba-
sic Local Alignment Search Tool) against
reference ITS sequences in GenBank.

Real-time PCR detection

To detect V. dahlige in plant tissue, Real-
time PCR was performed using the primer
pair VertBtF/VertBt-R, derived from the f-
tubulin gene sequence (Atallah et al. 2007).
Amplification was performed in a 20 uL fi-
nal reaction volume containing 3 uL DNA
template, 10 nM each primer, 10 uL SYBR
Green qPCR SuperMix-UDG (Thermo-
Fisher, Pittsburgh, PA, USA), and sterile nu-
clease-free water to reach the appropriate
volume. DNA from V. dahliae Vd_BZ1 was
used as a positive amplification control at a
constant concentration (0.5 ng uL") in each
run. Nuclease-free water served as the neg-
ative control. Two replicates were run for
each plant DNA sample, positive and nega-
tive. Amplifications were performed in a
LightCycler® (Roche, Indianapolis, IN, USA)
and consisted of an initial denaturation at
95 °C for 3 minutes, followed by 40 cycles
of 95 °C for 10 seconds and 63 °C for 35 sec-
onds. Fluorescence was measured once
per cycle at the end of the extension step,
and Cq values were automatically deter-
mined by the device. For each sample, the
average Cq, standard deviation, and coeffi-
cient of variation were determined. Sam-
ples with a mean quantification cycle (Cq)
value lower than 30 and a melting curve
peak similar to the positive control were
considered V. dahliae positive. The entire
experiment was carried out twice indepen-
dently.

Results

Field surveys

After the first two foci observed in 2017
(Longa et al. 2019), a progressive increase
in the number of affected stands was
recorded: 44 in 2018, 34 in 2019, 13 in 2020,
24 in 2021, and 54 in 2022, resulting in a to-
tal of 171 affected sites (Tab. S1 in Supple-
mentary material). Although the low num-
ber of detected sites in 2020 was likely due
to reduced surveying during the pandemic,
a clear increase and significant epidemic
spread of the disease were observed in the
central valley of the region (Fig. 1).

The infection spread was particularly evi-
dent along the main roads, where sympto-
matic or dead trees became increasingly
visible from year to year. The disease was
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Fig. 2 - Site characteristics and damage incidence of Ailanthus altissima wilt foci. Each
panel corresponds to one variable: Year, Aspect, Substrate, Soil Depth, Position, Ailan-
thus stand, Symptoms, Damage extent, Number of dead plants, Land cover type,
Slope, and Altitude. Symptoms were classified into three disease categories: A (leaves
wilting), B (wood discoloration), and C (dead plant). Combinations (e.g., AB, ABC)
denote co-occurrence of symptoms. The damage extent represents the degree of visi-

ble damage assessed in the field (0-3 scale).

observed in trees growing at altitudes
ranging from 99 to 803 m a.s.l., mainly on
plains or moderate slopes. However, two
foci were recorded on trees colonizing ver-
tical cliffs above roads (no. 110 and no. 130
in Tab. S1). All aspects were affected by the
presence of declining trees, with a slight
prevalence on the east and west slopes, re-
flecting the presence of A. altissima along
the central valley slopes. A higher percent-
age (90%) of foci occurred on calcareous
soil, consistent with the dominant pedo-
logical features of the valleys. Almost half
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of the foci were found on slopes, while the
remainder were located at the valley bot-
toms. The disease was observed in wood-
land in 102 cases (60%), mainly on trees at
forest edges, but in a few cases also on
groups of trees growing in the forested ar-
eas (Fig. 2).

Forty-two foci (24%) were detected on
trees growing in peri-urban areas, mainly
along roads. The remaining 27 foci (16%)
were in parks, private gardens, or along ur-
ban streets; in a few cases, the disease af-
fected A. altissima colonizing abandoned

areas within urban environments. None of
the recorded characteristics of the foci
were statistically significant in explaining
their distribution.

In 119 foci (70%), the disease affected sin-
gle trees or small groups of fewer than 10
plants, whereas in the remaining 52 foci
(30%), more than 10 plants were affected.
Dead plants were detected in 138 foci: 1 to
10 dead plants were counted in 108 focdi,
while in 30 foci, the dead plants were > 10,
reaching up to 20 or more in a few cases.
Natural regeneration of A. altissima was
observed in 146 foci, with suffering or dead
plants occurring in 97 of them (Fig. 3).

Other species besides A. altissima were
present in 95 foci; no symptoms were de-
tected on these trees, which appeared
healthy. Robinia pseudoacacia was the
most common species associated with A.
altissima, occurring in 63 foci, confirming
the role of both non-native species in form-
ing secondary woods. Among the other
recorded species, Acer spp. was reported
in only three sites without any symptoms.
Remarkably, some of the foci were located
at the edge of vineyards or apple orchards,
but these cultivated plants showed normal
development and no symptoms of Verticil-
lium wilt.

The decline starts with wilted leaves ap-
pearing in the upper crown (Fig. 4); even
when still green, they appear collapsed and
quickly die, falling and leaving a defoliated
branch. The crown shows wide hollows, al-
though new, smaller, and incomplete fo-
liage may occasionally develop. Dead
branches and crown dieback are clear indi-
cators revealing distressed trees from afar.
Under the bark of the stem and branches,
there is the characteristic discoloration of
the first layers of wood, which appear com-
pletely or partially orange-brown (Fig. 5).
Dead branches and stems are quickly colo-
nized by other parasites such as Schizo-
phyllum commune Fr., Armillaria spp., and
Peroneutypa scoparia (Schwein.) Carmaran
& A.l.LRomero. Suffering trees generally die
within a few months and, in some cases,
death is rapid. However, a few cases of de-
clining trees that survived for several years
were also observed. The spread of the dis-
ease was evident both in the enlargement
of the infection area affecting nearby
healthy trees and the increasing emer-
gence of new diseased locations in adja-
cent A. altissima stands.

Exploratory data analysis did not reveal
any significant correlations between dis-
eases foci and the environmental factors
examined (altitude; aspect; slope; sub-
strate - calcareous/siliceous; soil type - su-
perficial, deep; position -ridge, slope, val-
ley bottom), and the kind of A. dltissima
stand (Tab. 1). The statistical analyses iden-
tified only a few weak and isolated associa-
tions, such as a minor negative correlation
between altitude and specific symptom
categories, and a moderate association be-
tween exposure and one symptom type
(Tab. 2). However, most variables showed
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Fig. 3 - A dead group of Ailanthus altissima. Note the spread of Fig. 4 - The initial symptoms of wilting in the upper part of the
the disease in the regeneration (red arrow). crown.
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no significant correlations. Given the weak-
ness of these associations and the context
of the study, no definitive conclusions can
be drawn.

Tab. 1 - Results of Spearman’s rank correlation between individual symptom cate-
gories (A: leaves wilting; B: wood discoloration; C: dead plant) and two quantitative
environmental variables (altitude and slope). Binary variables were created for each
symptom (1 = presence; o0 = absence).

Detection of V. dahliae in plant tissue
V. dahlige was detected in 103 sampled Symptom Variable Spearman p p-value
plants (65.6%) using different methods

(Tab. St in Supplementary material). A Altitude 0.109 0.1575
Among them, seven isolates were obtained Slope 0.055 0.4751
by culturir?g on agar medium and 12 others Altitude .0.182 0.0174
from moist chambers (Fig. 6). Isolates B

were identified as V. dahlige based on mor- Slope 0.022 0.7799
phology, i.e., production of brown-pig- Altitude -0.159 0.0380
mented microsclerotia, characteristic coni- c Slope 0.004 0.9588

diophores, and conidia dimensions (mean =+
standard deviation = 5.09 £ 0.9 x 3.9 £ 0.7

um). Morphological identifications were  ap_ 5 - Results of Fisher’s exact test for the association between each symptom cate-

gory (A: leaves wilting; B: wood discoloration; C: dead plant) and selected categorical
environmental variables. For each pair, the p-value is reported. Where the association
is statistically significant (p < 0.05), the corresponding Cramér’s V value, measuring
the strength of association, is also shown.

Symptom Variable p-value Cramers’ V
aspect 0.2143
soil 0.5900
A substrate 0.6966
position 0.8371
land cover type 0.4673
A. altissima stand 0.0530
aspect 0.1830
soil 0.5900
B substrate 0.4252
position 0.6977
land cover type 0.1842
A. altissima stand 0.6349
aspect 0.0065 0.3
soil 0.8291
Fig. 5 - The characteristic decoloration
(red circle) due to Verticillium coloniza- c substrate 0.3472
tion of superficial wood tissues. The position 0.5940
arrow indicates the presence of Armil- land cover type 0.3037
laria spp. mycelium, colonizing the dead y ’
tissues. A. altissima stand 0.2487
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Fig. 6 - Mycelium and conidiophores of Verticillium dahliae grown on the surface of
Ailanthus altissima wood in a moist chamber observed under stereomicroscopy (a)
and fungal culture in Potato Dextrose Agar medium (b).

confirmed by sequencing analysis of the
mycelial DNA using the primer pair ITS1F-
ITS4. The BLAST analysis of the ITS se-
quences showed 100% identity to the V.
dahliae I1TS sequences ON193840.1 and
MN325001.1 in GenBank. Two sequences
obtained in monitored sites were previ-
ously deposited in GenBank (accession no.
MH607412-13 — Longa et al. 2019).

The SYBR® Green-based assay using the
VertBt primer set amplified the plant DNA
tested (Tab. S1), with cycle threshold (Ct)
values ranging from 19.79 to 35. Among
these, 101 out of the 155 tested plant DNA
(65.1%) were considered positive for V.
dahliae with Ct values < 30 and the melt de-
rivative curves showing melt temperatures
of approximately 85 °C (Fig. S1 in Supple-
mentary material). Moreover, using gel
electrophoresis, the PCR product yielded a
unique DNA fragment of approximately 115
bps from the DNA extracts, whereas no
amplicon was observed in the negative
control. Results obtained with this primer
set were consistent across replicates in
both experiments.

The real-time PCR method showed a
greater sensitivity in detecting V. dahliae
(65.1%) than the microbiological methods
(31.6%). The culture plating and moist
chamber results (Fig. 6) corroborated the
real-time PCR results, except for four sam-
ples in which the fungus was isolated, but
qPCR did not detect it.

Pathogenicity test

Clear symptoms of disease were ob-
served in inoculated A. altissima seedlings a
few weeks after inoculation. Wilting leaves
appeared after 20 days in three plants. At
the end of the observation period (five
months), one seedling was already dead
with evidence of colonization of the under-
bark tissues. Orange-brown discoloration
was observed in 13 inoculated seedlings,
with two cases showing the complete colo-
nization of the stem (Fig. S2 in Supplemen-
tary material). Six of these seedlings also
exhibited leaf wilting. All the tested Verti-
cillium strains showed the same pattern of
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behavior. The other treated seedlings (10)
remained asymptomatic, as did all the con-
trols.

Isolation from the orange-brown tissues
allowed the recovery of Verticillium col-
onies from all symptomatic plants. Mor-
phological and DNA analysis confirmed
that V. dahliae was the causal agent. Inocu-
lations on apple and vine showed no symp-
toms during the observation period: no col-
onization of the stem tissues was observed
near the inoculation wounds, and no fo-
liage symptoms appeared. All the inocula-
tion wounds were partially or totally
healed after 4 or 5 months.

Discussion

The surveys conducted between 2017 and
2022 confirmed the natural spread of Verti-
cillium dahliae on A. altissima throughout
the range of this invasive species in the
provinces of Bolzano and Trento (Northern
Italy). The spread of V. dahliae is still ongo-
ing, with about 40 new foci of the disease
observed in additional general surveys con-
ducted in 2023 and 2024 (G. Maresi, per-
sonal communication). These foci follow
the same pattern as those studied, indicat-
ing the presence of the disease in some lat-
eral valleys where it was not detected dur-
ing the monitoring period.

V. dahliae can infect and kill both regener-
ation and mature trees, and it is also able
to affect and destroy A. altissima regenera-
tion in woods, urban areas, and degraded
ecosystems such as along railways, roads,
and walkways. Our results showed no sig-
nificant environmental features influencing
the widespread nature of the disease. It
appears unaffected by slight differences in
altitude, slope, and aspect, and is not influ-
enced by the scattered distribution of A. al-
tissima or the presence of other species.
Moreover, the presence of foci in valleys
with different mean temperatures and rain-
fall patterns seems to exclude the role of
these climatic factors in the aftermath of
wilting. The appearance of disease foci
within isolated groups of A. altissima in nat-
ural woods, mainly Orno-ostrietum stands

(see Tab. S1 in Supplementary material),
suggests a great ability of the pathogen to
reach target trees even across a discontin-
uous range. At the same time, its presence
in some lateral valleys shows its capacity to
overcome the physical barriers characteris-
tic of the mountainous areas of the two in-
vestigated provinces. The disease progres-
sion confirms observations in other re-
gions, such as the USA (Brooks et al. 2020),
and suggests that V. dahlige can spread
over long distances. Moreover, the emer-
gence of new foci indicates that the path-
ogen inoculum has remained continuously
present over the years.

The pattern of progression among the
affected foci calls for more detailed investi-
gation. Transmission of the disease within
foci through root anastomosis could play a
fundamental role, as demonstrated by Du-
bach et al. (2021). Still, it cannot explain the
emergence of foci far away from the de-
tected ones or the infection of trees grow-
ing on cliffs. Other dispersal factors may be
considered, such as wildlife transporting in-
fected soil, insects feeding on or sucking
from affected plants, or wind dispersal of
contaminated plant debris. Although less
likely, some human activities may also con-
tribute to the dispersal of contaminated
soil and plant parts. Moreover, V. dahliae
can produce resting structures that can
persist in the soil for many years (Inderb-
itzin & Subbarao 2014). Various animals can
also transport these resting structures via
their hooves, as well as cars, tractors, and
shoe soles. The disease proved effective in
killing the affected plants within a few
months or a few years. The pathogen de-
stroyed 12 diseased plots, and apparently
neither A. altissima resprouting nor regen-
eration restored the stands. The disease’s
severity is also confirmed by the high num-
ber of foci with dead plants (124). It is note-
worthy that symptomatic trees are not
able to produce massive flowers and
seeds, thus reducing dissemination that
strongly influences the spread of this inva-
sive species (Soler & Izquierdo 2024). How-
ever, in a few cases, symptomatic trees
survived throughout the monitoring pe-
riod, suggesting possible tolerance or resis-
tance within the natural population of A.
altissima. Pisuttu et al. (2023) have empha-
sized the high susceptibility and mortality
associated with V. dahlige infections in sev-
eral Italian A. altissima populations. None-
theless, our field observations suggest the
presence of possible resistant (or tolerant)
A. altissima individuals. This needs further
research either by investigating the plant-
pathogen interaction or a potential effect
of some environmental factors, such as
temperature. It is well known that V. dah-
liae appears well adapted to typical Medi-
terranean climates; however, in the con-
text of climate change, higher tempera-
tures and extreme events could affect its
survival or infectivity. Moreover, there re-
mains a limited understanding of the ge-
netic variability of A. altissima populations
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and their susceptibility to different geno-
types of Verticillium spp. According to Diaz-
Rueda et al. (2021), various physiological,
cellular, and molecular mechanisms of re-
sistance have been proposed in V. dahliae
resistant genotypes. Therefore, elucidating
whether a molecular mechanism underlies
the resistance or tolerance of A. altissima
to Verticillium wilt should be considered a
primary objective.

Our findings confirmed the rapid colo-
nization of declining or dead tissues by var-
ious fungal species. In particular, the rapid
spread of Armillaria spp. is noteworthy, as
it can increase plant mortality and create
stability issues in dead trees, especially
along roads or in urban areas. Therefore, it
is crucial to promptly remove dead trees
when potential hazards are present.

The real-time PCR-based assay using the
VertBT primer set showed higher sensitiv-
ity in detecting V. dahlige in different
woody hosts such as maple and ash (Al-
jawasim & Vincelli 2015). Likewise, our re-
sults demonstrate that this method could
be used to screen for the presence of this
fungus in A. altissima. However, failure to
detect the fungus in many samples could
be due to experimental factors, such as
difficulty extracting DNA from woody tis-
sue, which can yield low levels of plant
DNA and, consequently, lower concentra-
tions of V. dahliae genomic DNA. More-
over, woody tissue often contains high
concentrations of compounds that may in-
hibit real-time PCR reactions. These as-
pects should be considered to improve the
sensitivity of V. dahliae detection in woody
tissue using the VertBT primer set.

Despite the broad host range of V. dah-
liae, no symptoms have been observed on
nearby trees in any of the disease foci. The
pathogenicity tests confirm that the ob-
tained isolates of V. dahliae are specifically
harmful to A. altissima, corroborating previ-
ous observations reported in the literature
(Maschek & Halmschlager 2018, Pisuttu et
al. 2023). Research on the pathogenicity of
V. dahlige in different plant species (Acer
platanoides, Castanea sativa, Quercus rubra,
Sorbus aucuparia, and Ulmus glabra) has
shown encouraging results (Lechner et al.
2023). However, it is essential to maintain
continuous field observations and perform
controlled inoculations to further verify the
host specificity of V. dahliae, given the sig-
nificant risk it poses to many other woody
hosts and agricultural crops. Moreover, the
persistence of the fungus in the soil could
pose an additional challenge for future
vegetation, thus requiring further investi-
gations.

The natural spread of the foci of A. al-
tissima wilt has been impressive in the in-
vestigated region. Indeed, the disease was
first observed in Italy in 2017 (Longa et al.
2019), but is now present in Veneto and
Emilia-Romagna (G. Maresi, personal com-
munication) and has recently been con-
firmed in Tuscany (Pisuttu et al. 2020). In a
few years, the disease has spread across

iForest 18: 391-398

Natural spread of Verticillium wilt against Ailanthus altissima invasion

northern and central Italy, becoming a sig-
nificant constraint on A. altissima dispersal
at all sites.

In the above context, reporting the pres-
ence and monitoring the natural spread of
wilt could be a response by the Public Ad-
ministration to the EU’s request to address
the invasion of A. altissima. Moreover, the
spread of the disease could be exacer-
bated by the use of selected Verticillium
spp. strains as mycoherbicides (Dubach et
al. 2021, Pisuttu 2024), which are effective
though hazardous methods for introducing
the pathogen into unaffected areas. How-
ever, further confirmation of the absence
of collateral damage in the affected ecosys-
tem is essential and requires specific inves-
tigation.
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