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Abstract Natural infections of Verticillium spp.
(Fungi, Ascomycota) on Ailanthus altissima have
suggested to consider the biological control as a
promising strategy to counteract this invasive plant,
which is otherwise difficult to control by traditional
mechanical and chemical treatments. Verticillium
wilt is able to lead plants to death, throughout a path-
ogenic mechanism including vessel occlusions and
production of degrading enzymes and phytotoxins. In
this study, a 10 weeks open air pot experiment was set
to investigate the ecophysiological and biochemical
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responses of Ailanthus trees artificially inoculated in
the trunk with the V. dahliae strain VAGL16, previ-
ously isolated in Central Italy from the same host.
Inoculated plants showed visible injuries starting
from 2 weeks post inoculation (wpi), that progres-
sively developed until a final severe defoliation. The
fungal infection rapidly compromised the plant water
status, and photosynthesis was impaired due to both
stomatal and mesophyll limitations from 4 wpi, with
subsequent detrimental effects also on PSII activity.
Moreover, the disease altered the translocations of
nutrients, as confirmed by cation and carbohydrate
contents, probably due to a consumption of simple
sugars and starch reserves without replacement of
new photosynthesized. An accumulation of osmolytes
(abscisic acid and proline) and phenylalanine (a pre-
cursor of phenylpropanoids) was also reported at 8
wpi, this being a response mechanism that needs to
be further elucidated. However, the activation delay
of such defence strategy inevitably did not avoid the
premature defoliation of plants and the decline of
physiochemical parameters, confirming the key role
of Verticillium in Ailanthus decay.
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Photosynthesis - Primary metabolites - Tree of
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Introduction

Ailanthus altissima (Mill.) Swingle (Simaroubaceae;
hereafter Ailanthus), also known as ‘tree of heaven’,
is a tree species native to East Asia that has been des-
ignated as one of the “100 of the World’s Worst Inva-
sive Alien Species” by the IUCN Invasive Species
Specialist Group (Kowarik et al. 2021), after becom-
ing an undesired plant in many world regions such
as North America (Schall and Davis 2009a), South
Africa (Walker et al. 2017) and Europe (Kowarik
and Sdumel 2007; Nentwig et al. 2018). Firstly, intro-
duced to Europe in the 1740s (Hu 1979), mainly as
ornamental species in several cities because of its tol-
erance to urban stressful conditions and its resistance
to herbivory (Kowarik and Sdumel 2007), Ailanthus
has since spread so widely and uncontrollably that
from August 2019 it has also been included among
the Invasive Alien Species (IAS) of Union Concern
(Kowarik et al. 2021).

The high invasiveness of Ailanthus is not only
due to its resistance/tolerance to most abiotic and
biotic stresses, but also to its strong efficacy in both
gamic reproduction (e.g., it can produce much more
than 300,000 samaras per tree in a single grow-
ing season, and samaras, being flat twisted and very
light, are well suited for long-range wind dispersal;
Kowarik and Sdumel 2007) and agamic propaga-
tion through aggressive sprouting of roots and stems
(Schall and Davis 2009a), as well as to an extremely
rapid growth, especially during the youth stages. In
addition, it is a strong producer of quassinoid com-
pounds that possess phytotoxic allelopathic proper-
ties and are able to inhibit germination and growth
of several plant species (De Feo et al. 2003; Webster
et al. 2006). Therefore, although it is shade-intolerant,
Ailanthus severely outcompetes forest native species
and challenges biodiversity in areas where it occurs,
especially in those climates subjected to increasing
drought frequency and severity (Kniisel et al. 2015;
Montecchiari et al. 2020). However, the areas mostly
challenged worldwide by Ailanthus pressure are likely
represented by the urban and peri-urban sites where
this invasive species largely spreads, given its abil-
ity to colonize these environments with a particular
aptitude for occupying transportation corridors, and
its frequent and substantial damages to urban infra-
structures and archaeological sites (Trotta et al. 2020;
Fogliatto et al. 2020).
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The growth characteristics of Ailanthus make it
particularly difficult to control. Preventive methods
should be adopted to avoid/reduce the spread of the
species through seed dispersal by limiting, for exam-
ple, the movement of soil from infested areas and
especially by prioritising the control of large female
trees to reduce seed rain (EPPO 2020). Although
several mechanical (e.g., pulling and digging, tree
felling, girdling, mowing and chipping aboveground
plant parts and burning; Schall and Davis 2009a) and
chemical methods have been attempted to control
Ailanthus invasions, these strategies are usually inef-
fective, even stimulating stump and root re-sprout-
ing, especially if applied singularly (DiTomaso and
Kyser 2007; Badalamenti et al. 2015). Differently,
the simultaneous or consecutive applications of sys-
temic chemical herbicides, with mechanical prac-
tices, are commonly more effective, mainly because
chemicals translocated to the roots tackle vegetative
renewal (DiTomaso and Kyser 2007; EPPO 2020;
Fogliatto et al. 2020). However, also chemical her-
bicides have been shown to be generally ineffective
against the re-sprouting ability of Ailanthus. Moreo-
ver, their use is expensive and laborious, not to men-
tion their negative impacts on non-target vegetation
(being them non-selective) and ecosystems, which is
the main reason of the increasing restrictions in the
use of such chemical products (Pisuttu et al. 2020a).
So, for instance, glyphosate, the most frequently used
herbicide both worldwide and in the EU which has
been used for several decades is currently approved
in the EU until 15 December 2022 (https://ec.europa.
eu/food/plants/pesticides/approval-active-substances/
renewal-approval/glyphosate_en), but many countries
have placed important restrictions on its use. Conse-
quently, the control of Ailanthus is a major concern
because long-term methods able to adequately limit
its invasion are lacking so far.

Interestingly, some Ailanthus decay due to soil-
borne fungal pathogens of the genus Verticillium
(Ascomycota, Plectosphaerellaceae) have been
reported in the last years in several areas in the USA
and Europe, so proposing the biological control as
a possible strategy to successfully counteract the
apparently irrepressible spread of this invasive spe-
cies (Sheppard et al. 2006). Specifically, two main
endemic Verticillium species, i.e., V. nonalfalfae
Inder. and V. dahliae Kleb., have been reported to
be able to infect Ailanthus and lead it to death in a
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few years, and further infect neighbouring healthy
trees by intraspecific root grafting (O’Neal and Davis
2015). The virulence and the spread of these fungal
species seem strictly related to the climatic condi-
tions: infections due to both Verticillium species have
been found in countries characterized by temperate
climate such as Pennsylvania, Virginia, and Ohio
in the USA (Schall and Davis 2009a; Snyder et al.
2013; Rebbeck et al. 2013), as well as in Austria in
Europe (Maschek and Halmschlager 2017), where V.
nonalfalfae is more aggressive (Brooks et al. 2020)
and best adapted than V. dahliae. Conversely, infec-
tions caused only by V. dahliae have been reported in
Hungary (Izsépi et al. 2018) and in different Mediter-
ranean regions (i.e., Greece, Italy, and Spain; Skar-
moutsos and Skarmoutsou 1998, Longa et al. 2019,
Pisuttu et al. 2020a, Moragrega et al. 2021) where
V. nonalfalfae has been rarely reported also on other
hosts, because its optimum growth temperature is
around 22 °C and is infrequently present outside the
10-27 °C range (Maschek and Halmschlager 2017).
These reports thus suggest to focus on the role of V.
dahliae (able to survive up to 30 °C; Pegg and Brady
2002), currently the only natural endemic enemy
reported as able to limit Ailanthus invasion in the
warmer environments.

In accordance with the above outcomes, our
research group recently provided evidence of the
presence of a previously unreported wilt disease of
Ailanthus in Tuscany (Central Italy), then attributed
to V. dahliae. The isolated strain (i.e., VdGL16) was
proven to be virulent towards both Ailanthus seed-
lings from several Italian provenances and adult trees,
not infectious in trees or shrubs of economic or land-
scape interest, whereas only a few herbaceous spe-
cies of horticultural and forage concern resulted sus-
ceptible among the 40 non-target species/varieties/
cultivars tested (Pisuttu et al. 2020a). This study also
allowed to develop on optimal inoculation method
for adult trees, both in terms of infection efficacy and
environmental safety (i.e., to avoid accidental spread
of conidial suspension). Verticillum dahliae was thus
proposed as the so far best candidate for an efficient,
low cost and sustainable control of the invasive Ailan-
thus, especially in urban and peri-urban Mediterra-
nean areas. However, it was also highlighted the need
not only to further test the susceptibility of other non-
target species (to be clear, V. dahliae can infect more
than 200 different hosts including crops of economic

and landscape importance in Italy and in the Medi-
terranean basin such as Olea europaea; Fradin and
Thomma 2006, Mulero-Aparicio et al. 2020), but also
to better understand the responses of Ailanthus under
the challenge of V. dahliae, in order to elucidate the
pathogenic mechanisms behind the effectiveness of
this biocontrol agent.

Thus, the present study aimed to broadly investi-
gate at macroscopic, ecophysiological and biochemi-
cal levels the responses of Ailanthus inoculated with
V. dahliae strain VdGL16. Specifically, we postulated
that (i) V. dahliae infection simulates drought stress,
but following a more complex and rapid pathogenic
mechanism due to the inclusion of cell-wall-degrad-
ing enzymes, toxic compounds and elicitors produced
by the fungus (Fradin and Thomma, 2006), and (ii)
even if Ailanthus is able to activate defence responses
against V. dahliae, its strong invasiveness is progres-
sively reduced by the fungal disease, and its death is
essentially unavoidable in the presence of the pro-
posed biocontrol agent.

Materials and methods
Biological material and experimental design

In June 2019, 4-years-old saplings of A. altissima
were purchased from a commercial nursery (Milan,
Italy, 45°27'68" N, 9°09'34" E, 120 m a.s.l.) and
transferred to the field-station of San Piero a Grado
(Pisa, Italy, 43°40'48" N, 10°20'46" E, 2 m a.s.l.)
owned by the Department of Agriculture, Food and
Environment (DAFE) of the University of Pisa. Here,
plants were directly transplanted into 10-L plastic
pots filled with a mixture of a peat and clay stand-
ard soil (Topfsubstrat ED 63 T grob, Einheitserde,
Sinntal-Altengronau, Sinntal, Germany; 34% organic
C, 0.2% organic N and pH of 5.8-6.8) and coconut
fibres (3:1), and maintained well-watered (i.e., at field
capacity) and under field conditions until the end of
the experiment.

Verticillium dahliae strain VdGL16 (deposited in
GenBank with the accession number MK474459),
initially isolated from a naturally infected Ailanthus
scion and preserved in the DAFE-culture collection
(Pisuttu et al. 2020a), was grown on potato dextrose
agar (PDA, 39 g L Sigma-Aldrich, Milan, Italy)
amended with streptomycin sulphate (0.1 g L7,
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Gold Biotechnology, Saint Louis, MO, USA) in Petri
dishes (J 9 cm) incubated for two consecutive weeks
at 23 °C and a 12 h photoperiod. Liquid cultures of
V. dahliae were prepared in Erlenmeyer flasks (0.5 L)
containing Czapek Dox Broth (35 g L7!; Sigma-
Aldrich, Milan, Italy) and incubated for 3 days in
an orbital shaker (711 CT, Asal, Milan, Italy) set at
150 rpm and kept under room conditions. Conidial
suspensions were obtained by filtering liquid cultures
through three layers of sterile cheesecloths. Accord-
ing to previous works (Schall and Davis, 2009a, b;
Kasson et al. 2015; Maschek and Halmschlager,
2018, Pisuttu et al., 2020a) inoculum concentration
was adjusted to approximately 0.8—1x 10’ conidia
mL~! by a Biirker hemocytometer chamber (Hen-
neberg-Sander, Giessen Liitzellinden, Germany). The
conidial suspension was used for stem inoculations
reported below.

On 11th June 2020, 20 plants were randomly
selected for uniformity of height (ca. 3 m), habitus
and trunk diameter (on average of 12 cm) and stem-
inoculated at breast height, according to Pisuttu et al.
(2020a). Trunks were punched with an electric drill
mounting a sterilized drill bit, so to produce a 6 mm
hole (4 cm length) slightly tilted downwards. After-
wards, using micropipettes, 5 mL of the abovemen-
tioned conidial suspension were injected inside the
holes of 10 randomly selected plants (V. dahliae-
inoculated), while 5 ml of a sterile Czapek solution
were injected inside the holes of the other 10 plants
(controls). A rectangular Parafilm M® laboratory
film sheet was used for impeding the outflow of the
conidial suspension or the Czapek solution. Plants
were randomly positioned within the experimental
area and repositioned every week to avoid position
effects. The daily average, maximum and minimum
air temperatures and total precipitation throughout the
entire period of the experiment (10 weeks), recorded
by an automatic meteorological station located near
the experimental site (Coltano, Pisa; 43°37'58" N,
10°22'55" E, 2 m a.s.]) were 22.9, 28.5 and 17.2 °C,
and 113 mm, respectively. These data were in accord-
ance with those of the 2000-2019 historical series
provided by the Hydrological Service of Tuscany
Region (Fig. 1).

Verticillium colonization in inoculated Ailan-
thus trees was verified by re-isolating the pathogen
from plant tissues. Briefly, petioles of symptomatic
leaves were cut in 1-cm pieces, disinfected in sodium
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Fig. 1 Climograph of biweekly maximum (Black up-pointing
triangle) and minimum (Black down-pointing triangle) air tem-
peratures (°C) and precipitations (mm; bars) referred to the
experimental period (solid line; data are from an automatic
meteorological station located near the experimental site) or
the 2000-2019 historical series (dotted line; data are from the
Hydrological Service of Tuscany Region)

hypochlorite (0.5%) for 5 min, rinsed twice with ster-
ile distilled water, gently wizened and finally placed
on PDA in Petri dishes (& 9 cm), until the develop-
ment of fungal structures. After 2 weeks, a morpho-
logic identification of V. dahliae colonies was car-
ried out using a stereo microscope (Leica S9, Leica
Mycrosystems, Milan, Italy; magnification 40x)
and an optical microscope (Leica DM 4000B, Leica
Mycrosystems; magnification 400x).

Measurements were carried out at 0, 2, 4, 6, 8
and 10 weeks post inoculation (wpi) on all selected
plants (i.e., 10 V. dahliae-inoculated and 10 controls).
The severity of V. dahliae infection was assessed on
all leaves present at each time of analysis, whereas
physiological and biochemical analyses were carried
out on at least three mature, totally expanded and
asymptomatic leaves per plant, randomly selected in
the middle of the foliage. Chlorophyll (Chl) a fluo-
rescence measurements were not collected at 2 wpi
because no significant V. dahliae-induced variations
were observed for other investigated physiological
parameters at this time of analysis; whereas A/C;
response curves were collected at 6 and 8 wpi, after
the occurrence of significant V. dahliae-induced vari-
ations of gas exchange parameters firstly reported at
4 wpi (see below). At each measurement time, leaf
tissues were collected, divided into aliquots, imme-
diately frozen in liquid nitrogen and then stored
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at—80 °C until biochemical analyses. All measure-
ments and leaf collections were performed between
10.00 a.m. and 3.00 p.m.

Assessment of disease severity progress

Disease severity was calculated using an ordinal 0—4
rating system according to the percentage of affected
leaves (0=no symptoms; 1=1-33%; 2=34-66%;
3=67-99%; 4=dead plant; Prieto et al. 2009). The
Area Under the Disease Progress Curve (AUDPC)
was determined using the formula reported in Simko
and Piepho (2012):

n—1 V. +y,
AUDPC = ; T“ X (1o —1;)

where y; is the rate of disease severity determined as
described above at the ith observation, #; is time (in
days) at the ith observation, and 7 is the total number
of observations.

Ecophysiological and water status analyses

Net CO, assimilation rate (A), stomatal conduct-
ance (g,) and intercellular CO, concentration (C;)
were determined using a portable infrared gas ana-
lyser (Li-Cor Inc., Lincoln, NE, USA) equipped with
a 2x3 cm leaf cuvette operating at 400 pmol mol ™!
(ambient) CO, concentration and 1500 pmol m2s!
of saturating light. The temperature and relative
humidity inside the leaf cuvette were 30 °C and
around 45%, respectively. Using the same instrumen-
tation and settings, A/C; curves were also constructed
by adjusting the CO, concentration inside the leaf
chamber to 400, 200, 150, 50, 400, 600, 800, 1000,
1200, and 1500 pmol mol~'. The CO, compensation
point in absence of respiration (I'*) was assumed to
be 44.04 at 30 °C (Bernacchi et al. 2002). Maximum
rate of carboxylation (V_,,.) and electron transport
obtained at saturating light (J;5,,) were calculated
according to Long and Bernacchi (2003), based on
the model of Farquhar et al. (1980).

Chlorophyll a fluorescence emission was meas-
ured by a Plant Efficiency Analyzer—Handy PEA
(Hansatech Ltd., Norfolk, UK). Each selected leaf
was dark adapted for 10 min with a clip randomly
placed over its surface and then illuminated for 1 s
with a 3000 pmol m~2 s™! saturating excitation pulse

of red light (650 nm) provided by a LED light source
included into the fluorimeter. Fluorescence induc-
tion curves were recorded up to 1 s. Up to 20 fluo-
rescence curves were recorded per each individual
and analysed by means of the JIP-test (Strasser et al.
2000; Stirbet and Govindjee 2011), which is used
to translate original fluorescence data to biophysi-
cal parameters that quantify energy fluxes and their
ratios, physiological states, conformation, and the
overall photosynthetic performance of the samples.
The ‘vitality’ of the samples was summarized by the
maximum quantum yield of primary photochemistry
as inferred from fluorescence data: @p,=(Fy—F,)/
Fy=Fy/Fy;. In addition to this classical indicator,
the so called performance index (Pl gg) was calcu-
lated from another set of equations: ypc/(1 —Yrc) @po/
(1= @po) Wi/ (1 — W), where, ype=Chlgc/Chlygy, is
the probability that a PSII Chl molecule functions as
reaction centre (RC); yr/(1 —yge) is approximated in
the JIP-test by RC/ABS, with ABS/RC the inferred
absorbed energy flux (ABS) per active RC of PSII;
¢p,=TR/ABS (=F/Fy) is the inferred maximum of
quantum yield of primary photochemistry; yg,=ET/
TR, is the probability that an electron moves further
than the electron acceptor QA (Strasser et al. 2000;
Stirbet and Govindjee 2011). The effects of V. dahliae
inoculation were further considered by means of tran-
sient curves. Fast fluorescence kinetics typically out-
line a curve: when the curve is plotted on a log-time
axis, a typical sequence of steps called O-J-I-P, each
corresponding to its changing inclination, is outlined
(Strasser et al. 2000). The minimal fluorescence Fj is
measured at 50 ps and corresponds to O, the J-step
is recorded at 2 ms, the I-step at 30 ms and P-step at
about 300 ms, generally in correspondence of maxi-
mal fluorescence Fy;.

Leaf water potential (W;y) was measured using a
Scholander-type pressure chamber (model 600, PMS
Instrument, Albany, NY, USA), using the precautions
of Turner and Long (1980). Leaf osmotic potential
(¥;,) was converted from osmolality (using the Van’t
Hoff equation) determined by a VAPRO® Vapor
Pressure Osmometer (model 5600, EliTechGroup,
Puteaux, France), according to Cotrozzi et al. (2020).
Relative water content (RWC) was calculated as (FW-
DW)/(TW-DW) x 100, where FW is the fresh weight,
TW is the turgid weight after rehydrating samples for
24 h in distilled water, and DW is the dry weight after
oven drying samples at 80 °C for 72 h.
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Biochemical analyses

Photosynthetic and accessory pigments were meas-
ured according to Cotrozzi et al. (2017). About 0.1 g
of leaf tissue were extracted with 1 mL of 100%
HPLC-grade methanol and incubated overnight at
4 °C in the dark. Samples were centrifuged for 15 min
at 16,000xg at 4 °C and the supernatant was filtered
through 0.2 pm Minisart® SRT 15 aseptic filters, and
immediately analysed. Pigments were determined
by Ultra-High Performance Liquid Chromatogra-
phy (UHPLC) using a Dionex UltiMate 3000 system
(Thermo Scientific, Waltham, MA, USA) equipped
with a reverse-phase Agilent column (ZORBAX
Eclipse plus C18, 5 pm particle size, 4.6 mm inter-
nal diameter X 150 mm length; Agilent Technologies,
Inc., Santa Clara, CA, USA) kept at 25 °C. The pig-
ments were eluted using 100% solvent A (acetonitrile/
methanol, 75/25, v/v) for the first 14 min to elute all
xanthophylls, followed by a 1.5 min linear gradient to
100% solvent B (methanol/ethylacetate, 68/32, v/v),
15 min with 100% solvent B, which was pumped to
elute Chl b and a and p-carotene, followed by 2 min
linear gradient to 100% solvent A. The flow-rate was
1 mL min~!. The column was allowed to re-equili-
brate in 100% solvent A for 10 min before next injec-
tion. The pigments were detected by their absorbance
at 445 nm with a Dionex UVD 170 U UV-Vis detec-
tor (Thermo Scientific). To quantify the content of
pigments, known amounts of pure authentic standards
were injected into the UHPLC system and equations,
correlating peak area to the concentration of pig-
ments, were formulated. Chromatographic data were
processed and recorded by Chromeleon Chromatog-
raphy Management System software, version 7.2.10-
2019 (Thermo Scientific).

Key mineral elements (i.e., Na*, K*, Mg?*, Ca**)
were determined by a Dionex Aquion Ion Chro-
matography System (Thermo Scientific) equipped
with a Dionex Cation Self-Regenerating Suppres-
sor CSRS™ 300 and a 4x250 mm Dionex Ion-
Pac™ CS12A column Thermo Fisher Scientific,
Waltham, MA, USA), provided with a 4X50 mm
Dionex IonPac™ CG12A pre-column (Thermo Sci-
entific), according to Calzone et al. (2020). Around
0.1 g of leaf tissue were suspended in 1 mL of 100%
HPLC-demineralized water, shaken for 15 min and
centrifuged at 2100xg for 10 min. After filtration
through 0.2 pm Minisart® SRT 15 aseptic filters, the
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supernatant was tenfold diluted with 100% HPLC-
demineralized water and eluted with 20 mM methan-
sulfonic acid. The flow rate was 1 mL min~'. Data are
shown as K*/Na*t, K*/Ca?* and K*/Mg** ratios.

Abscisic acid (ABA) content was determined after
extracting 0.1 g of leaf tissue in 1 mL of distilled
water, and the resulting supernatant was furtherly
diluted 10 times. The determination of ABA was per-
formed at 415 nm with a fluorescence/absorbance
microplate reader (Victor3 1420 Multilabel Coun-
ter, Perkin Elmer, Waltham, MA, USA), by using
the Phytodetek® Immunoassay Kit for ABA (Agdia
Elkhart, IN, USA).

Soluble carbohydrate contents were determined
according to Pellegrini et al. (2015), with slight modi-
fications. About 50 mg of leaf tissue were extracted
with 1 mL of 100% HPLC-demineralized water in a
water bath at 60 °C for 60 min. Samples were centri-
fuged for 15 min at 16,000xg at 4 °C and the super-
natant was filtered through 0.2 pm Minisart® SRT
15 aseptic filters. Soluble carbohydrates were deter-
mined by the same UHPLC system reported above
equipped with a Repromer H column (9 pm particle
size, 8 mm internal diameter X300 mm length; Dr
Maisch, Ammerbuch, Germany), provided with a
pre-column (9 pm particle size, 8§ mm internal diam-
eter X 20 mm length; Dr Maisch), kept at 30 °C. The
isocratic mobile phase was 9 mM sulphuric acid,
eluted at a flow rate of 1 mL min~'. Soluble carbo-
hydrates were detected by their absorbance at 210 nm
with a differential refractometer (Shodex, West Ber-
lin, NJ, USA). To quantify soluble carbohydrate con-
tents, known amounts of pure standard were injected
into the HPLC system. An equation correlating the
peak area to each soluble carbohydrate standard con-
centration was formulated using the software reported
above. The sum of sucrose, glucose and fructose, was
considered as a measure of total soluble carbohydrate
content (Tot car).

Starch content was determined using the com-
mercial kit K-TSTA (Megazyme, Wicklow, Ireland)
according to the manufacturer’s protocol. Around
0.1 g of pellet were suspended in 80% aqueous etha-
nol (v/v). The a-amylase hydrolysed the total starch
in maltodextrins and, subsequently, two enzymatic
procedures were carried out (i) to idrolyse maltodex-
trins to D-glucose (by using amyloglucosidase) and
(i1) to oxidase D-glucose in gluconate (by using glu-
cose oxidase). During this reaction, a production of
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a quinoneimine dye occurred with the concomitant
release of one mole of hydrogen peroxide, which was
quantitatively measured in a colorimetric reaction
employing peroxidase. Absorbance at 510 nm was
determined using the fluorescence/absorbance micro-
plate reader reported above.

Amino acid (AA) contents were measured accord-
ing to Fish (2012). Around 0.1 g of leaf tissue were
extracted with 1 mL of 100% HPLC-demineralized
water and the supernatant filtered through 0.2 pm
Minisart® SRT 15 aseptic filters, was analysed by the
same UHPLC system reported above equipped with
a Zorbax Eclipse AAA column (5 pum particle size,
4.6 mm internal diameter X 150 mm length; Agilent,
Milan, Italy) kept at 40 °C. A pre-column derivatiza-
tion was performed by neutralizing samples in 0.4 M
borate buffer (pH 10.2) to ensure that the amino ter-
minus of each AA was neutralized. Primary amines
were then reacted with o-phthaldehyde (OPA), and
secondary amines (such as proline) were reacted
with  9-fluorenylmethylchloroformate (FMOC-CI).
UHPLC analytical conditions were as follows: 100%
solvent A [demineralized water 40 mM sodium phos-
phate dibasic buffer (pH 7.8)] for the first 18 min fol-
lowed by a 1 min linear gradient to 57% solvent B
(acetonitrile:methanol:water, 45:45:10 v/v), 4 min of
100% solvent B, followed by a 5 min linear gradient
to 100% solvent A. The flow rate was 2 mL min~!.
Primary AA were detected with a fluorescence detec-
tor (FLD-3400 RS; Thermo Scientific) at 340 and
450 nm (excitation and emission fluorescence), while
secondary AA (i.e., proline) were detected with the
UV detector reported above at 262 nm. To quantify
the content of AA, known amounts of pure authen-
tic standards were injected into the UHPLC system
and equations, correlating peak area to AA concen-
tration, were formulated using the software reported
above. Data are shown as nonaromatic AA (sum of
aspartic acid, asparagine, glutamic acid, glutamine,
lysine, threonine, leucine, isoleucine, valine, alanine,
arginine, glycine, and histidine), aromatic AA (sum
of tyrosine, tryptophan, and phenylalanine) and AA
with special functions (sum of cysteine, methionine,
and proline).

Statistical analyses

The Shapiro—Wilk’s and Levene’s tests were used to
firstly assess the normal distribution of data and the

homogeneity of variance, respectively. The effect of
time on AUDPC was investigated by a one-way anal-
ysis of variance (ANOVA). The effects of V. dahliae
inoculation, time and their interaction on parameters
collected with non-destructive measurements (inves-
tigating the same leaf samples at all times of analysis;
e, A, g, C, F/F,, and PI) were assessed by a one-
way repeated-measures ANOVA (using ‘V. dahliae
inoculation’ as between factor and ‘time’ as within
factor); while those on parameters collected with
destructive measurements (investigating different leaf
samples at each time of analysis; i.e., 0, 2, 4, 6, 8§, 10
wpi) were assessed by a two-way ANOVA (using ‘V.
dahliae inoculation’ and ‘time’ as factors). Compari-
son among means were determined by the Tukey’s
HSD post-hoc test. Effects with P <0.05 were consid-
ered statistically significant. Statistical analyses were
performed with JMP 11.0 (SAS Institute, Cary, NC,
USA).

Results

Verticillium re-isolation, and disease severity
progress

Verticillium was successfully re-isolated from inocu-
lated plants after 5 wpi, as confirmed by the identifi-
cation of typical Verticillium conidiophores, conidia
and melanized microsclerotia. Infected plants pro-
gressively showed (i) marginal chlorosis of leaflets
already at 2 wpi, which progressively spread on the
entire leaf surface, (ii) yellowing symptoms that
developed in wilting at around 6 wpi, (iii) a gradu-
ally falling of both leaflets and leaves at about 8 wpi,
and (iv) a final severe defoliation at the end of the
experiment (Fig. 2a). As a consequence, AUDPC
values significantly increased at each time of analy-
sis (P<0.001), reaching a maximum value at 10 wpi
(Fig. 2b).

Ecophysiological responses and water status

Table 1 shows the effects (i.e., P levels) of V. dahl-
iae inoculation, time and their interaction on both
ecophysiological and water status parameters, which
were always significant, except for W, V. dahliae
infection induced a strong reduction of A and g, from
4 wpi (—38 and —46% in comparison with controls,
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Fig. 2 a Disease severity scale rated according to the percent-
age of damage of affected leaves: 0=no symptoms; 1 =1-33%;
2=34-66%; 3=67-99%; 4 =dead leaf. b Disease severity pro-
gress (line/scatter plot) and Area Under the Disease Progress
Curve (AUDPC, bar plot) assessed on Ailanthus altissima
plants at 0, 2, 4, 6, 8 and 10 weeks post inoculation with Ver-
ticillium dahliae. Data are shown as mean =+ standard error
(n=20). Different letters indicate significant differences among
AUDPC means, according to the Tukey’s HSD post hoc test
(P<0.05)

respectively) until the end of the experiment (Fig. 3a,
b). C; levels resulted higher in control plants at 4 wpi
(+10% compared with V. dahliae-inoculated ones),
whereas they were higher in V. dahliae-inoculated
plants at the following times of analysis (+8%, as
average), reaching a maximum at the end of the
experiment (Fig. 3c). Verticillium dahliae-inocu-
lated plants showed lower V.. values than controls
(= 16%) at 6 wpi, whereas no significant differences
were observed at 10 wpi. Conversely, J;5,, values
strongly decreased in V. dahliae-inoculated plants
only at the end of the experiment (—40%; Table 2).
Verticillium dahliae infection induced a strong
reduction of Pl,g¢ values from 4 wpi (—77%, com-
pared with controls) until the end of the experiment,
when the minimum PI,gq level was reached (Fig. 4a).
A significant V. dahliae—induced reduction of F /F,,
was instead observed from 6 wpi (—30%), but again
reaching the minimum value at 10 wpi (Fig. 4b). Fast
fluorescence kinetics confirmed a decreasing trend of
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photosynthetic performances determined by V. dahl-
iae inoculation (particularly evident from 8 wpi), as
reflected by the flattening of transient curves. On the
other hand, transient curves of control plants main-
tained a typical profile of healthy samples (Fig. 4c).
Both ¥}y and RWC were significantly reduced by
V. dahliae inoculation from 4 wpi (—24 and — 14%
compared with controls, respectively) until the end of
the experiment, reaching minimum values at 10 and
6 wpi, respectively (2.1+0.1 and 64 + 1; Fig. 5a, b).
Inoculation, time and their interaction did not affect
YL

T

Biochemical responses

Table 1 also shows the effects (i.e., P levels) of V.
dahliae inoculation, time and their interaction on bio-
chemical parameters, which were always significant,
except for the effect of time on Tot starch and of V.
dahliae inoculation on nonaromatic and aromatic AA.
V. dahliae inoculation induced a significant reduction
of K*/Na™ ratio from 6 wpi (fourfold lower than con-
trols), as well as of both K*/Mg?* and K*/Ca?* ratios
from 8 wpi (— 80 and — 87%, respectively), and these
trends were maintained until the end of the experi-
ment. Specifically, these ratios significantly increased
at the latest analysis times only in control plants
(Fig. 6).

Verticillium dahliae inoculation induced a strong
decrease of Chl tot from 2 wpi (-44% compared with
controls; Fig. 7a), whereas it trigged an accumulation
of zeaxanthin (Zea) from 4 wpi (+30%; Fig. 7b), and
these trends lasted until the end of the experiment.
Similarly, a huge increase of ABA was observed in
infected plants from 8 wpi (about threefold higher
than controls; Fig. 7c). Both Zea and ABA contents
reached maximum values at 10 wpi.

A significant V. dahliae-induced decrease of Tot
car occurred from 2 wpi (—34% compared with
controls) until the end of the experiment (except at
4 wpi), reaching the minimum at 6 wpi (Fig. 8a).
Conversely, the effects of V. dahliae inoculation on
starch content was not stable throughout the experi-
ment: starch content was reduced at 2 and 4 wpi (— 16
and —30%, respectively), showed no differences
between experimental groups at 6 and 8 wpi, and
finally increased at the end of the experiment (+ 86%;
Fig. 8b).
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Table1l P levels (***P<0.001, **P<0.01; *P<0.05; ns
P>0.05) and degrees of freedom (d.f) of one-way ANOVA
for the effects of Verticillium dahliae inoculation, time, and
their interaction on photosynthetic rate (A), stomatal conduct-
ance (g,), intercellular CO, concentration (C;), photosynthetic
performance index (PI,gpg), and potential PSII photochemical
activity (F,/F,, ratio), assessed by a one-way repeated measures
ANOVA (using ‘Vd inoculation’ as between factor and ‘time’

as within factor); and on leaf water potential (W;y), relative
water content (RWC), leaf osmotic potential (¥ ,), K*/Na*,
K*/Ca®*, K*/Mg?* ratio, total chlorophylls (Chl tot), zeaxan-
thin (Zea), abscisic acid (ABA), total carbohydrates (Tot car),
starch (starch), nonaromatic amino acids (AA nonaromatic),
aromatic amino acids (AA aromatic) and amino acids with
special functions (AA special function), assessed by a two-way
ANOVA (using ‘V. dahliae inoculation’ and ‘time’ as factors)

d.f Inoculation d.f Time d.f Inocula-
tion X Time

A 1 Hkok 5 ko 5 sk
g, 1 Hokok 5 sk 5 sk
G 1 Hokok 5 * 5 sk
Pl,gs 1 o 4 ok 4 okok
EF, 1 ook 4 sk 4 ok

Y w 1 ook 5 ok 5 sk
¥, 1 ns 5 ns 5 ns

RWC 1 ook 5 okok 5 ok

K*/Na* 1 *k 5 EELS 5 EELS
K+/Ca2+ 1 *k 5 EELS 5 EELS
K+/Mg2+ 1 ko 5 sokok 5 seokok
Chl tot 1 wkE 5 wAE 5 Hk

Zea 1 Hokok 5 kg 5 sk
ABA 1 Hokok 5 kg 5 ook
Tot car 1 kot 5 Hokok 5 ook
Tot starch 1 HkE 5 ns 5 wAE
AA nonaromatic 1 ns 5 wkE 5 wkE
AA aromatic 1 ns 5 HkE 5 wkE
AA special function 1 HAE 5 woHE 5 ok

Verticillium dahliae inoculation avoided the accu-
mulation of nonaromatic AA which was instead
observed in control plants at 4 wpi (nonaromatic AA
were 68% lower in inoculated plants than in controls),
whereas it significantly increased the content of these
compounds at 6 wpi (twofold higher than controls),
and no differences were reported at the other times of
analysis (Fig. 9a). Among nonaromatic AA, aspartic
acid, glutamic acid and lysine were the most abun-
dant in all samples (data not shown). A remarkable
peak of aromatic AA content was induced by V. dahl-
iae inoculation at 8 wpi (sixfold higher than controls;
Fig. 9b), while no differences between experimental
groups were observed at the other times of analysis.
Among aromatic AA, phenylalanine was the most
abundant in all samples (data not shown). Verticillium
dahliae inoculation also increased the content of AA
with special function at 4 wpi, and even more at 8 wpi
(4- and 10- fold higher than controls, respectively;

Fig. 9c), but also these compounds did not show other
significant differences at the other times of analysis.
Among AA with special function, proline was the
most abundant in all samples (data not shown).

Discussion

Plants introduced into a new geographic region may
encounter other multiple pathogens with different
infection strategies compared to those occurring in
their native areas (Schall and Davis 2009b). This is
the case of the tree-of heaven affected by Verticillium
wilt: although Verticillium spp. are not mentioned
among Ailanthus enemies in the native areas of the
tree species, they have been reported as primary path-
ogens causing Ailanthus decay and extensive mortal-
ity in other worldwide regions severely challenged by
this invasive species (Ding et al. 2006). Verticillium
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Fig. 3 Net CO, assimilation rate (A, a); stomatal conductance
(g, b) and intercellular CO, concentration (C;, ¢) in Ailanthus
altissima plants inoculated with Verticillium dahliae (black cir-
cle) or not inoculated (controls, white circle). Measurements
were carried out at 0, 2, 4, 6, 8 and 10 weeks post inoculation.
Data are shown as mean =+ standard error (n=5). Since the one-
way repeated measures ANOVA revealed a significant V. dahl-
iae inoculation X time interaction on these parameters, different
letters indicate significant differences among means, according
to the Tukey’s HSD post hoc test (P <0.05)

wilt of Ailanthus appeared sporadically in the past,
although cases of Ailanthus mortality have been well
documented since long, especially in urban areas
(Kasson et al. 2014; Pisuttu et al. 2020a). Probably,
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Table 2 Maximum rate of carboxylation of Rubisco (V .«
pmol CO, m~2 s7!) and electron transport obtained at satu-
rating light (J;so0 pmol e~ m™2 s71) in leaves of Ailanthus
altissima plants uninoculated (control) or stem-inoculated
with Verticillium dahliae (Vd-inoculated), analysed at 6 and
10 weeks post inoculation (wpi)

Time Inoculation V max Jis00
6 wpi Control 54+1 49+1
Vd-inoculated 46+1 43+3
s ns
10 wpi Control 213+10 227+24
Vd-inoculated 186 +1 136 +22
ns *

Data are shown as mean =+ standard error (n=3). For each time
and each parameter, P-values are from Student’s t test for the
effects of inoculation: **P <0.01, *P <0.05, ns: P>0.05

Verticillium wilt of Ailanthus, as well as cases of
high natural mortality rates of Ailanthus within urban
or peri-urban sites, were neglected and confused for
years. Many Verticillium wilt epidemics were likely
overlooked, mistaken for natural senescence and
explained as short life expectancy of Ailanthus, or
even interpreted as the result of chemical applications
along roadsides (Kasson et al. 2014). Considering
the incomplete understanding of this plant-pathogen
interaction, information regarding the physiological
and biochemical responses of the invasive species try-
ing to cope with the wilt pathogen was lacking, a gap
addressed by the present study.

Verticillium diseases are not easy to diagnose in
nature because of the absence of pathognomonic
symptoms (Fradin and Thomma 2006) and also in
this experiment the development of visible injuries,
as well as changes in other parameters (mostly at 4
wpi), did not occur simultaneously to the pathogen
re-isolation (at 5 wpi). Curiously, sometimes wilt-
ing symptoms are not shown in plants affected by
Verticillium wilt. This is not the case of the present
study, since inoculated Ailanthus plants progressively
showed marginal chlorosis (also Chl tot decreased
since 2 wpi), yellowing and indeed wilting, before
starting to fall leaflets and leaves, until a final severe
defoliation; so confirming the high virulence of the
V. dahliae—strain VdGL16. The main reason for
the occurrence of these Verticillium wilt symptoms
is usually the occlusion of xylem vessels due to (i)
physical blockage by the pathogen itself and (ii) host
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Fig. 4 Photosynthetic Performance Index (PI,gg, @) and maxi-
mum of quantum yield of primary photochemistry (F/F,,
b) in Ailanthus altissima plants inoculated with Verticillium
dahliae (black circle) or not inoculated (controls, white cir-
cle). Measurements were carried out analysed at 0, 4, 6, 8 and
10 weeks post inoculation. Data are shown as mean + standard
error (n=5). Since the one-way repeated measures ANOVA
revealed a significant V. dahliae inoculationXtime interac-
tion on these parameters, different letters indicate significant
differences among means according to the Tukey’s HSD post
hoc test (P <0.05). Average fast fluorescence transient curves
of infected and control plants at 0, 4, 6, 8 and 10 weeks post
inoculation, plotted on logarithmic scale (c)
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Fig. 5 Leaf water potential (¥, a) and relative water content
(RWC, b) in Ailanthus altissima plants inoculated with Verti-
cillium dahliae (black circle) or not inoculated (controls, white
circle). Measurements were carried out at 0, 2, 4, 6, 8 and
10 weeks post inoculation. Data are shown as mean =+ standard
error (n=5). Since the two-way ANOVA revealed a significant
V. dahliae inoculation X time interaction on these parameters,
different letters indicate significant differences among means,
according to the Tukey’s HSD post hoc test (P <0.05)

defence responses that are aimed at vessel plugging,
such as production of tyloses and gums (Fradin and
Thomma 2006), which basically cause a water stress.
It is known that the growth and activity of V. dahl-
iae may trigger plant physiological responses that
resemble those commonly caused by drought (such
as reduction in leaf photosynthesis, transpiration and
leaf longevity; Lorenzini et al. 1997; Sadras et al.
2000; Pascual et al. 2010). Although Ailanthus is
considered as drought-tolerant (Filippou et al. 2014)
thanks to its ability to reduce both water loss by
leaves and root hydraulic conductance (Trifilo et al.
2003), the fungal infection rapidly and severely com-
promised the plant water status (as confirmed by the
reduced RWC and ¥,y values from 4 wpi), likely
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Fig. 6 K*/Na* (a), K*/Mg** (b) and K*/Ca>" ratios (c) in
Ailanthus altissima plants inoculated with Verticillium dahliae
(black circle) or not inoculated (controls, white circle). Meas-
urements were carried out at 0, 2, 4, 6, 8 and 10 weeks post
inoculation. Data are shown as mean + standard error (n=23).
Since the two-way ANOVA revealed a significant V. dahliae
inoculation X time interaction on these parameters, different let-
ters indicate significant differences among means according to
the Tukey’s HSD post hoc test (P <0.05)

due to a vascular dysfunction. Moreover, Verticillium
produces a broad spectrum of phytotoxins and other
molecules inducing host cell death that also play a
crucial role in the pathogenicity of the organism (Fra-
din and Thomma 2006). Actually, the mechanistic
basis of disease-induced inhibition of photosynthetic
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Fig. 7 Total chlorophyll (Chl tot, a), zeaxanthin (Zea, b) and
abscisic acid (ABA, ¢) contents in Ailanthus altissima plants
inoculated with Verticillium dahliae (black circle) or not inoc-
ulated (controls, white circle). Measurements were carried out
at 0, 2, 4, 6, 8 and 10 weeks post inoculation. Data are shown
as mean + standard error (n=3), on a dry weight (DW) basis.
Since the two-way ANOVA revealed a significant V. dahliae
inoculation X time interaction on these parameters, different let-
ters indicate significant differences among means according to
the Tukey’s HSD post hoc test (P <0.05)

performance in Verticillium wilted plants remains
unclear to date and the decay could probably due
by both, the V. dahliae-induced vascular dysfunc-
tion and the production of phytotoxins. In fact, if in



Physiochemical responses of Ailanthus altissima under the challenge

73

180

160

140 -

120

100 -

80 -

Tot car (umol g”' DW)

60

40 T
120

100

80 -

60

Tot starch (mg g’ DW)

40

20 - r T v ' v i
0 2 4 6 8 10

Weeks post inoculation

Fig. 8 Total carbohydrates (Tot car, a) and Total starch (Tot
Starch, b) contents in Ailanthus altissima plants inoculated
with Verticillium dahliae (black circle) or not inoculated
(controls, white circle). Measurements were carried out at 0,
2,4, 6, 8 and 10 weeks post inoculation. Data are shown as
mean +standard error (n=3), on a dry weight (DW) basis.
Since the two-way ANOVA revealed a significant V. dahliae
inoculation X time interaction on these parameters, different let-
ters indicate significant differences among means according to
the Tukey’s HSD post hoc test (P <0.05)

plants grown in harsh conditions, stomatal closure
can be considered one of the initial responses in order
to retain water and provide innate immunity against
pathogens (Bharath et al. 2021), here photosynthesis
was impaired (already from 4 wpi) due to both sto-
matal and mesophyll limitations (as confirmed by the
reduced g, and the concomitant increased C;), sug-
gesting the role of other pathogenic mechanisms apart
from water stress (Nogués et al. 2002), and followed
by biochemical impairments in terms of Rubisco car-
boxylation efficiency at 6 wpi and regeneration capac-
ity at the end of the experiment (decreased V. and
J1s00 values, respectively).

AA nonaromatic (mg g™ DW)

AA aromatic (mg g'1 DW)

0.0 T T T r - —
250

200 -

150 +
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Fig. 9 Nonaromatic amino acids (AA nonaromatic, a), aro-
matic amino acids (AA aromatic, b) and amino acids with
special function (AA special function, ¢) contents in Ailanthus
altissima plants inoculated with Verticillium dahliae (black
circle) or not inoculated (controls, white circle). Measure-
ments were carried out at 0, 2, 4, 6, 8 and 10 weeks post inocu-
lation. Data are shown as mean =+ standard error (n=3), on a
dry weight (DW) basis. Since the two-way ANOVA revealed
a significant V. dahliae inoculation X time interaction on these
parameters, different letters indicate significant differences
among means according to the Tukey’s HSD post hoc test
(P<0.05)
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The detrimental effects of V. dahliae inocula-
tion on photosynthetic system was further confirmed
by variations of Chl a fluorescence parameters. In
particular, the reduction of Pl,gg (already from 4
wpi, concomitantly with A decline) and F,/F, ratio,
together with the overall alteration of Chl a fluores-
cence emission curves suggested that the disease (i)
compromised the photosynthetic activity of the PSII
RC complex (Strasser et al. 2000), (ii) induced the
closure of a large proportion of PSII reaction centres,
and (iii) caused a progressively increasing photoin-
hibition (Lorenzini et al. 1997; Nogués et al. 2002;
Pisuttu et al 2020b). Consequently, the light energy
used in photochemistry exceeded the electron trans-
port capacity to NADP' and the decreased ApH
across the thylakoid membranes promoted the oxi-
dative cleavage of the carotenoids, which can lead to
the production of ABA (Pisuttu et al. 2020b). This
hypothesis was also confirmed by the significant
increase in Zea content observed from 4 wpi, since it
is known that Zea can be used to de novo synthesize
ABA (Zhou et al. 2015). This hormone usually plays
a pivotal role in the physiological adaptation of plants
under environmental constraints, especially by regu-
lating stomatal opening, and so controlling transpira-
tion and water loss (Mauch Mani and Mauch 2005;
Munemasa et al. 2015). However, the involvement
of ABA in disease susceptibility has been shown to
be complex and dependent on multiple factors such
as the type of pathogen and the duration of infection
(Asselbergh et al. 2008). In particular, ABA accumu-
lation during the early stages of pathogen infection
commonly increases plant resistance (e.g., by sto-
matal closure, callose production and enhancement
of jasmonic acid response), while at later invasion
stages it makes plants more susceptible by repress-
ing mechanisms involved in disease resistance (e.g.,
additional callose accumulation, phenylpropanoid and
lignin biosynthesis; Maksimov 2009). Here, a sig-
nificant increase of ABA content was only observed
from 8 wpi suggesting that it likely obstructed the
activation of defence mechanisms by promoting early
leaf senescence and nutrient remobilization (Schmidt
et al. 2008; Saddhe et al. 2017).

In the current experiment, V. dahliae infection
also altered the ion regulations (as confirmed by
the lowered K*/Na®, K*/Mg?* and K*/Ca®" ratios
occurred from 6/8 wpi). This phenomenon could
be due to (i) no ionic replacement, (ii) occlusion
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of vascular traits making impossible the nutrient
translocation from roots to shoots, and/or (iii) utili-
zation of mineral elements for other functions such
as osmolyte accumulation, hypersensitive response
and programmed cell death (Lecourieux et al. 2002,
Amtmann et al. 2008, Ranf et al. 2011, Wang and
Wu 2013). In particular, the osmotic potential did
not change compared with controls and only proline
(the most relevant compound among AA with spe-
cial function) markedly accumulated at 8 wpi (Filip-
pou et al. 2014; Tani et al. 2018). Proline has multi-
ple positive roles in stress adaptation, recovery, and
signalling as a response to a wide range of biotic
and abiotic stresses. It is involved not only in intra-
cellular osmotic adjustment between cytoplasm and
vacuole, but also in regulation of plant growth and
protection of chloroplasts (Bibi et al. 2014). Conse-
quently, some authors considered proline accumula-
tion as a sensor of wilt damage caused by V. dahliae
(Goicoechea et al. 2000). Here, the observed shift of
osmolyte accumulations might be a direct effect of
V. dahliae in view of the redistribution of solutes in
plant cells and the blockage of micro- and macronu-
trient translocation (as confirmed by the significant
decrease of Tot car; Liang et al. 2013). In general,
it could be supposed that primary metabolism in V.
dahliae inoculated plants is strongly delayed by the
disease as confirmed also by the profile of nonaro-
matic AA, that showed a huge increase at 4 wpi in
controls while only 2 weeks later in infected trees
(without substantial qualitative changes). Moreover,
our results indicated that the occlusion of vascular
traits interfered with the sugar transport through
the conducting elements. Since sugars homeostasis
is a dynamic process in which starch and sucrose
undergo interconversion as needed by the cells
(Thalmann and Santelia 2017), a huge consumption
of simple sugars and starch reserves likely occurred
without replacement of new photosynthesized
(according to the decay of the photosynthetic per-
formances). These compounds - being the primary
carbon and energy source in plants - produce reduc-
ing power for the biosynthesis of non-enzymatic
antioxidants such as glutathione, ascorbate and phe-
nolic compounds (in accordance with the increase
of phenylalanine among aromatic AA) that could
(i) limit the generation of ROS (Novo et al. 2017),
(ii) inhibit pathogen growth, and (iii) act as anti-
microbial and cell wall strengthener (e.g., suberin;



Physiochemical responses of Ailanthus altissima under the challenge

75

Jabeen et al. 2009; Shaban et al. 2018). Effectively,
the increase of aromatic AA at 8§ wpi, mainly due
by phenylalanine, could be considered an attempt
of response against Verticillium infection, since this
AA represents the common precursor of phenyl-
propanoids (Eich 2008). However, considering that
plants were strongly affected by the fungal infec-
tion, further investigations are needed to elucidate
the potential role of secondary metabolism in the
Ailanthus/V. dahliae interaction, even if triggered in
a late-stage of plant disease.

In conclusion, our results reflect the susceptibility
of A. altissima to V. dahliae in terms of visible injury,
alteration of the photosynthetic apparatus, and hydric
status. However, the onset of water stress did not
set-in motion the series of physiological events and
osmotic adjustments analogous to those occurring
in drought-resistant plants, and V. dahliae-infected
plants were not able to delay senescence and defolia-
tion (already observed at the end of August), so sug-
gesting to further investigate the production of phy-
totoxic compounds which likely played a crucial role
in V. dahliae pathogenicity. Furthermore, in the optic
of ecological behaviour of Ailanthus in non-endemic
ecosystems, it would be important to understand (i)
the role(s) played by phytohormones in Ailanthus
responses to V. dahliae (defence or resistance) and
(ii) at what rate the V. dahliae infection limits the pro-
duction of phenolic compounds and allelopathic sub-
stances that characterize Ailanthus invasiveness. Nev-
ertheless, the potential use of V. dahliae as biological
control agent requests accuracy in the distribution
(safe procedure of application) and tests in open field,
constantly assessing all potential risk factors, con-
sidering that (i) artificial inoculations in controlled
environments (e.g., laboratories and greenhouses) are
commonly optimal for pathogen growth, and (ii) plant
susceptibility does not necessarily indicate that symp-
tomatic species would be “natural hosts” under sub-
optimal or optimal field conditions, or within a het-
erogeneous landscape (Barton 2004). This suggests
to firstly test V. dahliae in protected field conditions,
then in urban and peri-urban areas in which the pres-
ence of potential hosts is limited, as well as in monu-
mental sites, and finally to collect evidences also in
different ecosystems. Overall, the present study high-
lights the aggressiveness of Verticillium spp. towards
Ailanthus and according to previous works (Schall
and Davis 2009a, b; Maschek and Halmschlager

2018; Brooks et al. 2020), it confirms that Verticil-
lium spp. can be considered the only endemic natural
enemy able to quickly compromise the physiochemi-
cal activity of affected Ailanthus, causing inevitably
the decline of the invasive tree species so far.
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