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and T. gamsii ICCO080 to protect almond
pruning wounds from infections caused by
fungal trunk pathogens
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Instituto Agroforestal Mediterrdneo, Universitat Politécnica de Valéncia, Camino de Vera
S/N, 46022-Valencia
*Corresponding author. E-mail: jarmengo@eaf.upv.es

Summary. This study evaluated the potential of Trichoderma asperellum ICC012 and
T. gamsii ICCO80 to protect almond pruning wounds from infections caused by three
major almond trunk pathogens: Diplodia seriata, Eutypa lata, and Neofusicoccum
parvum. Dual-culture antagonism assays and two in planta wound protection trials
were conducted to assess their efficacy. In the first trial, treatments with T. asperellum
ICCO012 + T. gamsii ICC080 were applied one or seven days before or after pathogen
inoculation to test the impact of application timing, while the second trial focused on
preventive strategies, comparing single versus double applications prior to inoculation.
Both Trichoderma strains alone and mixed were able to inhibit pathogen growth in vit-
ro. Experiments in planta showed that only pre-infection applications significantly pro-
tected pruning wounds, though their efficacy differed by pathogen and treatment strat-
egy. Protection was highest against E. lata and D. seriata, in which a single treatment
prevented infection, whereas N. parvum proved more challenging; only a double pre-
inoculation application markedly improved its control. Our results demonstrate that
preventive wound protection by T. asperellum ICCO012 + T. gamsii ICCO080 is essential
for effective control. Incorporating these biocontrol agents into almond orchard man-
agement can substantially reduce trunk disease infections and limit reliance on syn-
thetic fungicides in Mediterranean production systems.

Keywords. Diplodia seriata, Eutypa lata, Neofusicoccum parvum, nut crops, Prunus
dulcis.

INTRODUCTION

Almond (Prunus dulcis [Mill.] D.A:Webb) is a widely grown nut crop in
many Mediterranean countries, as well as in California (USA), South Africa,
and some countries in South America and Australasia. Almond trees are well
adapted to Spanish semiarid Mediterranean conditions mainly found in the
southeastern regions and parts of the Ebro Valley (Gradziel, 2017). Accord-
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ing to Food and Agriculture Organization (FAO, 2024),
Spain is one of the top producers of almonds after Cali-
fornia (USA).

Fungal trunk diseases on fruit and nut crops affecting
different cultivars and caused by many diverse pathogens
are currently becoming one of the main concerns world-
wide, due to important production losses and their nega-
tive economic impact (Guarnaccia ef al., 2022; Martino ef
al., 2025; Luque-Cruz et al., 2026). Fungal trunk diseases
of almond trees have been associated with pathogenic
species belonging to several distinct taxonomic groups,
including members of the families Botryosphaeriaceae,
Calosphaeriaceae, Cytosporaceae, Diaporthaceae, Dia-
trypaceae, Togniniaceae, Hymenochaetaceae, Pleosporaceae,
and Tympanidaceae (Slippers et al., 2007; Inderbitzin et al.,
2010; Gramaje et al., 2012; Olmo et al., 2016; Markakis et
al., 2017; Lawrence et al., 2018; Nouri et al., 2018; Ledn et
al., 2020; Holland et al., 2021b; Goura et al., 2023).

The role of wounds in the epidemiology and man-
agement of fungal trunk diseases in fruit and nut crops
is crucial (Guarnaccia et al., 2022). In almond cultivation,
pruning wounds serve as important infection courts for
various fungal pathogens that cause trunk diseases, lead-
ing to sunken cankers, vascular tissue girdling, branch
dieback, and, in severe cases, tree death (Inderbitzin et
al., 2010; Gramaje et al., 2012; Holland et al., 2021b).

Researchers both in California and Spain have
explored a variety of management strategies to protect
pruning wounds in almonds through chemical and bio-
logical control. In Spain, Olmo ef al. (2017) demonstrat-
ed the effectiveness of the fungicide thiophanate-methyl
for pruning wound protection against infections caused
by Botryosphaeriaceae species. Subsequently, Holland et
al. (2021a) confirmed the efficacy of the same product in
California against five almond trunk pathogens Botry-
osphaeria dothidea (Moug.) Ces. & De Not., Neofusico-
ccum parvum (Pennycook & Samuels) Crous, Slippers
& A.J.L. Phillips, Cytospora sorbicola Norph., Bulgakov,
T.C. Wen & K.D. Hyde, Ceratocystis destructans L.A.
Holland, D.P. Lawr. & Trouillas and Eutypa lata (Pers.)
Tul. & C. Tul.

However, biological control has gained a strong
interest in managing pruning wound diseases due to
the progressive banning of chemical fungicides together
with the high restrictions that they currently face world-
wide due to their harmful effects on human health and
the environment (Lahlali et al., 2022). Biological control
agents (BCAs) such as Trichoderma atroviride P. Karst.
SC1, T. paratroviride Jaklitsch & Voglmayr RTFT014,
and Clonostachys rosea (Link) Schroers, Samuels, Seif-
ert & W. Gams J1446 had proven their efficacy to pro-
tect almond wounds against fungal trunk pathogens in
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California (Holland et al., 2021a; Travadon et al., 2023a,
b). While in Spain, the BCA Pseudomonas aeruginosa
(Schroeter 1872) Migula 1900 AC17 has recently been
suggested as the best candidate for the biological control
of Botryosphaeriaceae fungi infecting almond pruning
wounds (Romero-Cuadrado et al., 2024).

Apart from the application of BCAs based on bacte-
rial strains in Spain, all other biological control studies
have been performed in California investigating BCAs
products authorised or developed there. Nevertheless, in
Mediterranean European almond producing countries,
there is a lack of information about management strat-
egies that may be useful for wound protection against
trunk pathogens using fungal based BCAs. Thus, the
objective of our work was to determine the potential
biocontrol activity and wound protection of Tricho-
derma asperellum Samuels, Lieckf. & Nirenberg (iso-
late ICC012) and T. gamsii Samuels & Druzhin. (isolate
ICC080) against three frequently found almond trunk
disease pathogens in Mediterranean conditions: Diplodia
seriata De Not., E. lata, and N. parvum.

MATERIALS AND METHODS
Fungal isolates

In this study, we used three isolates of the following
species of almond trunk pathogens: D. seriata (BAL-45,
Binissalem, Balearic Islands), E. lata (GIHF-311, Cara-
vaca de la Cruz, Murcia), and N. parvum (BAL-42, Sant
Lloreng des Cardassar, Balearic Islands). These isolates
were obtained from almond trees showing symptoms of
cankers and internal wood necrosis. They were hyphal
tipped prior to storage in 15% glycerol solution at -80°C
into 1.5 mL cryovials at the fungal collection of the Insti-
tuto Agroforestal Mediterraneo, Universitat Politecnica
de Valencia, Spain. Moreover, Trichoderma asperellum
(isolate ICCO012) and T. gamsii (isolate ICC080) cultures,
which are the components of the commercial product
Blindar®, were provided by Gowan Crop Protection Lim-
ited, and they were also stored as described before.

Dual culture antagonism assay

Antagonistic effect of the Trichoderma isolates
against the selected almond trunk pathogens was deter-
mined using dual culture assays on Potato Dextrose Agar
(PDA, Biokar-Diagnostics, Zac de Ther, France) plates.

Pathogens inoculum was obtained from the mar-
gins of seven-day-old colonies actively growing on
PDA. From these edges, mycelial plugs (6 mm in diam-
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eter) were extracted for use in the confrontation assays.
Trichoderma isolates were cultured on PDA and incu-
bated for ten days at 25°C in darkness. To harvest conid-
ia, the agar surface was flooded with 10 mL of sterile
distilled water (SDW) and gently scraped with a sterile
spatula. The suspension was filtered through a double
layer of cheesecloth and adjusted using a hemocytom-
eter to a final concentration of 10° conidia mL"!. Moreo-
ver, these conidial suspensions were used to prepare an
additional Trichoderma suspension containing a mixture
of both isolates (T. asperellum + T. gamsii, 50% each),
which was also adjusted to 10° conidia mL. Drops (20
pL) of the three different Trichoderma conidial suspen-
sions were used for the dual confrontation experiments.

The assay was performed in 90 mm Petri dishes
containing PDA. A six mm pathogen plug was placed
on one side of the dish, while a 20 pL drop of the cor-
responding Trichoderma suspension was placed at the
opposite edge. All plates were incubated at 25°C in dark-
ness for seven days. Control treatments consisted of PDA
plates inoculated solely with the pathogen plug under
the same incubation conditions to provide a baseline for
radial growth comparison.

The experiment was conducted twice with four
replicate plates per pathogen/Trichoderma suspension
combination, and the area occupied by each microor-
ganism was measured using ImageJ software (Rueden et
al., 2017), based on a reference distance common to all
images. The percent of mycelium growth inhibition was
calculated using the formula: Percent Growth Inhibi-
tion (PGI) = [(B - A) / B] x 100, where A is the area of
pathogen mycelium growth coinoculated with Trichoder-
ma and B is the area of the pathogen mycelium growth
alone in the control plate (Urbez-Torres et al., 2020).

Pruning wound protection trials

Two different pruning wound protection trials
against selected trunk pathogens were established using
1-y-old almond plants ‘Avijor’ grafted onto GF-677 root-
stock.

Pathogens inoculum preparation

Inoculum of D. seriata and N. parvum were pre-
pared as conidial suspensions according to Elena and
Luque (2016). A mycelial plug of each pathogen, previ-
ously grown on PDA for seven days at 25°C, was put on
a center of a water agar plate (WA) (Bacto Agar; BD Bio-
sciences, NJ). Several sterile fragments (approximately
n = 20) of pine needles (three cm long) were put on the

media surface at about 1.5 cm surrounding the mycelial
plug. Plates were incubated for four weeks at 25°C under
combined near-UV and white fluorescent light (Philips
TL-D 18W BLB and Sylvania Standard F18W/33-640-
TS cool white, respectively) at a photoperiod of 12 and
12 h, until pycnidia formation. One day before inocula-
tion, pine needles (approximately n = 30) with pycnidia
were placed in a 250 mL Erlenmeyer flask containing
50 mL of sterile distilled water. The solution was kept
overnight (approximately 16 h) at 4°C to prevent conid-
ia germination, and in constant agitation with the help
of a magnetic stirrer to induce conidia release from the
pycnidia. On the next day, the suspension was vacuum-
filtered through a 60-pum Steriflip filter (Millipore Cor-
poration, Billerica, MA) to get a cleaner suspension. The
conidial suspension was adjusted to 2 x 10* conidia mL"!
using a hemocytometer. Inoculum of E. lata consisted
of a suspension of mycelial fragments from liquid cul-
tures, which was prepared as described by Travadon et
al., (2013). To produce the starter culture, ten 2 x 2-mm
plugs from a seven-day culture on PDA were inocu-
lated into a 250 mL Erlenmeyer flask containing 100
mL of potato dextrose broth (PDB; Condalab, Spain)
and incubated five days at 25°C and 150 rpm. A blender
cup (Oster 4655ESP) was used to homogenize 40 mL of
the PDB culture (one min, speed three), and two mL of
this homogenized starter culture was then inoculated to
a 125 mL Erlenmeyer flask containing 40 mL of PDB.
After incubation five days at 25°C and 150 rpm, the
entire 40 mL liquid culture was homogenized and the
concentration of mycelial fragments, which were primar-
ily <0.5 mm in length, was adjusted with SDW to 2 x 10*
fragments mL! using a hemocytometer.

Trichoderma treatments preparation

A water suspension of formulated T. asperellum
ICCO012 + T. gamsii ICC080 (Blindar®; 3 x 107 CFU per
gram of formulated product) at ten g L™ was used. The
viability of the conidia in the commercial product was
checked to be at a minimum of 90% before each trial. For
this purpose, a serial dilution of the conidia suspension
was plated on PDA and the colony forming units were
counted after 24-48 h incubation at room temperature.

First pruning wound protection trial

Main stems (0.5 cm diameter) of one-year-old pot-
ted almond plants ‘Avijor’ grafted onto GF-677 rootstock
were pruned to 30 cm above the grafting point to simu-
late a fresh pruning wound. For each pathogen four dif-
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Trial 2
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Figure 1. Schematic diagram illustrating the experimental design
and treatment timing across the first and second pruning trials. In
the first trial, for each pathogen (Diplodia seriata, Eutypa lata or
Neofusicoccum parvum) four different treatments with Trichoderma
asperellum ICCO012 + T. gamsii ICC080 were evaluated: two pre-
infection strategies (T1 and T2) and two post-infection strategies
(T3 and T4). In the second trial, three pre-infection strategies with
one (T1 and T2) or two (T3) T. asperellum ICC012 + T. gamsii
ICCO080 applications were evaluated.

ferent treatments with T. asperellum 1ICC012 + T. gam-
sii ICC080 were evaluated: two pre-infection strategies
(T1-Plants treated immediately after pruning and inoc-
ulated 24 h after the treatment; and T2-Plants treated
immediately after pruning and inoculated 7 d after the
treatment) and two post-infection strategies (T3-Plants
inoculated immediately after pruning and treated 24 h
after infection; and T4-Plants inoculated immediately
after pruning and treated seven days after infection)
(Figure 1). Positive controls included non-treated but
inoculated wounds with each pathogen at 24 h or seven
days after pruning. Negative controls included pruned
non-treated and non-inoculated plants to determine if
natural infections occurred. Trichoderma treatments and
the inoculation with each of the pathogens were per-
formed by pipetting a drop of 20 pL onto the pruning
wound, respectively. For each combination of treatment
and pathogen, nine replicates (plants) were used. Plants
were maintained in a temperature-controlled greenhouse
and arranged in a completely randomized design. The
experiment was repeated.

The plants were maintained in the greenhouse for
two months. After this time, a three cm fragment of the
main stem of each plant was cut below the wound and
collected. In the laboratory, these three cm fragments
were flame sterilized with 70% ethanol. Then, the bark
around the fragments was removed. In each fragment, a
tissue piece (= one mm) from the surface of the pruning
wound was discarded, and five small pieces of necrotic
tissue were plated onto one plate of two% malt extract
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agar (MEA) (Oxoid Ltd., Basingstoke, Hants, England)
supplemented with 0.5 g L of streptomycin sulphate
(Sigma-Aldrich, St. Louis, MO, USA) (MEAS), in an
attempt to recover the inoculated fungi and evaluate
fungal colonization. Plates were incubated for up to 10
d at 25°C in the dark. If a piece of necrotic tissue yield-
ed either D. seriata, E. lata or N. parvum, it was rated
as colonized by the respective pathogen. From the data
of these isolations, the mean percent recovery (MPR)
(number of pieces colonized by each pathogen relative
to the total number of pieces plated) was determined
from all positive controls and treatments. Treatment
effectiveness was calculated as the mean percent disease
control (MPDC) using the formula: MPDC = 100 x [1 -
(MPR treated plants / MPR non-treated control plants)]
(Urbez-Torres et al., 2020).

Second pruning wound protection trial

In this trial, inoculum preparation of the pathogens
and Trichoderma, pathogens inoculation, and Trichoder-
ma treatments were conducted as described previously.

Three pre-infection strategies with one or two T.
asperellum ICCO012 + T. gamsii ICC080 applications
were studied: T1-Plants treated immediately after prun-
ing and inoculated 24 h after treatment; T2-Plants
treated immediately after pruning and inoculated seven
days after treatment; and T3-Plants treated immediately
after pruning and seven days later, and inoculated 24 h
after the second treatment (Figure 1). Positive controls
included non-treated but inoculated wounds with each
pathogen at 24 h or seven days after pruning. Nega-
tive controls included non-treated and non-inoculated
plants to determine if natural infections occurred. For
each combination of treatment and pathogen, eight rep-
licates (plants) were used. Plants were maintained in a
temperature-controlled greenhouse for two months and
arranged in a completely randomized design. The exper-
iment was repeated. Fungal isolation, MPR and MPDC
calculation were performed as described before.

Statistical analyses

For the dual culture antagonism assay the antago-
nistic activity of Trichoderma spp. against the fungal
trunk pathogens was evaluated as the mean percent
inhibition (MPI) of mycelial growth measured after
seven days, calculated from the corresponding repli-
cates (four per experiment and repetition). Regarding
the pruning wounds protection experiments, the MPR
by each pathogen was determined from all positive con-
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trols and treatments calculated from the corresponding
replicates (nine and eight plants per experiment in the
first and second trials, respectively). Statistical analy-
ses were conducted using R version 4.2.0 (R Core Team,
2024). For the experiment and treatment effect, values
were analyzed using the Kruskal-Wallis multiple com-
parison test (P < 0.05). When differences were signifi-
cant, Dunn’s post hoc test was applied using the pack-
ages “agricolae” and “dunn.test” (De Mendiburu, 2023;
Dinno, 2024).

RESULTS
Dual culture antagonism assay

The antagonistic activity of T. asperellum 1CC012, T.
gamsii ICC080, and a 50% mixture of both isolates was
evaluated against three fungal trunk pathogens: E. lata,
D. seriata, and N. parvum, as shown in Figure 2. The

Eutypa lata

Control

Trichoderma
asperellum
(Ta)

Trichoderma
gamsi
(Tg)

Diplodia seriata

mean percent inhibition (MPI) of mycelial growth after
seven days of incubation is presented in Figure 3.

The percentage of inhibition of mycelial growth
of D. seriata, E. lata and N. parvum by Trichoderma
strains used in this experiment ranged from 59.35% (T.
gamsii ICC080 with D. seriata) to 80.89% (T. asperellum
ICCO012 + T. gamsii ICC080 with N. parvum).

For E. lata, the T. asperellum ICCO012 strain resulted
in an MPI of 80.57%, the T. gamsii ICC080 treatment
in 61.06%, and the T. asperellum ICC012 + T. gam-
sii ICC080 mixture in 80%. The T. asperellum ICC012
alone and the T. asperellum ICC012 + T. gamsii ICC080
mixture significantly inhibited the growth of E. lata
compared to T. gamsii ICC080 alone. In the case of D.
seriata, the T. asperellum confrontation had an MPI of
73.85%, T. gamsii resulted in 59.35%, and the T. asperel-
lum ICCO012 + T. gamsii ICC080 mixture showed 65.48%
inhibition. Again, T. asperellum ICC012 alone resulted
in the highest inhibition, followed by the T. asperel-
lum ICCO012 + T. gamsii ICC080 mixture and T. gamsii

Neofusicoccum parvum

Figure 2. Dual culture antagonism experiment. Petri plates show antagonistic activity of each Trichoderma strain used in this study and the
mixture of both strains (left side of the plate) against the fungal trunk pathogens: Eutypa lata, Diplodia seriata, and Neofusicoccum parvum

(right side of Petri plate) seven days after incubation on PDA at 25°C.
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Figure 3. Antagonistic activity of Trichoderma asperellum isolate
ICCO012 (Ta), T. gamsii isolate ICC080 (Tg) and T. asperellum + T.
gamsii 50% each isolate (Ta+Tg) against fungal trunk pathogens
Eutypa lata (EL), Diplodia seriata (DS), and Neofusicoccum par-
vum (NP). Values represent the mean percent inhibition of mycelial
growth measured after seven days calculated from eight replicates
and bars represent standard errors of the means. For each patho-
gen, columns with the same letter were not statistically different
according to Dunn’s post hoc test (P < 0.05).

ICC080. For N. parvum, T. asperellum ICCO012 showed
an MPI of 79.96%, T. gamsii ICC080 had 61.77%, and
the T. asperellum 1CC012 + T. gamsii ICC080 mixture
resulted in 80.89%. As occurred with E. lata, T. asperel-
lum ICCO012 and the T. asperellum ICC012 + T. gamsii
ICCO080 mixture exhibited significant inhibition com-
pared to T. gamsii ICC080 alone.

Results analysis showed that the inhibition effects of
T. asperellum ICCO12 and T. asperellum ICCO12 + T. gam-
sii ICC080 were not significantly different for any of the
pathogens. For E. lata and N. parvum both T. asperellum
ICCO012 and T. asperellum 1ICC012 + T. gamsii ICC080
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were significantly more effective for mycelial growth
inhibition than T. gamsii ICC080 alone. But, for D. seria-
ta there were statistically significant differences only
between T. asperellum ICCO012 and T. gamsii ICC080.

Pruning wound protection trials
First pruning wound protection trial

The efficacy of T. asperellum ICCO012 + T. gamsii
ICC080 was evaluated using four different treatment
strategies: two pre-infection treatments and two post-
infection treatments. Statistical analysis showed no sig-
nificant differences between the two experimental repli-
cates (E. lata P = 0.727; D. seriata P = 0.262; N. parvum
P = 0.056), so data were pooled. The MPR and MPDC
values are presented in Table 1. Fungal pathogens were
not isolated from the non-inoculated negative controls.

For E. lata, the pre-infection treatment T1 present-
ed a MPR of 16.6% and a MPDC of 79.9%. Pre-infec-
tion treatment T2 led to a MPR of 7.7% and a MPDC
of 90.6%, while the post-infection treatments T3 and
T4 exhibited MPR values of 38.8% and 54.4%, respec-
tively, with corresponding MPDC values of 53.1% and
34.4%. For D. seriata, the treatment T1 had a MPR value
of 37.7% and a MPDC of 57.5%, and treatment T2 had
a MPR of 35.5% and a MPDC of 60.1%. Post-infection
treatments T3 and T4 had MPR values of 75.5% and
66.6%, with MPDC values of 15.1% and 25.1%, respec-
tively. For N. parvum, the pre-infection treatments T1
and T2 resulted in MPRs of 64.4% and 84.4%, with

Table 1. First trial. Mean percent recovery (MPR) and mean percent disease control (MPDC) of Eutypa lata, Diplodia seriata and Neofu-
sicoccum parvum from pruning wounds treated with Trichoderma asperellum ICC012 + T. gamsii ICCO080 in preventive (T1-Plants treated
immediately after pruning and inoculated 24 h after the treatment; and T2-Plants treated immediately after pruning and inoculated seven
days after the treatment) or curative strategies (T3-Plants inoculated immediately after pruning and treated 24 h after; and T4-Plants inocu-

lated immediately after pruning and treated seven days after).

Treatment Inoculation day Value Eutypa lata Diplodia seriata Neofusicoccum parvum

Control 83.3£5.6 A 88.8+6.1 A 93.3£5.6 A

T1 1 after treatment MPR 16.6+7.2 B 37.7+9.2 CD 64.4+9.9 B
MPDC 79.9 57.5 30.7

T2 7 after treatment MPR 7.7+4.8 B 35.5+10.1 D 84.4+6.3 A
MPDC 90.6 60.1 9.2

T3 1 before treatment MPR 38.8+10.9 A 75.5+9.9 B 91.1+5.9 A
MPDC 53.1 15.1 2.03

T4 7 before treatment MPR 54.4+9.4 A 66.6+9.2 BC 90+6.9 A
MPDC 34.4 25.1 3.2

MPR, mean percent recovery.

MPDC, mean percent disease control was calculated as 100 x [1-(MPR treatment/MPR control)].
Values followed by the same letter(s) in each column were not statistically different using the Kruskal-Wallis multiple comparison test.

When differences were significant, Dunn’s post hoc test was applied.
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Table 2. Second trial. Mean percent recovery (MPR) and mean percent disease control (MPDC) of Eutypa lata, Diplodia seriata and Neo-
fusicoccum parvum from pruning wounds treated with Trichoderma asperellum ICC012 + T. gamsii ICCO080 in three preventative strategies
(T1-Plants treated immediately after pruning and inoculated 24 h after treatment; T2-Plants treated immediately after pruning and inocu-
lated seven days after treatment; and T3-Plants treated immediately after pruning and seven days later, and inoculated 24 h after the second

treatment).
T Inoculation day/ g . .
reatment L Value Eutypa lata Diplodia seriata Neofusicoccum parvum
number of applications

Control 1 73.3£12.3 A 53.3+18.4 A 66.6+16.05 A

T1 MPR 12.5%5.1 B 7.5+3.5 B 57.5+£10.6 A
MPDC 82.95 85.9 13.7

Control 2 20+13.6 A 0 - 40£20 A

T2 MPR 0 B 1.2+1.2 - 13.7+5.9 AB
MPDC 100 nc 65.6

T3 MPR 1.2+1.2 B 0 - 55 B
MPDC 93.7 nc 87.5

MPR, mean percent recovery.

MPDC, mean percent disease control was calculated as 100 x [1-(MPR treatment/MPR control)].
Values followed by the same letter(s) in each column were not statistically different regarding its respective control using the Kruskal-Wallis
multiple comparison test. When differences were significant, Dunn’s post hoc test was applied.

MPDC values of 30.7% and 9.2%, respectively. The post-
infection treatments T3 and T4 yielded MPR values of
91.1% and 90.0%, with MPDC values of 2.03% and 3.2%,
respectively.

These results indicated that the application of T.
asperellum ICCO012 + T. gamsii ICC080 was most effec-
tive when applied in preventive strategies than curative
strategies. This was very clear in the case of inoculation
with E. lata, in which only preventive treatments T1 and
T2 showed statistically significant differences with the
untreated control (P = 0.0002). For D. seriata all treat-
ments were significantly different from the untreated
control (P = 1.7 107), and for N. parvum only the pre-
ventive treatment T1 was significantly different from the
untreated control (P = 0.008).

Second pruning wound protection trial

The pruning wound protection efficacy of T. asperel-
lum ICCO12 + T. gamsii ICC080 was further evaluated
using only three pre-infection strategies with one or two
applications of the product. Statistical analysis showed no
significant differences between the two experimental rep-
licates (E. lata P = 0.896; D. seriata P = 0.223; N. parvum
P = 0.226), so data were pooled. The MPR and MPDC
values are presented in Table 2. Fungal pathogens were
not isolated from the non-inoculated negative controls.

For E. lata, the treatment T1 resulted in a MPR of
12.5% and an MPDC of 82.9%, treatment T2 had a MPR
of 0% and a MPDC of 100%, while treatment T3 showed
a MPR of 1.2% and a MPDC of 93.7%. For D. seria-

ta, the treatment T1 resulted in a MPR of 7.5% and a
MPDC of 85.9%, but this fungus could not be reisolated
from the control plants infected seven days after prun-
ing, thus invalidating the evaluation of the efficacy of the
treatments T2 and T3, although their MPR values were
very low (1.2% and 0%, respectively). For N. parvum, the
treatment T1 resulted in a MPR of 57.5% and a MPDC
of 13.7%, while treatments T2 and T3 had a MPR of
13.7% and a MPDC of 65.6%, and a MPR of 5% and a
MPDC of 87.5%, respectively.

For E. lata, all preventive treatments with T. asperel-
lum ICC012 + T. gamsii ICC080 were significantly differ-
ent from their respective untreated controls (P = 0.0007
for T1 and P = 0.031 for T2 and T3). In D. seriata the
treatment T1 was also significantly different from the
untreated control (P = 0.008). But, for N. parvum only
the treatment T3, with two applications of T. asperellum
ICCO012 + T. gamsii ICC080, was significantly different
from its control (P = 0.047).

DISCUSSION

The dual culture and pruning wound assays collec-
tively demonstrate that T. asperellum ICCO012 + T. gam-
sii ICC080 can protect pruning wounds from infections
caused by some of the major almond trunk pathogens in
both in vitro and in planta experiments.

Our in vitro data showed T. asperellum is a potent
antagonist against D. seriata, E. lata, and N. parvum.
The combination of the strains T. asperellum ICC012
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+ T. gamsii ICC080 showed inhibition levels statisti-
cally comparable to T. asperellum alone for all three
pathogens, whereas T. gamsii alone was less effective.
This is similar to the findings by Holland et al. (2021a),
who observed that a mixed T. harzianum Rifai + T.
virens (J.LH. Mill., Giddens & A.A. Foster) Arx product
(RootShield Plus®) was considerably less effective (only
~63% protection) than a single-strain T. atroviride treat-
ment (93% protection) in almond trials. According to
our results, the composition and compatibility of strains
in a bioproduct are thus crucial for ensuring its effective-
ness. In our case, combining T. asperellum ICCO012 and
T. gamisii ICC080 did not compromised antagonism
performance relative to the one showing the best results
alone, suggesting these two are complementary. Indeed,
the species T. asperellum and T. gamsii have distinct but
synergistic traits: T. asperellum produces a rich arsenal
of antibiotics, competes aggressively for nutrients/space,
and mycoparasitizes pathogens (Verma et al., 2007; Wu
et al., 2017), while T. gamsii is noted for prolific volatile
antifungal metabolites and an ability to tolerate cooler
temperatures (Rinu et al., 2014). By combining biological
control agents, the product can exploit multiple modes
of action and remain active under a wider range of envi-
ronmental conditions. In fact, Di Marco et al. (2022)
already showed that the T. asperellum ICC012 + T. gam-
sii ICC080 mixture was effective against diverse fungal
grapevine trunk pathogens such as Fomitiporia mediter-
ranea M. Fisch., N. parvum and Phaeomoniella chlamyd-
ospora (W. Gams, Crous, M.]. Wingf. & Mugnai) Crous
& W. Gams.

In planta, preventive treatments of pruning wounds
with the mixture of T. asperellum 1ICC012 + T. gamsii
ICCO080 provided substantial protection, whereas post-
infection (curative) applications were far less effective.
These results underscore that the Trichoderma biocon-
trol is most effective as a protectant applied to fresh
wounds, and notably less so as a curative applied after
pathogen infection has occurred (Guzmdn-Guzman et
al., 2023).

Neofusicoccum parvum proved to be the most chal-
lenging pathogen as it is an aggressive, fast-colonizing
fungus known to cause extensive almond dieback (Hol-
land et al., 2021b). Our curative treatments were not
effective for N. parvum (recovery of the fungus from
inoculated wounds remained high), and even a single
pre-infection application sometimes showed suboptimal
control. Recovery of N. parvum from inoculated wounds
was significantly reduced only when two consecutive
pre-infection applications were used, probably allowing
Trichoderma strains to firmly establish in the wounded
area. Travadon ef al. (2023a) reported that wound pro-
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tection against N. parvum significantly improved when
the pathogen was inoculated seven days after Tricho-
derma application, instead of 24 hours. They attributed
this result to N. parvum high virulence and rapid wood
colonization, whereas E. lata (a less virulent and more
slowly invading pathogen) infections could be reduced
by Trichoderma even with a shorter establishment peri-
od. Consistently, in our study E. lata was effectively con-
trolled by a single pre-infection treatment, highlighting
that preventive wound colonization by Trichoderma can
almost completely supress infections by this pathogen.
However, when E. lata was allowed to infect wounds
before treatment, Trichoderma was much less effective.
On the other hand, D. seriata exhibited intermediate
aggressiveness between N. parvum and E. lata. Its gen-
erally less aggressive behaviour when compared with N.
parvum can made wounds easier to protect. Our results
showed that even one preventive treatment of T. asperel-
lum ICCO012 + T. gamsii ICC080 provided effective con-
trol of D. seriata.

These patterns reinforce that the timing of BCAs
application is critical, and that pathogen aggressiveness
based on how fast it is able to colonize the wound niche
influence how effective the BCA wound protectant effect
will be. Holland et al. (2021a) reported that a single
application of T. atroviride SC1 (a commercial strain in
product Vintec®) achieved 81-100% protection of almond
pruning wounds against various pathogens, like the
results obtained with the best fungicide (thiophanate-
methyl). Similarly, Travadon et al. (2023a) conducted
almond field trials in California and demonstrated that
T. atroviride SC1 and an experimental T. paratroviride
strain could prevent E. lata and N. parvum infections
as effectively as thiophanate-methyl, when applied after
pruning. Trichoderma treatments provided optimal pro-
tection when wounds were treated immediately post-
pruning, before rainfall, as it can contribute to spore
dispersal (Urbez-Torres et al., 2010; Fujiyoshi et al., 2021;
Jiménez Luna et al., 2022; Travadon et al., 2023a).

Finally, it is interesting to note that our results using
T. asperellum ICC012 + T. gamsii ICC080 extend the suc-
cessful use of Trichoderma-based biocontrol in Medi-
terranean conditions, because these strains (originally
formulated as “Remedier®”/“Blindar®”) had already been
used in Europe for grapevine fungal trunk diseases man-
agement and are known to colonize woody tissues effec-
tively (Di Marco et al., 2022).

In Spain, Olmo et al. (2017) demonstrated that
pruning wound protection in almonds orchards could be
achieved with chemical fungicides; thiophanate-methyl
was shown to be the most effective fungicide reducing
Botryosphaeriaceae infections and lesion lengths, and it
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was recommended for inclusion in integrated pest man-
agement (IPM) strategies. The BCAs used in our experi-
mental treatments provide an alternative to such chemi-
cals. As regulatory trends in the Europe, EU is limiting
fungicide use. Thus, many chemical pesticides (including
thiophanate-methyl) have been phased out due to envi-
ronmental and health concerns. Consequently, inter-
est in BCAs for fungal trunk disease management has
increased. In California, a range of BCAs has already
been explored in addition to Trichoderma-based prod-
ucts. A C. rosea strain J1446 showed excellent wound
protection on almond and cherry, even matching fun-
gicide control for E. lata and N. parvum in those hosts
(Travadon et al., 2023b). Until recently, comparable bio-
control research in Mediterranean almonds was scarce.
Romero-Cuadrado et al. (2024) reported one of the first
such Spanish studies, focusing on bacterial antagonist P.
aeruginosa strain (AC17), which suppressed N. parvum,
B. dothidea, and D. seriata cankers on almond, with effi-
cacy equivalent to T. atroviride and conventional fungi-
cide treatments. Their work confirms that multiple bio-
control agents (fungal and bacterial) can deliver high
levels of protection. Together, these findings show that
biological wound protectants can effectively complement
or replace chemical fungicides in almond trunk dis-
eases management. An IPM approach to trunk diseases
should combine cultural measures (sanitation, optimal
pruning timing) with wound protection using fungi-
cides or BCAs across the nursery and orchard stages
(Guarnaccia et al., 2022). Our findings strongly support
this approach, offering a practical biological tool for the
wound protection component.

In conclusion, T. asperellum ICC012 + T. gamsii
ICCO080, especially when applied as a preventive biocon-
trol treatment (e.g. at pruning), showed high efficacy in
protecting almond pruning wounds from infection by D.
seriata, E. lata, and N. parvum. This efficacy is compara-
ble to that reported for other successful BCAs and fungi-
cides in California and Spain. The success of T. asperel-
lum ICCO012 + T. gamsii ICC080 in our study contributes
to the progressive adoption of BCAs for the management
of fruit and nut crops diseases.
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Summary. Anthracnose, caused by Colletotrichum species, is a major disease of avo-
cado (Persea americana) that significantly reduces fruit quality and export poten-
tial in Chile. Colletotrichum species associated with this disease were identified and
their pathogenicity to avocado was assessed. In the summer of 2018, healthy fruits
(n = 1,335) were sampled from three commercial groves located in the Metropolitan,
O’Higgins and Valparaiso regions of Chile, and from a non-commercial grove and
local markets. Fruits were stored until symptoms developed, indicating anthracnose
incidence in commercial groves ranging from 10 to 50%. A total of 146 fungal isolates
were obtained from symptomatic fruit and were initially identified as Colletotrichum
spp. Fifty representative isolates were further identified through multilocus phyloge-
netic analyses. Ten species belonging to four species complexes were identified. Colle-
totrichum cf. cigarro was the most frequent taxon (n = 17), followed by C. pyricola (n =
9), C. gloeosporioides (n = 6), C. jiangxiense (n = 5), C. karsti (n = 4), C. anthrisci (n =
3), C. brassicicola (n = 3), C. laurosilvaticum (n = 1), C. fructicola (n = 1), and C. perse-
ae (n = 1). Pathogenicity tests reproduced anthracnose symptoms in inoculated fruits,
whereas control fruits remained symptomless, and revealed differences in virulence
among isolates and species. This study provides the first report of C. brassicicola, C.
laurosilvaticum and C. pyricola as causal agents of avocado anthracnose, highlights the
diversity of Colletotrichum species in Chilean avocado groves, and provides insights for
improved management strategies for avocado anthracnose.
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INTRODUCTION

Avocado (Persea americana Mill.) is an economical-
ly important fruit crop in Chile, with approx. 33,000 ha
cultivated mainly between the Coquimbo and O’Higgins
regions (latitudes 29°30° to 35°45 S) (ODEPA-CIREN,
2024). The cultivar Hass dominates production and fruit
of which are the only ones exported. During the 2024-
2025 season, Chile produced approximately 240,000
tons of avocados, exporting 139,091 tons primarily to
Europe (76.9%), Latin America (17.1%), Asia (3.5%), and
North America (2.4%) (Comité de Paltas de Chile, 2025;
FAOSTAT 2025). Avocado fruit is susceptible to anthrac-
nose, a major postharvest disease caused by species of
Colletotrichum (Dann et al., 2013). Infections occur in
the field, where these pathogens penetrate young fruit
and remain latent until ripening after harvest (Prusky
and Plumbley, 1992). Because of long distances to export
markets, fruit is stored at low temperatures (4-5°C) for
17 to 45 d (Ferreyra and Defilippi, 2012). This period
allows for fruit ripening and activation of latent patho-
gen infections, often resulting in anthracnose develop-
ment and significant postharvest losses (Ramirez-Gil et
al,, 2020).

During the last two decades, incidence of anthrac-
nose in avocados has increased in Chile, particularly
in high-density groves located in humid areas. The dis-
ease is most severe in coastal areas, where high relative
humidity and prolonged dew periods favour infections.
Symptoms first appear as small circular lesions on fruit
skins that enlarge rapidly, becoming dark and sunken.
Soon after, the pathogens produce acervuli that rupture
fruit epidermis and sporulate, forming orange to pink,
waxy masses of conidia (Nelson, 2008). As the disease
progresses, the fruit pulp beneath the lesions begins to
rot and separates easily from the skin, leaving character-
istic cavities when skin is removed. In the field, damaged
infected fruit may ripen prematurely, leading to pre-har-
vest fruit drop. Infected avocado leaves and twigs often
remain attached to the trees, serving as inoculum sourc-
es for subsequent infection cycles (Fitzell, 1987).

Avocado anthracnose is caused by fungi of the genus
Colletotrichum, with approx. 26 species reported. Most
species associated with this disease belong to the Colle-
totrichum gloeosporioides species complex (CGSC), fol-
lowed by the C. acutatum species complex (CASC), and
the C. boninense species complex (CBSC). Comprehen-
sive studies investigating species associated with avocado
anthracnose have been conducted in several major avo-
cado producing countries, including Mexico (Fuentes-
Aragén et al., 2020), Colombia (Gafidn et al., 2015),
Kenya (Kimaru et al., 2018), Brazil (Soares et al., 2020),
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Chile (Bustamante et al., 2022), Israel (Sharma et al.,
2017), and Vietnam (Thanh et al., 2025). In other impor-
tant avocado-producing countries such as Indonesia,
the Dominican Republic, and Peru, only C. gloeospori-
oides sensu lato has been documented (Zakaria, 2021).
Additional reports of this disease from regions with low
avocado production volumes include China (Li et al.,
2022), the United States of America (Nelson, 2008, Faber
et al., 2016), Australia (Shivas and Tan, 2009; Giblin et
al., 2018), South Africa (Weir et al., 2012), New Zealand
(Weir et al., 2012; Hofer et al., 2021), Tirkiye (Akgul et
al., 2016), Greece (Malandrakis et al., 2023), Sri Lanka
(Dissanayake et al., 2021), and Ghana (Honger et al.,
2016). Studies from countries with emerging avocado
industries include Taiwan (Wu et al., 2023), Thailand
(Armand and Jayawardena, 2024), and Italy (Guarnac-
cia et al., 2016). Species belonging to the C. gigasporum
species complex have been reported in Sri Lanka, C.
magnum species complex in Mexico, and C. dematium
species complex (CDSC) in Chile. These represent infre-
quent detections compared with dominant species com-
plexes associated with avocado anthracnose (Hunupo-
lagama et al., 2015; Fuentes-Aragén et al., 2020; Busta-
mante et al., 2022).

In Chile, only C. gloeosporioides sensu lato and
C. anthrisci have been formally documented as causal
agents of avocado anthracnose (Morales et al., 1979;
Bustamante et al., 2022). Research in other avocado-
growing regions has shown that diversity and prevalence
of Colletotrichum species vary considerably, depending
on geographical location and environmental conditions.
Accurate identification of Colletotrichum species is a crit-
ical prerequisite for the development of effective disease
management strategies (Downling et al., 2020; Camiletti
et al., 2022). Therefore, a clear understanding of the spe-
cies composition and pathogenic potential of Colletotri-
chum associated with avocado anthracnose in Chile is
required to support the implementation of integrated
disease management programs. To address this gap, the
present study aimed to isolate, identify, and assess the
pathogenicity of Colletotrichum species associated with
anthracnose symptoms on avocado fruits in Chile.

MATERIALS AND METHODS
Fruit sampling and incubation

During the 2018 growing season, a total of 1,335
apparently healthy avocado fruits (cv. Hass) were col-
lected from three commercial groves, a non-commercial
grove, and from local markets. The commercial groves
were located in the Metropolitan (33°43°60”S), O’Higgins
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(34°23'46”S), and Valparaiso (33°38°007S) regions of Chile.
The non-commercial grove was located approx. 10 km
southeast of the commercial grove, near Naltahua in the
Metropolitan region. Fruits were randomly collected from
harvest bins, trees, and grove floors. Locally grown fruit
from domestic markets within the Metropolitan region
were also randomly sampled. In the laboratory, collected
fruits were incubated in cardboard packaging at room
temperature (20-25°C) under a 12 h photoperiod with flu-
orescent light and maintained at 40 to 50% humidity for
14 d until anthracnose symptoms developed.

Fungal isolations

Symptomatic fruits were inspected for anthracnose
by observing acervuli formation and fruit rot under-
neath sunken lesions. Fruits were surface-disinfected by
spraying with 70% ethanol, and isolations were carried
out individually from one sporulating lesion per fruit,
following methods of Hu et al. (2015). Symptomatic tis-
sue pieces (each approx. 2 x 2 mm) beneath lesions were
excised and plated onto potato dextrose agar (PDA)
amended with streptomycin (100 mg L). Pure cultures
were established using single-conidium and hyphal tip
isolation methods (Senanayake et al., 2020), and each
isolate was obtained from a different symptomatic fruit.
Preliminary identifications of isolated fungi were based
on observation of acervuli, setae, and conidia using a
microscope (Axiostar Plus, Carl Zeiss) at 100x and 400x
magnifications. For isolates that did not sporulate on
PDA, casitone-yeast extract agar (CYA: 1.7 g L of casi-
tone, 0.35 g L1 of yeast extract, 2.0 g L of glucose, 5.0
g L' of agar) was used to induce acervulus formation.
Subsequently, isolates were cultured on PDA for colony
observations, and representative isolates from each loca-
tion were selected for phylogenetic analyses.

DNA extraction, amplification, and sequencing of repre-
sentative isolates

Selected isolates (n = 50) were each cultured on PDA
for 7 d, and DNA was extracted using the Fungi/Yeast
Genomic DNA isolation kit (Norgen Biotek Corp.). The
rDNA internal transcribed spacer (ITS), along with frag-
ments of the glyceraldehyde-3-phosphate dehydrogenase
(gapdh) and beta-tubulin (fub2) genes, were amplified by
PCR for all the selected isolates using the primer pairs
ITS1/ITS4 for ITS (White et al., 1990), GDF1/GDR1 for
gapdh (Guerber et al., 2003), and T1/Bt2b for tub2 (Glass
and Donaldson, 1995; O’Donnell and Cigelnik, 1997).
Additionally, for isolates within the C. gloeosporioides

species complex (CGSC), the glutamine synthetase (gs)
gene was amplified using GSF1/GSR1 (Guerber et al.,
2003), and the intergenic region between the DNA lyase
(Apn2) and the mating type MATI-2 genes (referred to
as ApMat) was amplified using AMF1/AMRI (Silva et
al., 2012b). For isolates within the C. dematium spe-
cies complex (CDSC), the actin (act) gene was ampli-
fied using ACT-512F/ACT-783R, and the chitin synthase
(chsI) gene was amplified using CHS-79F/CHS-354R
(Carbone and Kohn, 1999). PCRs were each carried out
in a final volume of 25 pL, containing 1x GoTaq Green
Master Mix (Promega), 200 nM of each primer, 50 to
100 ng of genomic DNA, and Nanopure water to com-
plete the volume. The thermocycling conditions were:
an initial denaturation at 94°C for 5 min, followed by 30
cycles each of 30 s at 94°C, 45 s at 48°C for ITS, or 52°C
for gapdh, tub2, gs and ApMat, or 61°C for act, or 58°C
for chsl, and 40 s at 72°C, then with final extension of 7
min at 72°C. PCR products were sequenced by Psoma-
gen USA (Rockville, MD, USA), and consensus sequenc-
es were obtained by assembling forward and reverse
sequences using CAP3 (Huang and Madan, 1999).

Phylogenetic analyses

Four data sets, consisting of sequences of different
DNA markers (ITS, gapdh, tub2, gs, ApMat, act, and chsI)
of Colletotrichum species, were constructed by combin-
ing reference sequences from the NCBI database with
the sequences obtained from the Chilean isolates (Sup-
plementary Tables S1 to S4). Sequences were aligned by
locus using MAFFT 7 selecting the L-INS-i refinement
method (Katoh et al., 2019), and were trimmed manually
on BioEdit 7 (Hall, 1999). Each locus of the concatenat-
ed data sets was partitioned by coding and non-coding
regions (but not by codon position), resulting in 20 par-
titioned subsets. Maximum likelihood (ML) reconstruc-
tions were carried out in IQ-TREE 2 (Minh et al., 2020),
with the following options: linked branch lengths for
partitioned analysis, ‘greedy’ algorithm for merging par-
titions, ‘merge-model all’ and ‘merge-rate all’, to employ
the widest range of evolutionary models, corrected Akai-
ke information criterion for model testing, ‘allnni’ for a
more thorough tree search, and the ultrafast approxima-
tion of 1,000 bootstrap replicates for support values. Each
species complex was analyzed separately using concat-
enated data sets of ITS-gapdh-tub2. When resolution was
insufficient, the markers ApMat, gs, act and chsl were
incorporated individually or in combination, to improve
phylogenetic informativeness of the dataset. Bayesian
inference (BI) was assessed using MrBayes 3.2.7 (Ron-
quist et al., 2012), following the methodology of Bourret
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et al., (2018). Resulting ML and BI trees were examined,
and support values were combined in TreeGraph2 (Stéver
and Miiller, 2010). Visual edits were carried out using
Inkscape 0.92 (http://inkscape.org). Final sequences were
submitted to GenBank following analyses.

Conidium characterization

Representative isolates of each Colletotrichum species
were cultured on CYA plates at 22°C for 7 to 14 d until
acervuli formed. For each isolate, 30 conidia were meas-
ured for length and width using a light microscope (Axi-
ostar Plus, Carl Zeiss) at 400x magnification. Conidium
dimensions were recorded as minimum, mean * stand-
ard deviation, and maximum for lengths and widths, and
length-to-width ratios were calculated from mean values.
Conidium dimensions were compared to published data
of reference strains of each species (Damm ef al., 2009;
2012a; 2012b; Liu et al., 2015; Prihastuti et al., 2009;
Ramos et al., 2016; Sharma et al., 2017).

Pathogenicity tests

One or two isolates per species were selected (n = 17)
to conduct assessments of Koch’s postulates on healthy
‘Hass’ avocado fruits. Three fruits per isolate were inoc-
ulated, and each fruit received two inoculations. The
isolates were cultured on CYA plates for 14 d at 22°C to
induce acervulus formation. Conidia were washed from
sporulating acervuli using sterile distilled water, and
conidium suspensions were diluted up to 10° conidia
mL? by counting with hemocytometer. Fruits were each
disinfected with 0.5% sodium hypochlorite for 3 min and
then rinsed with sterile distilled water. The fruits were
each then wounded at two points using a sterile needle
(0.5 mm diameter) to 1 mm of depth. Inoculations each
consisted of pipetting 20 pL of the conidium suspen-
sion onto each wound, while inoculation control fruits
received sterile water. Fruits were then incubated at 22°C
for 7 d in humid chambers (>80% RH), which were poly-
styrene containers containing moistened paper towels.
Evaluations were carried out by removing the skin from
each fruit and measuring diameters of necrotic lesions,
with each lesion measured in two perpendicularly oppo-
site directions using a caliper. Re-isolations were carried
out by culturing pulp pieces (each approx. 16 mm?) from
lesions margins on PDA for 7 d at 22°C. Resulting fungal
colonies were identified morphologically. Data of lesion
diameters were subjected to analysis of variance (ANO-
VA) using generalized linear models with the correspond-
ing R packages in InfoStat v2008 (Grupo InfoStat, FCA),
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and means were separated using Fisher’s least significant
difference (LSD) test (o = 0.05). The pathogenicity assess-
ment was carried out twice, and data were combined for
treatments that were not significantly different (P > 0.05)
for the two experiments.

RESULTS
Symptoms on sampled fruit

Black, circular lesions developed on the fruit skins
after ripening, with one to several lesions per fruit.
Lesions appeared within 7 to 14 d after harvest, as fruits
ripened under incubation at room temperature (20 to
25°C, 40-50% relative humidity). Over time, lesions
expanded progressively, and waxy conidium masses devel-
oped in the lesion centres. Conidium masses varied in col-
our, from orange to pink (Figure 1 A), and less frequently,
from white to grey (Figure 1 B). As the disease progressed,
adjacent lesions coalesced and became sunken (Figure
1 C). Internally, the pulp beneath each lesions was dark
brown, forming a rounded pattern toward the fruit cen-
tre. When symptomatic fruits were bisected, the necrotic
pulp detached easily from the surrounding healthy tissues,
leaving characteristic cavities (Figure 1 D).

Fungal isolations

Isolations from individual fruits yielded 146 fungal
isolates: 48 were from a commercial grove in the Met-
ropolitan region, 40 were from Valparaiso, 18 were from
O’Higgins, 27 were from a non-commercial grove in the
Metropolitan region, and 13 were from locally grown fruit
purchased in markets. All isolates were morphologically
consistent with Colletotrichum spp., showing diagnostic
structures including acervuli, setae, and conidia on PDA
and CYA cultures (Barnett and Hunter 1998). Colony
morphology on PDA at 22°C had overlap among isolates,
so was not used for species identifications. Representative
isolates from each location were selected for multilocus
phylogenetic analyses for species identification.

Phylogenetic analyses

The consensus sequence lengths ranged from 535
to 577 bp for ITS, 254 to 278 bp for gapdh, 724 to 751
bp for tub2, 922 to 997 bp for gs, 906 to 961 bp for
ApMat, 252 to 254 bp for act, and 288 to 301 bp for chsI.
BLAST searches confirmed that the 50 analyzed isolates
belonged to Colletotrichum. Phylogenetic reconstruc-
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A

Figure 1. Symptoms of anthracnose on ‘Hass’” avocado fruits during
postharvest. A, Lesions on fruit skin with orange to pink sporula-
tion. B, Lesion on the stem end skin of a fruit showing the least fre-
quent white to grey sporulation. C, Advanced symptoms showing
coalescing, sunken lesions. D, Characteristic cavity formed between
healthy and colonized pulp after cutting open an anthracnose
symptomatic fruit.

tions using maximum likelihood (ML) and Bayesian
posterior probability (PP) methods showed that the iso-
lates clustered with reference strains of ten species across
four species complexes (Figures 2 to 5). A predominance
of members of the C. gloeosporioides species complex
(CGSC; n = 30 isolates) was detected, followed by the
species complexes C. acutatum (CASC; n = 9), C. bonin-
ense (CBSC; n = 8), and C. dematium (CDSC; n = 3).

For the CGSC, the combined dataset ITS-gapdh-
tub2-ApMat-gs provided high resolution (Figure 2). Iso-
lates formed strongly supported clades with reference
strains of C. fructicola, C. gloeosporioides, C. jiangx-
iense, and C. perseae, all with ML/PP support values of
100%/1.0. The remaining isolates formed a well-sup-
ported cluster (100%/1.0) with the strains ICMP 12952,
ICMP 12953, and PR432, previously reported as C.
cigarro. However, the ex-type strain of C. cigarro (ICMP
18539) formed a separate clade as a sister taxon of C. hel-

leniense. Consequently, these isolates were designated as
C. cf. cigarro. For CASC and CBSC, the concatenated
dataset ITS-gapdh-tub2 was phylogenetically informative
(Figures 3 and 4). Chilean isolates formed well-support-
ed clades with reference strains of C. pyricola (100%/1.0),
C. karsti (99%/1.0), C. laurosilvaticum (99%/1.0), and C.
brassicicola (100%/1.0). The CDSC was resolved with
the combined dataset ITS-gapdh-tub2-act-chsl, which
revealed a well-supported clade between Chilean isolates
and strains of C. anthrisci (100%/1.0) (Figure 5). Species
identifications and their respective frequencies are sum-
marized in Table 1. GenBank accession numbers of ana-
lyzed isolates are listed in Tables 2, 3 and 4.

Conidium characterization

Selected isolates of each Colletotrichum species pro-
duced acervuli on CYA plates after 7 to 14 days at 22°C.
Isolates from the CGSC and CBSC formed cylindrical to
oval, aseptate conidia with straight or slightly rounded
ends. Isolates of C. pyricola (CASC) formed cylindri-
cal to fusiform, aseptate conidia, each with one end
slightly pointed and the other end rounded. In contrast,
C. anthrisci (CDSC) produced curved fusiform conidia,
which were almost straight in the central regions but
bending abruptly toward both ends. Conidium dimen-
sions of all analyzed isolates, together with reference
strains, are presented in Table 5. Due to the high mor-
phological variability within this group, 12 isolates of
C. cf. cigarro were examined. Conidium lengths ranged
from 12.0 to 21.0 pm and widths from 4.0 to 7.0 pm,
exhibiting overlaps across isolates and significant differ-
ences in length, width, and length-to-width ratios (Fig-
ure S1).

Pathogenicity assessments

All assessed isolates induced anthracnose symptoms
on inoculated avocado fruits within 7 days at 22 °C,
whereas non-inoculated control fruits remained symp-
tomless. Mean lesions diameters ranged from 20.9 to
34.1 mm, with significant differences detected among
isolates (P < 0.0001) (Table 6). The most virulent iso-
lates were C. fructicola (MER-06; mean lesion diam-
eter = 34.1 mm) and C. cf. cigarro (MER-11; mean =
33.0 mm). Intermediate virulence was observed for C.
cf. cigarro (SDO-03), C. anthrisci (NAL-54) and C. pyri-
cola (FAM-20 and FAM-23), with mean lesion diameters
between 28.3 and 30.9 mm. The remaining isolates of
C. gloeosporioides (MER-07 and FAM-01), C. jiangxiense
(SDO-38 and NAL-03), C. perseae (NAL-19), C. karsti
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Figure 2. Maximum likelihood phylogenetic analysis of the Colletotrichum gloeosporioides species complex (CGSC). Chilean isolates are
shown in bold font, and ex-type strains are each accompanied with a superscript T. Maximum likelihood bootstrap values and Bayesian
posterior probabilities are indicated above the tree branches. The tree was inferred from a data set consisting of sequences of five DNA
markers (ITS, gapdh, tub2, ApMat, and gs), and was rooted with C. xanthorrhoeae. Scale bar = substitutions per site.



Colletotrichum species associated with avocado anthracnose in Chile 21

FAM-09
FAM-23
FAM-11
FAM-14
FAM-20
1007 |PEU-02
PEU-05
PEU-4B
PEU-06
CBS 1285317 (Pyrus, New Zealand)
SAG 60192 (Embothrium, Chile)
“RGM 3127 (Cryptocarya, Chile)

0.05 oo

Colletotrichum
pyricola

79/0.99

78/0.99

92/0.99

o7 991

58/--

85/0.56

85

66/--

8

100/1

ﬂ\LC. johnstonii CBS 1285327

C. johnstonii IMI 357027

™~ |C. godetiae CBS 133.447

C. godetiae CBS 126522
C. americanum RGM 33807
C. americanum CBS 127561
1@[0. acerbum CBS 1285307

C. rhombiforme CBS 1299537
I\|— C. kinghornii CBS 198.35"
C. phormii CBS 1181947
C arboricola CBS 1447957
C. australe CBS 1164787
C. salicis CBS 607.947
C. subsalicis LC138637

2x

93/0.97.

94/1 9”’—'\

93/-- A

C. kniphofiae CBS 1434967

750.80| 9911
It Li I: C. schimae LC13880"
C. roseum CBS 1457547

B8 C. acutatum CBS 1129967

C. nymphaeae CBS 515.787

C. eriobotryae GLMC 19357

C. simmondsii CBS 1221227

C. perseicola RGM 33767

C. fioriniae CBS 1285177
C. orchidophilum CBS 632.80"

Figure 3. Maximum likelihood phylogenetic analysis of the Colletotrichum acutatum species complex (CASC). Chilean isolates are shown
in bold font, and ex-type strains are each accompanied with a superscript T. Maximum likelihood bootstrap values and Bayesian posterior
probabilities are indicated above the tree branches. The tree was inferred from a data set consisting of sequences of three DNA markers
(ITS, gapdh, and tub2) and was rooted with C. orchidophilum. Scale bar = substitutions per site.

(NAL-33 and NAL-35), C. anthrisci (NAL-53), C. bras-
sicicola (NAL-32 and FAM-06), and C. laurosilvaticum
(NAL-17), were less virulent, with mean lesion diameters
from 20.9 to 27.4 mm. Figure 6 illustrates representa-
tive species showing contrasting levels of virulence. The
same isolates as those inoculated were consistently re-
isolated on PDA plates from the necrotic pulp of symp-
tomatic fruit, with identities confirmed by morphology,
and no Colletotrichum colonies were recovered from the
non-inoculated control fruits.

DISCUSSION

This study provides a comprehensive assessment of
the etiology of avocado anthracnose in Chile. Ten Colle-

totrichum species were identified through combined
morphological and multilocus phylogenetic analyses,
representing four species complexes: CGSC (30 isolates),
CASC (eight isolates), CBSC (eight isolates), and CDSC
(three isolates). From other countries, approx. 26 Colle-
totrichum species have been previously identified causing
avocado anthracnose, with members of the CGSC most
frequently observed (Shivas and Tan, 2009; Cannon et
al., 2012; Hunupolagama et al., 2015; Sharma et al., 2017;
Giblin et al., 2018; Fuentes-Aragén et al., 2020; Soares et
al., 2020; Hofer et al., 2021; Wu et al., 2023). The present
study detected greater diversity of species in Chile than
previously documented, including three species reported
on avocado for the first time.

The most frequent species found in the present
study was C. cf. cigarro (CGSC), detected across all sam-
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Figure 4. Maximum likelihood phylogenetic analysis of the Collefotrichum boninense species complex (CBSC). Chilean isolates are shown
in bold font, and ex-type strains are each accompanied with a superscript T. Maximum likelihood bootstrap values and Bayesian posterior
probabilities are indicated above the tree branches. The tree was inferred from a data set consisting of sequences of three DNA markers
(ITS, gapdh, and tub2) and was rooted with C. gloeosporioides. Scale bar = substitutions per site.

pled sites. These isolates were morphologically diverse
and indistinguishable from C. jiangxiense or C. fructi-
cola, but clustered phylogenetically with strains reported
as C. cigarro from avocado and mango. Their genetic
divergence from the type strain of C. cigarro suggests
they may represent a distinct, undescribed species, a
hypothesis that requires further taxonomic investiga-
tion. The second most common species was C. pyricola
(CASC), previously reported on various hosts in Austral-

ia, New Zealand, and Chile (Damm et al., 2012a; Zapata
and Opazo, 2017). Its detection on avocado represents
a new host record, and indicates a wider distribution
in Chile than previously recognized, supporting the
hypothesis by Zapata et al., (2024) of its endemic origin
in southern South America.

Other notable species included C. gloeosporioides and
C. jiangxiense, both members of the CGSC. The present
study provides the first molecular confirmation of C. gloe-
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Figure 5. Maximum likelihood phylogenetic analysis of the Colletotrichum dematium species complex (CDSC). Chilean isolates are shown
in bold font, and ex-type strains are each accompanied with a superscript T. Maximum likelihood bootstrap values and Bayesian posterior
probabilities are indicated above the tree branches. The tree was inferred from a data set consisting of sequences of five DNA markers (ITS,
gapdh, tub2, act, and chsl) and was rooted with C. gloeosporioides. Scale bar = substitutions per site.

Table 1. Isolate frequencies and geographical origins for Colletotrichum species associated with avocado anthracnose in Chile.

Species complex and species

Frequency of isolates (1)

Me;{r;)gpi(())ﬁtan Valparaiso Region O’Higgins Region Total Relatlve(;r) ;:quency

C. gloeosporioides species complex (CGSC)

C. cf. cigarro 9 6 2 17 34.0

C. gloeosporioides 6 0 0 6 12.0

C. jiangxiense 2 1 2 5 10.0

C. fructicola 1 0 0 1 2.0

C. perseae 1 0 0 1 2.0
C. acutatum species complex (CASC)

C. pyricola 5 0 4 9 18.0
C. boninense species complex (CBSC)

C. karsti 0 0 4 8.0

C. brassicicola 3 0 0 3 6.0

C. laurosilvaticum 1 0 0 1 2.0
C. dematium species complex (CDSC)

C. anthrisci 3 0 3 6.0
Total 35 7 8 50 100.0

osporioides on avocado in Chile, clarifying previous mor-
phology-based reports (Morales et al., 1979; Montealegre
et al., 2002). Conversely, C. jiangxiense, previously report-
ed only in Mexico on avocado (Ayvar-Serna et al., 2021),

is here documented for the first time in Chile, extending
the known geographical range of this pathogen.

Within the CBSC, C. karsti, C. brassicicola, and
C. laurosilvaticum were identified at low frequencies.
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Table 5. Conidial dimensions of isolates of Colletotrichum spp. associated with avocado anthracnose in Chile compared to reference strains.

Mean (pm)Mean L/W

Species Isolate/strain® Conidial size (pm) (L x W)® (L x W) ratio Reference
C. anthrisci CBS 1253347 (22.0-)23.9-26.9(-28.5) x (3.0-)33-3.7(-40)  263x34 7.8  Damm et al. (2009)
C. anthrisci NAL-53 (20.0-)22.0-253(-27.5) x (2.5-)2.3-3.1(-3.8)  23.6x27 87  This study
C. brassicicola CBS 1010597 (9.0-)11.4-13.4(-14.5) x (5.0-)5.3-5.9(-6.0) 12.2 X 5.6 2.2 Damm et al. (2012b)
C. brassicicola FAM-06 (11.0-)11.8-12.3(-12.2) x (4.5-)4.9-5.2(-5.4) 12.0 x 5.0 24  This study
C. cigarro ICMP 18534 (11.0-)12.4-14.5(-16.0) x (3.0-)3.5-4.5(-6.0)*  13.4x42 33  Cabral et al. (2020)
C. cigarro ICMP 185397 (12.0-)16.0-19.5(~29.0) x (4.5-)5.0(~8.0)* 17.8x51 35  Weir et al. (2012)
C. cf. cigarro ICMP 12953 (10.5-)13.0-14.4(-15.5) x (5.0-)5.5-6.6(-6.0)*  13.4 x 5.6 2.4  Cabral et al. (2020)
C. cf. cigarro FAM-05 (14.0-)16.1-18.4(-20.0) x (4.0-)4.4-6.3(~7.0) 16.8 x 5.3 3.2 This study
C. cf. cigarro MER-11 (12.0-)13.4-17.0(-20.0) x (5.0-)5.1-6.1(~6.0) 152 x56 2.7  This study
C. cf. cigarro NAL-05 (13.0-)143-16.7(-18.0) x (5.0-)4.8-6.0(-7.0) 154 x52 30  This study
C. cf. cigarro NAL-13 (15.0-)15.8-18.3(-20.0) x (5.0-)5.7-7.1(-7.0)  169x64 2.6  This study
C. cf. cigarro NAL-42 (13.0-)14.2-16.6(-18.0) x (4.0-)4.9-6.0(-6.0) 154 x54 29  This study
C. cf. cigarro PEU-13 (14.0-)15.0-17.5(-19.0) x (5.0-)4.8-5.6(~6.0) 162 x52 3.1  This study
C. cf. cigarro PR432 (11.0-)12.5-14.0(-15.5) x (45-)55-6.3(-7.0)*  13.3x59 23  Cabral et al (2020)
C. cf. cigarro SDO-01 (15.0-)17.2-20.1(-21.0) x (5.0-)5.0-6.4(-7.0) 183 x57 3.2  This study
C. cf. cigarro SDO-02 (13.0-)14.2-16.4(-18.0) x (4.0-)4.9-6.0(-6.0) 15.3 x 5.5 2.8 This study
C. cf. cigarro SDO-14 (14.0-)14.7-16.4(-18.0) x (4.0-)5.0-6.7(-7.0) 15.5 x 5.8 2.7 This study
C. cf. cigarro SDO-26 (14.0-)14.8-17.0(-18.0) x (5.0-)4.8-5.7(-6.0) 159 x52 31  This study
C. cf. cigarro SDO-39 (14.0-)15.0-17.4(-19.0) x (5.0-)5.1-62(-7.0)  162x56 2.9  This study
C. cf. cigarro SDO-50 (13.0-)15.0-19.3(-21.0) x (5.0-)5.0-6.5(-7.0) 17.2 x 5.7 3.0  This study
C. fructicola ICMP 185817 (9.7-)10.5-12.6(~14.0) x (3.0-)3.2-3.9(~4.3) 11.4x35 33  Prihastuti ef al. (2009)
C. fructicola MER-06 (14.0-)14.1-14.8(-15.0) x (4.5-)4.6-50(-5.0) 144 x48 30  This study
C. gloeosporioides LC3312 (11.0-)12.3-14.7(-15.5) x (4.5-)5.2-5.8(~6.0) 13.5 x 5.5 2.5  Liuetal (2015)
C. gloeosporioides MER-07 (19.0-)19.4-20.5(-22.0) x (4.8-)4.9-5.0(-5.0) 19.9 x 5.0 40  This study
C. gloeosporioides PR411 (17.8-)19.5(-21.6) x (4.8-)6.1(-6.9) 19.5 x 6.1 3.2 Ramos et al. (2016)
C. jiangxiense CGMCC 3.17363T  (13.0-)14.2-16.2(~19.0) x (4.0-)4.8-5.6(-6.0)  152x52 2.9  Liuetal (2015)
C. jiangxiense NAL-03 (12.0-)13.7-16.7(-18.0) x (6.0-)5.9-7.5(-8.0) 15.2 x 6.7 2.3 This study
C. karsti CBS 1275977 (12.0-)12.9-15.1(~16.5) x (5.5-)5.4-6.0(-6.5)  13.1x58 22  Damm etal (2012b)
C. karsti NAL-33 (14.5-)14.8-15.0(-15.0) x (5.0-)5.4-7.0(-7.0)  149x 62 24  This study
C. laurosilvaticum NAL-17 (12.3-)12.7-13.9(-14.0) x (6.0-)6.5-7.1(-7.0) 13.3 x 6.8 2.0  This study
C. laurosilvaticum ~ RGM 34067 (13.5-)12.9-143(-16.5) x (5.0-)6.1-6.7(-6.5)  13.6x 64 2.1  Zapataetal. (2024)
C. perseae CBS 1413657 (13.0-)15.7(~19.0) x (4.0-)5.2(-6.5) 15.7 x 5.2 3.0  Sharma et al. (2017)
C. perseae NAL-19 (15.0-)17.2-20.1(-21.0) x (5.0-)5.0-6.4(~7.0) 18.6 x 5.7 3.3 This study
C. pyricola CBS 1285317 (9.5-)13.8-17.0(~18.5) x (4.0-)4.4-5.2(~5.5) 154%x 48 32  Damm etal (2012a)
C. pyricola PEU-02 (142-)145-155(-16.2) x (4.5-)4.7-5.1(-5.2)  150x49 31  This study

2 Type strains are highlighted in bold and a superscript T.
" L x W = length by width, data represents (minimum-) average—standard deviation [SD] - average+SD (-maximum).
Data marked with an asterisk (*) represents (minimum-) first quartile - third quartile (-maximum).

While C. karsti has been previously reported on avo-
cado (Damm et al., 2012b), this study provides the first
records of C. brassicicola and C. laurosilvaticum on avo-
cado, thereby expanding their known host ranges and
distribution to central Chile (Zapata et al., 2024). The
species C. anthrisci (CDSC) was also recovered at low
frequency, supporting its limited epidemiological rel-
evance, in agreement with previous observations (Rose
and Damm, 2024). Likewise, C. fructicola and C. perseae

(CGSC) were detected only sporadically, extending their
known geographical distributions to Chile yet suggesting
that both species constitute minor and likely incidental
components of the local pathogen composition.

The Colletotrichum identification results obtained in
this study are consistent with previous reports of these
pathogens on avocado and other hosts (Diao ef al., 2017;
Sharma et al., 2017; Armand and Jayawardena, 2024).
Multilocus phylogenetic analyses were essential for accu-
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Table 6. Mean lesion diameters (mm) caused by Colletotrichum
species inoculated into healthy avocado fruits (cv. Hass) after 7 d
at 20°C. Means accompanied by the same letter are not significantly
different (P > 0.05) according to Fisher’s LSD test.

Mean
Species Isolate .1e510n Standard LSD test
diameter error
(mm)

C. fructicola MER-06 34.05 0.55 a
C. cf. cigarro MER-11 33.03 156 a b
C. cf. cigarro SDO-03 30.93 117 b
C. anthrisci NAL-54 30.30 159 bec
C. pyricola FAM-23 30.08 1.36 b c
C. pyricola FAM-20 28.32 1.81 bcd
C. gloeosporioides MER-07  27.38 0.80 cd
C. jiangxiense SDO-38 25.83 0.31 d
C. perseae NAL-19 25.27 0.38 de
C. jiangxiense NAL-03 25.05 0.18 de
C. gloeosporioides  FAM-01 25.05 1.03 de
C. karsti NAL-33 24.92 1.23 de
C. anthrisci NAL-53 24.35 1.03 de
C. karsti NAL-35 24.08 0.62 e
C. brassicicola NAL-32 22.77 1.09 e f
C. brassicicola FAM-06 22.70 1.41 e f
C. laurosilvaticun  NAL-17 2091 0.25 f
Control n/a 0.09 0.10 g

rate species delimitation. Concatenated ITS, gapdh, and
tub2 sequences resolved species within CASC and CBSC,
as reported previously (Velho et al., 2015; Khodadadi et
al., 2020). By contrast, in the CDSC, incorporation of
act and chsl was required to resolve C. anthrisci, consist-
ent with previous studies (Lee and Jung, 2018; Fu et al.,
2019). Similarly, in the CGSC, inclusion of ApMat and gs
was necessary to separate closely related taxa (Liu et al.,

2015). Chilean isolates identified as C. cf. cigarro clus-
tered with strains reported as C. cigarro from avocado in
New Zealand and mango in Portugal, whereas the type
strain grouped separately with isolates from other hosts
in Germany and New Zealand. These results support
previous observations that isolates identified as C. cigar-
ro do not form a monophyletic clade, and may represent
multiple species (Silva et al., 2012a; Doyle et al., 2013;
Vieira et al., 2018; Cabral et al., 2020; Kreth et al., 2025).
Additionally, Conidia of Chilean isolates of C. cf. cigarro
were generally longer than those measured by Cabral et
al., (2020), and although they overlapped with the type
strain, statistically significant differences in conidium
size were detected among isolates (Figure S1). Collective-
ly, these results suggest that the Chilean isolates, along
with strains ICMP 12952, ICMP 12953 and PR432, may
constitute a new species that requires formal taxonomic
evaluation. From a morphological perspective, conidi-
um features of representative isolates from all identified
species were consistent with type strain descriptions,
although size variation was expected given the known
overlap across species (Damm ef al., 2009; 2012a; 2012b;
Weir et al., 2012).

Pathogenicity tests confirmed all ten species as
causal agents of avocado anthracnose. Isolates from the
CGSC and CASC exhibited greater virulence than those
from CBSC and CDSC, consistent with previous studies
on avocado and other hosts (Munir et al., 2016; Sharma
et al., 2017; Oo et al., 2018; Fuentes-Aragén et al., 2020;
Wu et al., 2023). Variation in virulence among species
complexes, species, and isolates highlights the impor-
tance of species-level identification for disease manage-
ment (Guarnaccia et al., 2017; Chung et al., 2020; Riolo
et al., 2021; Camiletti et al., 2022).

In conclusion, the present study documents an
unprecedented diversity of Colletotrichum species associ-

Figure 6. Pathogenicity tests showing internal lesions caused by the most frequently isolated Colletotrichum species with differential viru-
lences on cv. ‘Hass” avocado fruits at 7 d after inoculations. A and B, the most virulent species. C and D, moderately virulent species. E and
F, least virulent species. A, Colletotrichum cf. cigarro isolate SDO-03. B, C. pyricola isolate FAM-23. C, C. anthrisci isolate NAL-54. D, C.
gloeosporioides isolate MER-07. E, C. karsti isolate NAL-35. F, C. brassicicola isolate FAM-06.
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ated with avocado anthracnose in Chile, including three
species reported for the first time on avocado. These
results provide information on the most frequent species,
extend the known geographic distributions of several
pathogens, reveal differences in virulence, and empha-
size the need for further taxonomic clarification of C. cf.
cigarro. Further research should address the epidemiol-
ogy of the most prevalent Colletotrichum species to sup-
port the development of effective disease management
strategies for Chilean avocado production.
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Summary. Plant-parasitic nematodes are an underestimated cause of crop yield losses.
Cyst nematodes, particularly Heterodera spp., are important pests of sugar beet, cere-
als, and soybean. Presence of these nematodes was investigated in a plot near Lisbon
(Golegd), where problems with cyst nematode infestations had been detected. Heter-
odera cysts were extracted and isolated from soil samples, and were identified mor-
phologically and using PCR and DNA sequencing. Morphological identifications were
difficult, but molecular analyses confirmed the presence of H. schachtii, linking this
with the plot’s history. This nematode had remained viable in the soil for more than 15
years, despite absence of sugar beet, the primary host.

Keywords. Cyst nematodes resilience, population dynamics, host range, morphologi-
cal identification, molecular identification.

INTRODUCTION

Nematodes in soil are commonly classified into functional groups based
on their feeding strategies which reflect their roles in soil ecosystems (Yeates
et al., 1993; Decraemer and Hunt, 2013). The plant-parasitic nematodes pre-
dominantly occupy upper soil layers, where organic matter and plant roots
are abundant. Their stylets inject enzymes into plant cells to extract cell con-
tents for feeding (Camacho et al., 2020).

Cyst nematodes are economically important (Camacho et al., 2017),
contributing to yield losses in agricultural crops (Sikora et al., 2023). Their
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damage is intensified by the interactions with biotic
and abiotic factors including soil pathogens, low soil
fertility, reduced soil biodiversity, and climate vari-
ability (Sikora et al., 2023). The most important cyst
nematode species belong to the genera Heterodera and
Globodera, which are endoparasites of plant roots (Lil-
ley et al., 2005; Smiley and Nicol, 2009). Moreover,
eggs and juvenile forms can survive in the soil within
cysts for long periods, potentially lasting several years,
until a susceptible host is present in the area (Lil-
ley et al., 2005; Hunt, 2008; Smiley and Nicol, 2009).
Although it is difficult to predict how long sugar beet
cyst nematodes may survive in soil without hosts, a
small percentage of eggs within each cyst can survive
for 12 years under fallow conditions (Khan et al., 2021).
This longevity is particularly important because it lim-
its the effectiveness of control methods and reduces the
growth of specific crops.

Heterodera life cycles begin with eggs and progress
through four juvenile stages, each separated by moults,
before reaching adult stages (male or female) (Lilley et
al., 2005; Hunt, 2008). Each female can contain 100 to
600 eggs enclosed in a lemon-shaped cyst (Hunt, 2008;
Smiley and Nicol, 2009). Nematodes of this genus com-
plete their life cycles in 21 to 25 days (Inagaki and Tsut-
sumi, 1971), and can have more than one generation per
year (Turner and Subbotin, 2013), due to the short life
cycle, adaptability to warm climates, and reduced dor-
mancy requirements, and thus cause damage in crop
fields. The most important Heterodera species are Heter-
odera glycines Ichinohe (soybean cyst nematode), Heter-
odera avenae Wollenweber (cereal cyst nematode), Heter-
odera schachtii Schmidt (sugar beet cyst nematode) and
Heterodera zeae Koshy, Swarup & Sethi (corn cyst nema-
tode) (Lilley et al., 2005; Moens et al., 2018).

Traditionally, Heterodera species are identified
using cyst and juvenile morphology and morphometrics
(Golden, 1986; Rivoal et al., 2003). This is time-consum-
ing and requires knowledge and experience (Yan and
Smiley, 2009). However, morphological identification
is not always reliable, making it important to confirm
results through molecular identification methods (See-
sao et al., 2016; Camacho et al., 2017), and several DNA-
based methods are used to study nematodes biodiversity.
These include amplification of barcoding sequences by
conventional PCR followed by DNA sequencing. The
most used barcoding sequences are the LSU (28S rDNA),
SSU (18S rDNA), the full ITS-rDNA region and mtCOI
gene (Nisa et al., 2022; Camacho et al., 2025). Given
these challenges, the primary goal of the present study
was to investigate the presence and survival of Heterode-
ra schachtii cyst nematodes in agricultural fields in the
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Golega region of Portugal, due to their historical occur-
rence in soils where sugar beet had been cultivated for
approximately 15 years.

MATERIALS AND METHODS
Location and establishment of study plots

This study was carried out in agricultural fields
in the Golega region, central Portugal (39°23'07"N;
8°29'26"W). These fields had been cultivated over the
previous 15 years with crops of wheat, corn, potatoes,
and peas, as well as cover crops including brassicas,
grasses, and legumes, either as single species or as mix-
tures, namely: (A) Avena strigosa and Raphanus sativus
var. oleiferus; (B) Avena strigosa, Brassica carinata, Bras-
sica napus, Lathyrus sativus, Lolium multiflorum, Pisum
sativum, Raphanus sativus var. longipinnatus, Raphanus
sativus var. oleiferus, Sinapis alba, Trifolium spp., and
Vicia sativa; and (C) Avena sativa, Lolium multiflorum,
Trifolium spp., and Vicia sativa. Although sugar beet
was no longer cultivated in these fields, this crop had
been grown until 2008.

Sampling and processing of soil samples

Sampling was carried out in agricultural fields
according to Annex II of DL 87/2010 (Portuguese Min-
istry of Agriculture, 2010). Twenty soil samples, each
of approx. 1 L, were randomly collected from bare soil,
across a zigzag pattern, and at depth of 20 to 25 cm,
which corresponded to the depth of the rhizosphere. The
top layer of soil was removed to avoid plant debris and
possible contaminants. The samples were then stored in
labelled plastic bags.

The samples were transported to the Nematology
Laboratory of the Instituto Nacional de Investigacdo
Agraria e Veterindria, I.P. - INIAV in Oeiras, Portu-
gal, where they were kept at room temperature for 3
days to dry. The Fenwick can then was used to extract
cyst nematodes from samples of maximum weight 400
g, according to EPPO protocols PM7/119(1) (EPPO,
2013a) and PM7/40(3) (EPPO, 2013b). The samples
were then assessed using a light microscope (Olympus
Bx51) equipped with a Leica MC190 HD optical cam-
era, and software version LAS V4.12 (Leica Microsys-
tems). When lemon-shaped cysts characteristic of Het-
erodera were observed, they were isolated and stored
at room temperature to be used in later analyses (Fen-
wick, 1940; EPPO, 2013b).
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Morphological identification of Heterodera spp.

Vulval cones were cut from isolated cysts with an
ophthalmic scalpel, and released eggs and second-stage
juveniles (J2) were mounted in sterile tap water. Mor-
phological and morphometric characteristics of ten sec-
ond-stage juveniles from each selected cyst were then
assessed, and were compared with available descriptions
(Subbotin et al., 2010).

Molecular identification of Heterodera spp.

DNA extraction and amplification: Viable juveniles
from cysts analysed morphologically were used for DNA
extractions using the QIAamp® DNA Mini Kit (Qiagen),
following the manufacturer’s instructions. The mtCOI
gene, and the 185 rDNA and 28S rDNA regions were
amplified as described in Table 1. PCR reactions were
carried out using a Biometra TOne Gradient thermocy-
cler (Biometra). Possible contaminations were evaluated
by including non-template controls (NTC) without DNA.

Amplified products were loaded onto a 1.5% agarose
gel in TAE, and then subjected to electrophoresis at 5V
cm! in a Mupid One System (Nippon Genetics Europe).
This system allows visualization and detection of DNA
fragments during each run, using direct staining of DNA
with Midori Green (Nippon Genetics Europe) togeth-
er with safe Blues LEDs that do not degrade or mutate
DNA.

Sequencing and sequence quality control: PCR prod-
ucts were enzymatically purified using ExoSAP-IT
PCR Product Cleanup (Thermo Fisher), following the
manufacturer’s instructions (incubation for 15 min at
37°C, followed by 15 min at 85°C). Cycle sequencing
was carried out with the ABI BigDye Cycle sequencing
kit (Applied Biosystems) on an ABI Prism 3130XL capil-
lary sequencer (Applied Biosystems), in both directions
using the same PCR primers. Sanger sequencing was
outsourced at the molecular biology laboratory of INIAV
(Oeiras, Portugal).

Chromatograms were visualized and nucleotide
sequences were edited and analysed using BioEdit v7.2.0
(Ibis Biosciences) and MEGA X version 10.2.6 (Penn-
sylvania State University). Unidirectional sequences
were each considered successful when the sequence of
the complementary primer was present at the 3’end,
no double peaks were observed, and high fluorescence
was measured along the entire sequence. The mtCOI
sequence was translated using the translation table 5 for
invertebrate mtDNA genetic code and aligned. Non-stop
codons were not visualized.
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When all the quality criteria were fulfilled, the prim-
er sequences were trimmed, and a consensus sequence
was generated. The resulting mtCOI, 18S rDNA and 28S
rDNA consensus sequences were used to investigate, by
a blast search the “core nucleotide database (core-nt)” in
NCBI GenBank, to identify the most similar sequences
within Heterodera species.

Phylogenetic analyses

The nucleotide alignments were also used to con-
struct distance trees. All sequences were aligned by
CLUSTAW with default parameters. The pairwise
aligned sequences were phylogenetically analysed by the
Neighbor-Joining Tree-Built method and the Tamura-
Nei Genetic Distance model employing MEGA X ver-
sion 10.2.6 software (Pennsylvania State University).
A bootstrap analysis with 1000 replications was also
conducted to infer robustness of the phylogenetic trees.
Sequences from Globodera rostochiensis were selected as
the outgroup.

RESULTS
Morphological identification of Heterodera spp.

Cysts were light to dark brown. By cutting the vulval
cone of Heterodera cysts, it was possible to identify eggs
(Figure 1 A), second-stage juveniles (Figure 1 B), and the
vulval cone characteristics (Figure 2).

Second-stage juveniles were vermiform, with annu-
lated bodies that tapered at both ends (Figure 1 B).
Mean body length was 429 (+ 18) pm, the heads were
offset, and the cuticles were regularly annulated, each
with four lateral fields extending from near the head to
the tail (Figure 1 C). Stylets were well developed of mean
length 23 (+ 1) pm, with anterior concave knobs. The
tails gradually tapered towards finely rounded termini,
and were mean length 49 (+ 2) pm, with hyaline parts
of mean length 25 (+ 1) pm. The vulvas were ambifenes-
trate and each divided into two semifenestrae by a vul-
val bridge (Figure 2 A), and within the cone, remains of
a vagina was attached to side walls by a well-developed
underbridge and a number of irregularly arranged, dark
brown bullae situated a short distance beneath vulval
bridge (Figure 2 B). By comparing the data reported by
Subbotin et al. (2010), these nematodes were identified as
Heterodera schachtii.
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Figure 1. A: Egg of Heterodera nematode containing a fully developed second-stage juvenile, ready to emerge. B: Fully developed second-
stage juvenile. C: Juvenile cuticle regularly annulated with four lateral fields (C).

Figura 2. A: Heterodera vulval cone, vulva ambifenestrate divided into two semifenestrae by the vulval bridge. B: The cone has bullae and a

well-developed underbridge.

Molecular identification of Heterodera schachtii

Using the procedure previously described, all
primer pairs allowed amplification in the tested sam-
ples. Assembled sequences were compared with the
GenBank database to confirm nematode identity. For
the mtCOI sequence, all hits had coverage of 99%, that
allowed identification of the H. schachtii. The nucleotide
sequences had 100% similarity with other H. schachtii
sequences from the Iberian region (Sevilla, Spain
-MW345380-MW345391; Faro and Leiria, Portugal

-PQ462045-PQ462046 ). For the 18S rDNA sequence, all
hits had coverage of 99%, that allowed identification of
H. schachtii. The nucleotide sequences had 100% simi-
larity with H. schachtii sequences from Gent University,
Belgium (EU306355). For the 28S rDNA sequence, all
hits had coverage of 96%, that allowed identification of
H. schachtii. The nucleotide sequences had 99.72% simi-
larity with H. schachtii sequences from Jeongseon, South
Korea (MN720062).

The sequences were deposited at NCBI data-
base under accession numbers PQ462055 (for mtCOI),
PV351709 (for 18S rDNA), and PV351741 (for 28S rDNA),
and were also used to obtain the phylogenetic tree at
NCBI platform through the Neighbour Joining method
as a confirmation step of identification (data not shown).
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al., 2025), who demonstrated the reliability and utility of
standard gene sequence barcodes, including mtCOI, 18S
rDNA, and 28S rDNA regions, for accurate identification
and differentiation of cyst nematodes within Heterodera.

DISCUSSION

Morphological data showed that the cysts obtained
in this study were of Heterodera schachtii. However,
because morphological identification of nematodes is
not always reliable, confirmation using molecular meth-
ods is recommended (Seesao et al., 2016 and Camacho
et al., 2017)). In the present case, the morphological and
molecular analyses confirmed the identification of H.
schachtii, with JB3-JB5 being the best primer pair for H.
schachtii identification. This is in agreement with previ-
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Figure 3. Phylogenetic tree for Heterodera spp. based on sequence alignment of the mitochondrial cytochrome oxidase subunit one
(mtCOI) gene. The analysis involved 14 nucleotide sequences, including the PQ462055.1 sequence, identified as Heterodera schachtii. Glo-
bodera rostochiensis was used as the outgroup taxon. The condensed phylogenetic tree was generated using the Neighbor-Joining method
with 1,000 bootstrap replications. Bootstrap values are indicated at the nodes.

atode densities, other brassicas may have contributed to
persistence of the population. However, it is not possible
to retrospectively determine whether any weed species
harboured H. schachtii populations, or whether the bras-
sicas used as cover crops, despite being considered nem-
atode-resistant, may have sustained them. Previous stud-
ies allowing for greater control of variables, have been
time restricted. This highlights the relevance of the pre-
sent work, as it provides new insights into the prevalence
of these nematodes in agricultural fields that have been
without primary hosts for more than 15 years. Besides,
no brassicas were included in the crop rotations over the
past 3 years, yet Heterodera populations remained viable
in the soil.

In the study of Westphal and Becker (2001), nei-
ther resistant nor susceptible radish cultivars allowed H.
schachtii development. Therefore, it is concluded that for
management of these nematodes in infested fields, bras-
sicas can be used as cover crops unless resistant varieties
to H. schachtii are selected.

Heterodera eggs within cysts can remain viable in
soil, but dormant for several years (Lilley et al., 2005;

Smiley et al., 2009; Hunt, 2008). However, previous
studies have not provided specific observations on dura-
tion of cyst viability in the absence of primary hosts.
The present study documents the prolonged survival of
lemon-shaped cysts of H. schachtii, in the absence of the
nematode’s primary host. This underscores the challeng-
es for control of these nematodes, as their extended lon-
gevity in soil diminishes the effectiveness of inoculum
reduction methods such as fallowing and crop rotations.
Therefore, alternative strategies such as using trap crops
or resistant cultivars are likely to be the most promis-
ing approaches for managing problems caused by H.
schachtii.
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Summary. Botryosphaeriaceae pathogens have broad host ranges and can move
between hosts, particularly those with overlapping geographic distributions. Cross-
infection potential and virulence were assessed for 40 isolates of Botryosphaeria, Diplo-
dia, and Neofusicoccum (11 species), originally isolated from apple, olive, or grapevine
crops. Progression of asymptomatic colonization beyond visible necrotic lesions was
also assessed, to determine minimum pruning distances required for effective patho-
gen removal. The assays were conducted using detached lignified stems of apple and
olive, and dormant cuttings of grapevine. All the isolates cross-infected and colonized
stems or cuttings of the three potential hosts, confirming host-independence of these
pathogens. Most of the Neofusicoccum isolates consistently caused the largest lesions
across the three inoculated hosts. Asymptomatic colonization was not detected at dis-
tances of 20 or 30 cm beyond visible lesions. However, at 10 cm, one isolate of N. par-
vum colonized the three hosts, and one isolate of D. seriata colonized olive host. These
results highlight the challenges for managing these pathogens in fruit crops growing
in close proximity, and emphasize the urgency of revising the minimum pruning dis-
tances required for successful pathogen removal.

Keywords. Botryosphaeria, Diplodia, Neofusicoccum, host jumping, sanitation prac-
tices.

INTRODUCTION

Botryosphaeriaceae includes fungi widely recognized for abilities to
infect a broad range of woody hosts, both native and introduced (Slippers
and Wingfield 2007; Phillips et al., 2013; Batista et al.,, 2021; Guarnaccia et
al., 2022). These fungi pathogens frequently act as latent pathogens, becom-
ing virulent when their hosts are in stress conditions (Slippers and Wing-
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field 2007; Slippers et al., 2013; Hrycan et al., 2020;
Batista et al., 2021). The most common symptoms caused
by Botryosphaeriaceae include fruit rot, leaf spot, die-
back, and canker (Slippers and Wingfield 2007; Phillips
et al,, 2013; Yang et al,, 2017), with cankers being the
most destructive, as they can lead to the death of stems,
branches or whole trees (Slippers and Wingfield 2007;
Delgado et al., 2016; Urbez-Torres et al., 2016; Hernan-
dez et al., 2022; Valdez-Tenezaca et al., 2025).

Botryosphaeriaceae are known for their broad
host ranges and ability for host jumping, particularly
among hosts with overlapping geographic distributions
(Amponsah et al., 2011; Cloete et al., 2011; Urbez-Tor-
res et al., 2013; Sessa et al., 2016; Zlatkovi¢ et al., 2018;
Silva-Valderrama et al., 2024). Recent studies have con-
firmed the capacity of various host species to be inocu-
lum sources for other susceptible hosts (Mojeremane et
al., 2020; Diaz et al., 2022; Herndndez et al., 2025).

In Uruguay, Botryosphaeriaceae have been isolated
from healthy and symptomatic tissues of commercial
and native Myrtaceae species (Pérez et al., 2009; 2010),
and from cankers and fruit rots of several fruit crops,
including grapevine (Abreo et al., 2013), apple (Delgado
et al., 2016; Sessa et al., 2016), pear, peach (Sessa et al.,
2016), blueberry (Sessa et al., 2018), and olive (Hernan-
dez et al., 2022). Most of these crops are cultivated in
close proximity, highlighting the risks of cross-infection
occurrence (Silva-Valderrama et al., 2024). Furthermore,
the majority of identified Botryosphaeriaceae in Botry-
osphaeria, Diplodia, and Neofusicoccum, and have been
found infecting most of these hosts (Abreo et al., 2013;
Delgado et al., 2016; Pérez et al., 2009; 2010; Sessa et al.,
2016; 2018; Hernandez et al., 2022).

Multiple studies of pathogen virulence have shown
that species of Neofusicoccum are the most virulent,
regardless of their origins. For example, most isolates
of N. luteum and N. parvum originating from grapevine
(Urbez-Torres et al., 2011; Belleé et al., 2017), apple (Del-
gado et al., 2016), almond (Olmo et al., 2016), or wal-
nut (Antony et al., 2024), caused longer necrotic wood
lesions compared to other related species when inocu-
lated into the respective hosts. A similar pattern was
observed in cross-inoculation studies, where most Neo-
fusicoccum species exhibited the greatest levels of viru-
lence (Sessa et al., 2016; Diaz et al., 2022; Herndndez et
al., 2025).

Once wood is infected and cankers become visible,
removing diseased stems, branches or trunks is the most
appropriate recommendation to extend the productive
life of the trees (Urbez-Torres, 2011; Alaniz et al., 2012;
Delgado et al., 2016). Pruning should extend several cen-
timeters beyond the visible margins of necrotic lesions,
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as it has been documented that Botryosphaeriaceae
hyphae can colonize asymptomatic tissues, mainly
xylem, beyond visible lesions (Brown and Hendrix, 1981;
Muniz et al., 2011; Obrador-Sdnchez and Herndndez-
Martinez, 2020; Antony et al., 2024). For example, in
nut crops, Moral et al., (2019) recommended pruning
approx. 5 to 6 cm below external canker margins, where-
as Urbez-Torres (2011) suggested removing all infected
grapevine wood at least 10 cm below visible vascular
symptoms. However, no studies have established the pre-
cise amount of tissue that must be removed to ensure
complete pathogen elimination. Incomplete removal
will lead to canker recurrence, as residual pathogens can
continue to colonize host tissues.

The aims of the present study were: i) to investigate
the occurrence of cross-infections by Botryosphaeria,
Diplodia and Neofusicoccum species originating from
apple, olive or grapevine, and to evaluate their virulence
in these hosts; ii) to estimate the asymptomatic coloni-
zation distances of Botryosphaeria, Diplodia, and Neo-
fusicoccum species from visible lesion margins in apple,
olive, and grapevine fruit crops. Experiments were con-
ducted using detached lignified stems of apple and olive,
and dormant cuttings of grapevine, which were inocu-
lated with local isolates of Botryosphaeriaceae.

MATERIAL AND METHODS
Fungal isolates

Forty Botryosphaeriaceae isolates, representing
eleven species of Botryosphaeria, Diplodia or Neofusico-
ccum (maximum of three isolates per species, according
to availability) were used for direct and cross inocula-
tion assessments. Twelve isolates of the seven most rel-
evant species from these genera, with a maximum of
three isolates per species, were used for asymptomatic
colonization progression assessments (Table 1). The
isolates were obtained from apple stem cankers, die-
back, or fruit rot (Delgado et al., 2016), olive stem can-
ker (Herndndez et al., 2022), or from grapevine wood
canker samples collected from commercial orchards
and vineyards in the south of Uruguay (Supplementary
material 1). Botryosphaeriaceae isolates from grapevine
were initially identified by their fast-growing myce-
lium, which was white and cottony in early growth in
culture, on the first days and turning to grey or grey-
green a few days later. Isolates were subcultured on
water agar with sterilized pine needles on the agar sur-
face, and incubated at 25°C under near UV-light with a
12-h photoperiod. When mature pycnidia were formed,
conidium shapes and colour were assessed. For species
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Table 1. Designations, hosts, localities, and relevant references for Uruguayan isolates of Botryosphaeria, Diplodia and Neofusicoccum used

in this study.

Species Isolate Host Locality Reference
B. dothidea Bl4 a Apple Melilla/Montevideo Delgado et al., 2016
B49 Apple Villa Nueva, Canelones Delgado et al., 2016
B108 Apple Canelén Chico, Canelones Delgado et al., 2016
028 Olive 19 de Abril, Rocha Herndndez et al., 2022
V2 Grapevine n/d Present study
V13 Grapevine Las Brujas, Canelones Present study
V22 a Grapevine Progreso, Canelones Present study
B. wangensis O7 a Olive Garzon, Maldonado Hernéndez et al., 2022
022 Olive Melilla, Montevideo Herndndez et al., 2022
D. intermedia B5 Apple Melilla, Montevideo Delgado et al., 2016
B118 Apple Melilla, Montevideo Delgado et al., 2016
B144 Apple Progreso, Canelones Delgado et al., 2016
D. mutila 036 Olive Melilla, Montevideo Hernéndez et al., 2022
D. pseudoseriata V14 Grapevine Las Brujas, Canelones Present study
D. seriata B27 Apple El Colorado, Canelones Delgado et al., 2016
B69 Apple Kiyu, San José Delgado et al., 2016
B157 a Apple Juanicé, Canelones Delgado et al., 2016
Ol4 a Olive San Jacinto, Canelones Hernéndez et al., 2022
019 Olive Montevideo, Melilla Herndandez et al., 2022
Vla Grapevine n/d Present study
V5 Grapevine n/d Present study
V23 Grapevine Progreso, Canelones Present study
N. australe B112 Apple Melilla, Montevideo Delgado et al., 2016
N. cryptoaustrale 06 Olive Garzén, Maldonado Hernandez et al., 2022
021 a Olive Melilla, Montevideo Hernéndez et al., 2022
024 Olive Villa Nueva, Canelones Hernéndez et al., 2022
N. luteum B55 Apple Melilla, Montevideo Delgado et al., 2016
B107 Apple Canel6n Chico, Canelones Delgado et al., 2016
B129 a Apple Juanicé, Canelones Delgado et al., 2016
010 a Olive Garzén, Maldonado Hernéndez et al., 2022
020 Olive Melilla, Montevideo Hernéandez et al., 2022
027 Olive Villa Nueva, Canelones Hernandez et al., 2022
N. occulatum Ol12a Olive Garzén, Maldonado Hernandez et al., 2022
029 Olive 19 de Abril, Rocha Hernéandez et al., 2022
N. parvum B60 Apple Melilla, Montevideo Delgado et al., 2016
B146 Apple Progreso, Canelones Delgado et al., 2016
B168 a Apple Melilla, Montevideo Delgado et al., 2016
V4 Grapevine C. de Sierra, Canelones Present study
V28 Grapevine Las Brujas, Canelones Present study
V35a Grapevine Las Brujas, Canelones Present study

2 Isolates used to study progression of infections in asymptomatic host tissues.
n/d no data.

identification, the isolate genomic regions translation  Plant material and inoculation method
elongation factor 1-a (TEF), beta-tubulin (TUB2), and
internal transcribed spacer regions (ITS) were analyzed
(Supplementary material 2).

Apparently healthy 1-year-old detached lignified
stems or dormant cuttings of lengths approx. 50 or 80
cm and 1 cm diam. of apple ‘Red Delicious’, olive ‘Arbe-
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quina’, or grapevine ‘Marseland’, were used for patho-
genicity assessments. These cultivars are among the
most planted of the respective fruit crops in Uruguay.
The stems and cuttings were collected during winter,
from mature commercial orchards with no known pre-
vious Botryosphaeriaceae infections, that were located
in Canelones and Montevideo Department, of southern
Uruguay. The climate of the region where these orchards
are established is characterized by persistent high
humidity, frequent rainfall (approx. 1,100 mm per year)
and moderate temperatures. The collected stems or cut-
tings were immediately placed in 200 mL capacity glass
jars each containing 50 mL of sterile moist sand.

For direct and cross-inoculation assays, a central
internode of each stem or cutting was surface-disinfect-
ed with cotton soaked in 70% ethanol. For asympto-
matic colonization progression assays, the upper inter-
node of each stem or cutting was disinfected under the
same conditions. A wound (5 mm diam.) was immedi-
ately made by removing the bark with a sterile scalpel
to expose the cambium. Mycelium plugs (5 mm diam.)
were cut from the margins of Botryosphaeriaceae colo-
nies on PDA growing at 25°C in darkeners for 1 week,
and were each placed onto a wound with the mycelium
surface facing the stem cambium. Cotton soaked in
sterile water was attached to the inoculated wound and
wrapped with parafilm, to prevent desiccation.

Direct and cross inoculations on detached host stems and
cuttings

For each fruit crop host, eight detached 50-cm-long
stems or cuttings were inoculated with each Botryospha-
eriaceae isolate, while eight stems or cuttings were inoc-
ulated with sterile agar plugs as inoculation controls.
Glass jars (see above) containing the inoculated stems
or cuttings were randomly arranged in a temperature-
controlled room (24 + 2°C), and the sand in each jar was
periodically moistened. After five weeks, the plant stem
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or cutting bark was removed, and lengths of necrotic
lesions as discolored wood extending from the inocula-
tion sites, were measured using a digital caliper (Kama-
sa, EEUU). The experiment was repeated once.

Lesion length data were analyzed using generalized
linear models, assuming a gamma distribution for the
variable, with natural Log as link function. The GLIM-
MIX procedure in SAS program (Statistical Analysis Sys-
tem, version 9.4, SAS Institute Inc.) was used. The model
included the following factors: host origins of the iso-
lates, Botryosphaeriaceae species within host origin, and
isolates within Botryosphaeriaceae species and host ori-
gin. Means were compared using the Tukey-Kramer test
and a significance level of P < 0.05.

Asymptomatic colonization progression on detached host
stems and cuttings

For each fruit host, five detached 80-cm-long stems
or cuttings were inoculated with each Botryosphaeriace-
ae isolate, while five stems or cuttings inoculated with
sterile agar plugs were used as inoculation controls.
Glass jars (see above) containing the inoculated stems
or cuttings were randomly arranged in a temperature-
controlled room (24 + 2°C), and the sand in each jar was
periodically moistened. After 4 weeks, the bark of each
stem or cutting was removed, and isolations were made
by removing tissue pieces from the lower edges of vis-
ible necrotic lesions, as well as from 10, 20 and 30 cm
towards the lower parts of stems or cuttings (Figure 1).

For re-isolations, five 1-2 mm cross-sectional discs
were cut at each distance, and were placed on potato
dextrose agar (PDA) and incubated at 25°C in dark-
ness. After 3 to 6 d, the presence of Botryosphaeriaceae
colonies was recorded, and the re-isolated cultures were
compared with the original isolates based on colony
morphology and conidium characteristics. The propor-
tion of stems or cuttings with positive re-isolations was
estimated for each fruit crop and isolate combination at

Figure 1. Illustration showing the four distances on detached lignified stems of apple and olive or detached dormant cuttings of grapevine,
used for re-isolations of Botryosphaeriaceae isolates inoculated onto host tissues. The distances were from the necrotic lesion margin (indi-
cated by the white arrow).
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the four specified re-isolation distances (0, 10, 20 and 30
cm) from inoculation points. At least one of the five stem
discs plated in PDA yielding a Botryosphaeriaceae colony
was considered as a positive infection. The experiment
was repeated once.

RESULTS

Direct and cross inoculations on detached host stems and
cuttings

The forty inoculated Botryosphaeriaceae isolates
caused necrotic lesions on detached stems of apple and
olive, and detached cuttings of grapevine, extending
upwards and downwards from the points of inoculation.
Cicatrized wounds developed on detached stems and
cuttings used as inoculation controls. Necrotic lesions
consisted of dark discolouration and internal wood
streaking (Figure 2). For all the inoculated isolates, the
mean necrotic lesions lengths ranged from 1.3 to 29.4 cm
on apple stems, from 2.1 to 19.6 cm on olive stems, and
from 2.4 to 20.3 cm in grapevine cuttings.

For each fruit crop, statistical analyses indicated sta-
tistically significant effects of host origin of isolates (P <
0.0001), Botryosphaeriaceae species within host origin (P
< 0.0001), and isolates within species and host origin (P
< 0.0001). However, regardless of isolate host origin or
inoculated host, most Neofusicoccum spp. isolates caused
the longest lesions on all three hosts, with statistically
significant differences in most cases compared with the
mean lesion lengths caused by isolates of Diplodia spp.
or Botryosphaeria spp. The mean necrotic lesion lengths
caused by Neofusicoccum spp. ranged from 3.3 to 28.3
cm on apple stems, from 8.3 to 15.9 cm on olive stems,
and from 7.5 to 13.8 cm on grapevine cuttings. Diplo-
dia spp. isolates produced necrotic lesions averaging
from 1.3 to 12.8 cm on apple stems, from 1.9 to 4.7 cm
on olive stems, and from 4.5 to 9.9 cm on grapevine cut-
tings. Botryosphaeria spp. isolates caused necrotic lesions
averaging from 3.9 to 6.8 cm on apple stems, 3.4 to 8.1
cm on olive stems, and 3.8 to 8.1 cm on grapevine cut-
tings (Figure 3).

Asymptomatic colonization progression on detached hosts
stems or cuttings

All the detached apple and olive stems and detached
grapevine cuttings inoculated with the 12 Botryospha-
eriaceae isolates developed necrotic lesions on the host
wood. Inoculated fungi were consistently re-isolated
from the advancing margins of lesions on all the host

stems or cuttings, exhibiting the morphological charac-
teristics of the inoculated isolates.

Asymptomatic colonization was detected in re-isola-
tions from 10 cm beyond the visible lesion margins. The
isolate V35 of N. parvum was re-isolated from 60% of
inoculated olive stems and from 20% of inoculated apple
stems and grapevine cuttings. Isolate M157 of D. seriata
was re-isolated from 20% of inoculated olive stems. No
isolates were recovered at 20 or 30 cm from the lesion
margins, in any of the three plant hosts. Additionally,
no Botryosphaeriaceae growth was observed from inoc-
ulation control stems or cuttings, either at the callused
wound margins (0 cm) or at any of the three distances
(10, 20 and 30 cm) from inoculations (Table 2).

DISCUSSION

In this study, Botryosphaeriaceae fungi capacities
to cross-infect wood plant tissues beyond their original
host species were assessed. Several isolates of B. doth-
idea, B. wangensis, D. intermedia, D. mutila, D. pseudose-
riata, D. seriata, N. australe, N. cryptoaustrale, N. luteum,
N. occulatum, and N. parvum, were evaluated for ability
to infect and colonize lignified detached stems of apple
and olive, and detached cuttings of grapevine, that were
both the original and alternative fruit crop hosts for
each isolate. The forty inoculated isolates caused necrot-
ic lesions on detached stems or cuttings of the three
hosts, providing evidence that host origin does not affect
the ability of these pathogens to infect multiple hosts,
and showing their capacities for cross-infection.

This knowledge poses significant challenges for fruit
crop production in Uruguay, as Botryosphaeriaceae hosts
are typically cultivated in close proximity, frequently on
the same farm, facilitating the spread of these pathogens.
While this study was focused on apple, olive, and grape-
vine, which are among the most economically important
fruit crops in Uruguay (MGAP 2023), other co-cultivat-
ed fruit crops such as pear, peach, or blueberry are also
known hosts of Botryosphaeriaceae (Sessa et al., 2016;
Sessa et al., 2018), further highlighting the relevance of
these results.

As in the present study, ability of Botryosphaeriaceae
to infect multiple fruit hosts was previously demonstrat-
ed by Cloete et al., (2011) in South Africa and Amponsah
et al., (2011) in New Zealand, who found that isolates of
Botryosphaericeae from pear, apple, olive, broom, and
pine trees could infect grapevine. Similarly, in Uru-
guay Sessa et al., (2016) provided evidence that isolates
of Diplodia, Lasiodiplodia and Neofusicoccum isolated
from apple, peach, or pear cross-infected these hosts.
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Grapevine

Figure 2. Necrotic lesions developed on detached lignified stems of apple and olive, or detached cuttings of grapevine, 5 weeks after inocu-
lations with Botryosphaeriaceae isolates obtained from these three fruit crops. A) Botryosphaeria dothidea (B14); B) B. wangensis (022); C)
Diplodia intermedia (B5); D) D. mutila (O36); E) D. pseudoseriata (V14); F) D. seriata (O19); G) Neofusicoccum australe (B112); H) N.
cryptoaustrale (06); 1) N. luteum (B107); J) N. parvum (V18); and K) N. occulatum (O12). L) Inoculation controls.

Mojeremane et al., (2020) in South Africa showed that
isolates of N. australe and N. stellenboschiana obtained
from grapevine, plum, apple, olive, Peruvian pepper,
and fig were pathogenic on these hosts. In Chile, Diaz

et al., (2022) and Hernédndez et al., (2025) confirmed
cross-infection potential of isolates belonging to Diplo-
dia, Dothiorella, Lasiodiplodia, and Neofusicoccum, after
induction of necrotic lesions in pear, walnut, and grape-
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Figure 3. Mean necrotic lesion lengths measured in detached lignified stems of apple and olive, or detached dormant cuttings of grapevine,
5 weeks after direct and cross inoculations with 40 isolates of 11 species of Botryosphaeriaceae isolated from apple, olive, or grapevine
crops. NP: Neofusicoccum parvum, NL: N. luteum, NA: N. australe, NO: N. occulatum, NC: N. cryptoaustrale, DS: Diplodia seriata, DI: D.
intermedia, DM: D. mutila, DP: D. pseudoseriata, BD: Botryosphaeria dothidea, and BW: B. wangensis. Vertical bars indicate standard errors
of the means. Values followed by different letters differ significantly (P > 0.05), according to the Tukey test.

vine using grapevine-derived isolates, and caused can-
kers in grapevine using isolates obtained from, respec-
tively, apple, blueberry, or walnut. Some of these studies
also examined hosts beyond fruit crops, including for-
estry, horticultural, and ornamental species, demonstrat-
ing that the host ranges and potential for cross-infec-
tion extend across a wide and diverse variety of woody
plants. Collectively, these findings underscore the epide-
miological complexity of this group of Botryosphaeriace-
ae pathogens (Silva-Valderrama et al., 2024).

In the present study, virulence of Botryosphaeriaceae
species varied both among and within species. Howev-
er, most Neofusicoccum isolates consistently caused the

longest lesions in the three inoculated fruit hosts, con-
firming that their high virulence is independent of Neo-
fusicoccum origin. These results are consistent with pre-
vious studies that have identified Neofusicoccum species
as among the most virulent Botryosphaeriaceae, whether
inoculated on their original hosts (Pérez et al., 2010;
Urbez-Torres et al., 2011; Delgado et al., 2016; Olmo
et al., 2016, Antony et al., 2024) or on alternative hosts
(Cloete et al, 2011; Amponsah et al., 2011; Sessa et al.,
2016; Diaz et al., 2022; Hernandez et al., 2025).

The virulence of Neofusicoccum species may be
attributed to the expansion of gene families linked to
virulence, specifically those encoding carbohydrate-
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Table 2. Percentages of positive re-isolations from four distances from necrotic lesion margins for seven species of Botryosphaeria, Diplodia
or Neofusicoccum inoculated into detached lignified stems of apple and olive, or detached dormant cuttings of grapevine. Each datum is the

percentage for five host stems or cuttings.

Percentage of re-isolation from different distances from lesion margins

Specie Isolate Apple Olive Grapevine

Ocm 10cm 20cm  30cm  Ocm 10cm  20cm  30cm  Ocm 10cm  20cm  30cm

B. dothidea M14 100 0 0 0 100 0 0 0 100 0 0 0
V22 100 0 0 0 100 0 0 0 100 0 0 0

B. wangensis o7 100 0 0 0 100 0 0 0 100 0 0 0
D. seriata M157 100 0 0 0 100 20 0 0 100 0 0 0
014 100 0 0 0 100 0 0 0 100 0 0 0

V1 100 0 0 0 100 0 0 0 100 0 0 0

N. cryptoaustale 021 100 0 0 0 100 0 0 0 100 0 0 0
N. luteum M129 100 0 0 0 100 0 0 0 100 0 0 0
010 100 0 0 0 100 0 0 0 100 0 0 0

N. occulatum 012 100 0 0 0 100 0 0 0 100 0 0 0
N. parvum M168 100 0 0 0 100 0 0 0 100 0 0 0
V35 100 20 0 0 100 60 0 0 100 20 0 0

Control (non-inoculated) 0 0 0 0 0 0 0 0 0 0 0 0

active enzymes (CAZymes), peptidases, and components
of secondary metabolism. These genetic features give
fungi enhanced capacities to degrade lignified tissues
and circumvent plant defense mechanisms (Morales-
Cruz et al., 2015, Belleé et al., 2017). Supporting this,
Belair et al. (2023) conducted a comparative genom-
ic analysis across six Botryosphaeriaceae genera, and
found that Neofusicoccum, particularly a specific isolate
of N. parvum, exhibited enrichment in genes encoding
CAZymes and peptidases, highlighting its superior path-
ogenic potential.

The present study also assessed the ability of Botry-
osphaeriaceae isolates to colonize asymptomatic woody
tissues beyond the margins of visible lesions. One month
after inoculation, inoculated isolates were absent at dis-
tances of 20 and 30 cm beyond visible necroses in all
inoculated stems and cuttings of the three fruit hosts
assessed. However, although only occasionally, the
inoculated pathogens were re-isolated from up to 10 cm
beyond the visible lesion edges in stems of apple and
olive, and cuttings of grapevine. In apple, this latent
colonization may explain, at least in part, the reactiva-
tion of disease that can be observed in commercial apple
crops after pruning sanitization (Alaniz et al., 2012).
This finding highlights the need to revise current prun-
ing recommendations of removing up to 10 cm below
visible lesion edges (Alaniz et al., 2012) to establish the
minimum pruning lengths necessary for effective patho-
gen eradication. Additionally, the susceptibility of prun-

ing wounds at different ages, and the effect of pruning
timing on infection, should be included in studies to
establish successful sanitation pruning recommendations
(Valdez-Tenezaca et al., 2025).

One isolate of N. parvum was the only pathogen
recovered from asymptomatic tissues across all three
host species. This supports that particular isolates of
N. parvum may have ability to colonize woody tissues
beyond the visible lesions more rapidly than other mem-
bers of this family. This may be through vascular path-
ways such as xylem vessels (Muniz et al., 2011; Han et
al., 2016; Obrador-Sianchez and Herndndez-Martinez
2020; Antony et al., 2024).

In summary, the present study has highlighted the
challenges of managing diseases caused by Botryospha-
eriaceae where multiple susceptible hosts are grown
in close proximities, as is common in fruit production
systems in Uruguay. In these situations, effective dis-
ease management should account for the potential for
cross-infection among co-cultivated species, recognizing
that each host can serve as an inoculum source for oth-
ers. For example, the status of Botryosphaeriaceae can-
kers in neighbouring fruit orchards should be evaluated
before establishing new plantings. Additionally, pruning
distance required to ensure the complete elimination
of these pathogens needs to be revised. Susceptibility of
pruning wounds, effects of pruning time, and protec-
tion of pruning wounds should be evaluated under local
conditions to prevent infections or re-infections by these
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pathogens. Environmentally friendly treatment alterna-
tives, such as fungicides approved for use in integrated
management programs, biological control agents, or
natural fungicidal compounds, should be considered in
these investigations.
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Summary. Grapevine leafroll-associated virus 4 (GLRaV-4, Ampelovirus tetravitis)
has considerable genetic diversity. A survey was conducted in central, western, and
southern Algeria to investigate the distribution and the genetic diversity of GLRaV-4
in commercial and autochthonous grape cultivars. DAS-ELISA detected an overall
grapevine infection rate of 18.2%, and infections in a subset of samples were con-
firmed by RT-PCR. Analysis of the P23 protein gene sequence revealed six known
phylogenetic groups, with Algerian isolates clustering in strains -4, -5, -6, -9, and -Pr of
GLRaV-4. In addition to this virus, three viruses and two viroids were identified using
high throughput sequencing: grapevine Pinot gris virus (GPGV, Trichovirus pinovitis),
grapevine leafroll-associated virus 2 (GLRaV-2, Closterovirus vitis), grapevine fanleaf
virus (GFLV, Nepovirus foliumflabelli), hop stunt viroid (HSVd, Hostuviroid impedi-
humuli) and grapevine yellow speckle viroid 1 (GYSVd-1, Apscaviroid alphaflavivitis).
This study was the first research on genetic diversity of GLRaV-4 in Algeria.

Keywords. GLRaV-4, RT-PCR, genetic diversity, P23, high throughput sequencing.

INTRODUCTION

Grapevine leafroll disease (GLD), one of the most economically impor-
tant virus disease affecting grapevines, results from infection by one or more
grapevine leafroll-associated viruses (GLRaVs), a group of genetically dis-
tinct species in the family Closteroviridae (Naidu ef al., 2015; Atallah et al.,
2012). Among these viruses, grapevine leafroll-associated virus 4 (GLRaV-4,
Ampelovirus tetravitis) is a recognized species within Ampelovirus, which
includes several genetically diverse variants known as GLRaV-4 Strains -4, -5,
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-6, -9, -Car, -Pr, and -Ob (Martelli et al., 2012; Abougha-
nem-Sabanadzovic et al., 2017). GLRaV-4 and its strains
are identified by positive RNA molecules of genome size
between 13.6 and 13.8 kb, along with six open reading
frames (ORFs), flanked by short 5' or 3’ untranslated
regions (UTRs). The virus sequence encodes six proteins
(in the 5' to 3' direction): the replication-associated poly-
protein (expressed via +1 ribosomal frameshift of two
partially overlapping ORFs), a small hydrophobic protein
(p5), heat shock protein 70 homologue (HSP70h), heat
shock protein 90 homologue (HSP90h or p60), virus
coat protein (CP), and a protein of unknown function
with a molecular mass of 23K (p23). GLRaVs are known
to spread through infected host planting material, and
through grafting practices (Abou Ghanem-Sabanadzovic
et al., 2012; Aboughanem-Sabanadzovic et al., 2017;
Adiputra et al., 2019).

Members of Ampelovirus responsible for grapevine
leafroll are primarily transmitted by specific hemip-
teran insect vectors, mainly mealybugs and soft scales
(Herrbach et al., 2017). Additionally, several species of
mealybugs and soft-scale insects have been identified
as vectors of GLRaV-4, semi-persistently transmitting
the virus within and between neighbouring vineyards
(Naidu et al., 2015; Aboughanem-Sabanadzovic et al.,
2017). In contrast to the severe symptoms typically asso-
ciated with GLRaV-1, GLRaV-2, and GLRaV-3, infections
by GLRaV-4 strains generally induce milder symptoms
(Maree et al., 2013; Reynard et al., 2015; Abou Ghanem-
Sabanadzovic et al., 2017).

High-throughput sequencing (HTS) technologies
and bioinformatics have revolutionized identification
of viral pathogens without knowledge of their primary
structures (Maliogka et al., 2018). HTS has been instru-
mental for identifying and characterizing new grape-
vine virus species, the study of unknown diseases, iden-
tification of candidate disease-associated agents, and
improvements to existing diagnostic assays for some
viruses (Saldarelli ef al., 2017). HTS has been recently
applied to identify and characterize grapevine viruses in
Algeria (Bachir et al., 2024; Laidoudi et al., 2025; Mah-
did et al., 2025).

Few studies have focused on occurrence of grape-
vine leafroll disease in Algeria. While GLRaV-1, -2, and
-3 have been investigated (Lehad et al., 2015a; 2015b;
2019), the present study focused on GLRaV-4 in this
country. The main objective of this research was to
determine occurrence and genetic diversity of the grape-
vine virus GLRaV-4 associated with grapevine leafroll
disease in Algeria.

Anfel Djenaoui et alii

MATERIALS AND METHODS
Plant material

During the winter of 2021/2022, 444 grapevine
samples were collected from the major grapevine grow-
ing regions of central, western, and southern Algeria
(Figure 1). Cuttings from different grapevine cultivars
were randomly collected from commercial cultivars (421
samples), and from 23 cultivars (23 samples) from the
autochthonous grapevine collection at the Institut Tech-
nique de I'Arboriculture Fruitiére et de la Vigne (ITAFV)
(Supplementary Table 1). Additionally, an analysis of 122
grapevine samples (bark scrapings from mature canes)
was included, that were randomly collected in 2012
and were provided by the plant protection laboratory of
INRAT from vineyards in the wine-growing regions of
Algeria (Supplementary Table 2).

DAS-ELISA

Preliminary detection of GLRaV-4 presence in the
444 collected grapevine samples was carried out using
DAS-ELISA (Clark and Adams, 1977), employing a com-
mercial kit (GLRaV-4 strains Complete kit 480, Bioreba
AG). An extraction was carried out from phloem tissue of
each field sample (bark scrapings from mature canes) fol-
lowing the kit manufacturer’s instructions, using the pro-
vided PBS grinding buffer. The absorbance was measured
at wavelength 405 nm using a microplate spectrophotom-
eter (SunriseTM absorbance microplate reader, Tecan
Trading AG). Two positive controls and two negative
controls supplied by Bioreba AG were used on each plate.
In addition, one control well containing only the buffer
without antibodies was included per plate. To reduce the
risk of false-positive results, a sample was considered pos-
itive only if its absorbance value was equal to or exceeded
three times the mean absorbance of the negative controls.

Extraction of TNA from the phloem tissue

Total nucleic acids (TNA) were extracted from 0.2
g of phloem tissue from each mature grapevine cane
sample, using the CTAB-based protocol of Gambino
et al. (2008), with minor modifications. This involved
grinding the material with liquid nitrogen, extraction
with CTAB buffer at 65°C, followed by extraction with
a chloroform/isoamyl alcohol mixture, precipitation
with isopropanol, an ethanol wash, and then resuspend-
ing the TNA in sterile ultrapure water before storing at
-20°C. The quality of the TNA was assessed through
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Figure 1. Map of the primary sampling regions in Algeria for this study. The symbols indicate the locations where samples were collected.

agarose gel electrophoresis, while their concentrations
were determined using a spectrophotometer (NanoDrop’
ND-100 spectrophotometer, Thermo Scientific).

Reverse transcription-polymerase chain reaction (RT-PCR)

A two-step RT-PCR protocol was followed for syn-
thesis of cDNA. In the first step of reverse transcrip-

tion, the random primer (1 pg pL'; Invitrogen™) was
added with 1.5 pL of sterile water to 10 pL of TNA, and
the reaction was incubated at 95°C for 5 min. Then, the
components necessary for reverse transcription, includ-
ing 0.5 pL dNTPs (10mM), 4pL RT 5x Buffer, DTT
(0.1M), and M-MLV Reverse Transcriptase (200 U pL)
(Invitrogen™), were introduced for the second step. The
reaction was incubated at 39°C for 1 h to allow cDNA
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synthesis, followed by enzyme inactivation at 70°C for 10
min. The total reaction volume was 20 pL.

The PCRs was carried out using the primers
LRAmp-F and LRAmp-R, designed by N. Abou Gha-
nem-Sabanadzovic et al. (2012), to amplify 485 bp frag-
ments for the p23 protein (ORF6) gene region. The reac-
tions were each carried out with 2.5 pL of denatured
cDNA, 0.5 pL of each primer (20 pM), and DreamTaq
DNA Polymerase (5U pL™?) (Thermo Scientific™) in a
total volume of 25 pL. They included initial denatura-
tion at 94°C for 5 min, followed by 40 cycles, each of
denaturation at 94°C for 30 sec, annealing at 50°C for 35
sec, then extension at 72°C for 45 sec, and a final exten-
sion at 72°C for 7 min. The PCR products were ana-
lyzed by electrophoresis on 1.2% TBE agarose gel, and
visualized using ethidium bromide staining. RT-PCR
was carried out specifically for the ELISA-positive sam-
ples. Additionally, 122 samples were used that were from
plant material collected during another sampling in 2012
from grapevine growing regions in Algeria. Phloem tis-
sues were used for RNA extractions, and the samples
were stored as cDNA at -80°C at the plant protection
laboratory of INRAT. Quality control of the cDNA was
carried out using a positive control plant sample infected
by GLRaV-4, which showed a positive reaction and con-
firmed good conservation of the cDNA.

Some virus isolates were selected for sequencing of
the p23 protein gene regions using the Sanger method,
and the obtained sequences were submitted in the NCBI
database. A total of 14 positive samples were selected for
sequencing based on their geographic and grapevine
cultivar origins, to assess the genetic diversity of their
partial p23 gene. The PCR products were processed for
Sanger sequencing by Carthagenomics (Tunisia).

High throughput sequencing

Total RNA extraction and Illumina-HTS

To complement the DAS-ELISA and RT-PCR tests,
a single grapevine sample from the autochthonous cul-
tivar ‘Cherchalli’, collected in Medea and confirmed
positive for GLRaV-4, was selected for HTS to detect the
potential infections by other viruses and viroids. A 0.5 x
0.5 cm piece of leaf tissue from this GLRaV-4-infected
plant was placed in an Eppendorf tube and immersed
in RNALater solution, and then sent to JS-Link Com-
pany (South Korea). The RNA was extracted from plant
sample using the RNeasy® Plant Mini Kit (QIAGEN).
To obtain the cDNA, reverse transcription was carried
out using M-MLV Reverse Transcriptase, following the
manufacturer’s instructions (JS-Link Company). To pre-
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pare the Illumina-HTS library, the Company used the
TruSeq total DNA library prep kit. The sequences of
total DNA were obtained using NovaSeq6000, 2x101PE
(Platform: NovaSeq6000; Application: WTS/mRNA),
after DNA quality was determined using an Agilent 2100
Expert Bioanalyzer (Agilent). Trimmomatic-0.39 and
BBduk v 37.22 were used to trim raw reads in Geneious
Prime® 2024.0.5 (Minimum quality = 6) Both ends were
trimmed and minimum read length was 10 (Adapter/
Quality Trimming Version 38.84; Brian Bushnell)
(Kearse et al. 2012; www.geneious.com).

Map to reference

Geneious Prime® 2024.0.5 was used to map the
DNA-Seq data to the reference sequences. The mapping
was carried out with parameters set to “Medium-Low
Sensitivity”, using the Geneious DNA mapper. The DNA
clean reads were mapped to a package of all the 5040
plant virus sequences available in GenBank (downloaded
24 August, 2024). These sequences were concatenated
into a single representative sequence (76,145,671 nt), to
ensure comprehensive detection of all virus and viroid
elements present in the sample data. The results were
displayed in a report that included the total number of
reads used and the number of assembled reads (Khaf-
fajah et al., 2022).

Phylogenetic analyses

Blastn search was used for sequence comparisons,
and multiple nucleotide sequence alignments were car-
ried out using the ClustalW algorithm implemented in
the Molecular Evolutionary Genetics Analysis software
(MEGA 11.0.10) (Tamura et al. 2021). These alignments
included sequences obtained in the present study and
additional sequences retrieved from the GenBank data-
base (www.cbi.nlm.nih.gov), some of which correspond
to reference sequences from previously characterized
strains of GLRaV-4 (Table 1). The p-distance method
was used to calculate percent similarity values. A phy-
logenetic tree was then constructed based on nucleotide
identity distances, using the neighbor-joining (NJ) meth-
od (Kimura 2-parameter model) with 1000 bootstrap
replicates and the best-fit alignment (318 nt).

RESULTS

The DAS-ELISA test showed that GLRaV-4 was
detected in 81 (18.2%) of the 444 samples assessed.
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Table 1. Strain reference sequences of GLRaV-4 selected for phylogenetic analysis of the P23 gene.

Accession number Isolates Strain Origin Reference
FJ467503.1 LR106 Strain 4 USA Abou Ghanem-Sabanadzovic et al. 2012
MF669482.1 WALA-9 Strain 9 USA Adiputra et al. 2019
MF669481.1 WASB-5 Strain 5 USA Adiputra ef al. 2019
FJ467504.1 Estellat Strain 6 USA Abou Ghanem-Sabanadzovic et al. 2012
AM182328.4 Pr Strain Pr Greece Maliogka et al. 2008
KP313764.1 Ob Strain Ob Switzerland Reynard et al. 2015

GLRaV-4 was detected in different grapevine varieties.
Among the varieties assessed, Ahmar Bouamar had an
infection rate of 26.8%. Ladhari and Valensi each had
rates of 40%, while Alicante had 30% infection, and
Muscat had 20% GLRaV-4 infection. The 23 autochtho-
nous grapevine accessions collected from ITAF had a
combined infection rate of 39.1% (Table 2). The greatest
highest infection rate (36.8% grapevines infected) was
detected in the southern region of Algeria, particularly
in Ghardaia (36.4% infected). The central region fol-
lowed, with an overall infection rate of 18.1%, particu-
larly in Boumerdes and Médéa (approx. 23% positive
samples. Lowest GLRaV-4 prevalence (16.7%) was detect-
ed in the western region (Table 3). These results high-
lighted variations in GLRaV-4 incidence among different
grapevine varieties and viticultural regions.

Table 2. Infection rates of GLRaV-4 in surveyed grapevine culti-
vars, detected using DAS-ELISA.

Cultivar Number of olf\lil:gzg d Infection rate
samples (%)
samples

Ahmar Bouamar 41 11 26.8
Dattier 46 2 4.3
Michele Palieri 10 0 0.0
Muscat Italia 28 2 7.1
Cinsault 70 8 11.4
Gros noir 29 4 13.8
Red globe 20 3 15.0
Sabel 22 4 18.2
Cardinal 35 4 11.4
Ladhari 20 8 40.0
Carignan 20 4 20.0
Alicante 10 3 30.0
Merseguerra 10 0 0.0
Muscat 20 4 20.0
Valensi 20 8 40.0
Autochthonous 23 9 39.1
Unknown 20 7 35.0
Total 444 81 18.2

Some DAS-ELISA positive samples were further
analyzed by RT-PCR using primers targeting the P23
protein (ORF6) gene, to assess genetic variability of
GLRaV-4. Among the 81 positive samples (obtained
in 2021/2022) assessed using DAS-ELISA for the pres-
ence of the virus, 59 were selected for further analyses
by RT-PCR. Of these 29 were confirmed as positive for
GLRaV-4. The PCR analyses of the 122 samples from
the 2012 sampling showed that 16 samples were positive.
Combining these results with those from the 2021/2022
samples collected, a total of 45 GLRaV-4 positive sam-
ples were detected. Among the positive samples, 14 were
Sanger-sequenced, and two using HTS, selected from
different grapevine cultivars and viticultural regions in
the central, eastern, western, and southern parts of Alge-
ria (Table 4).

Phylogenetic analysis revealed that Pairwise P23
nucleotide identities ranged from 71 to 100% for the

Table 3. Distribution of GLRaV-4 infections across major grapevine
sampling regions and wilayas in Algeria.

. . Number of N.u mber Infection
Region Wilaya of infected
samples rate (%)
samples

Medea 99 23 23.2

Boumerdes 43 10 23.3

Blida 40 1 2.5
Central .

Tizi Ouzou 31 5 16.1

Algiers 2 0 0.0

Total 215 39 18.1

Mostaganem 60 8 133

Ain Temouchent 70 11 15.7
West Tlemcen 20 3 15.0

estern

Sidi Bel Abbes 10 0 0.0

Mascara 50 13 26.0

Total 210 35 16.7

El Menia 4 1 25.0

Ghardaia 11 4 36.4
Southern

Tamanrasset 4 2 50.0

Total 19 7 36.8
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Table 4. GenBank accession numbers of Algerian GLRaV-4 isolates sequenced for the P23 protein gene.
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Isolate Cultivar Origin Sequencing method Accession number
ALGS85 Cinsault Ain Temouchent Sanger PQ406674
ALG107 Cherchali Medea HTS PP983228
ALGI108 Cherchali Medea HTS PP983229
ALG122 Muscat Ain Temouchent Sanger PQ633193
ALGI130 Muscat Ain Temouchent Sanger PQ619712
ALG157 Valensi Mascara Sanger PQ633194
ALG212 Unknown Ghardaia Sanger PQ633195
ALG253 Gros noir Boumerdes Sanger PQ518714
ALG265 Sabel Boumerdes Sanger PQ633197
ALG378 Unknown Tamenrasset Sanger PQ619713
ALG383 Ahmar de Machetras Medea Sanger PQ633196
ALG388 Ghanez Medea Sanger PQ800099
ALG424 Ahmar Bouamar Medea Sanger PQ807038
ALG20-12 Gros noir Mascara Sanger PQ816343
ALG26-12 Gros noir Mascara Sanger PQ816344
ALG373-12 Cargnan Mascara Sanger PQ821896

Algerian isolates, that indicate a close relationship
between Algerian isolates, except for the isolate ALG253
which showed less than 76% identity to the other Algeri-
an sequences, indicating a highly divergent variant (Sup-
plementary Table 3).

The Blast analysis revealed that the Algerian isolates
share high sequence identity with NCBI isolates report-
ed from several countries worldwide. As a result, we
observed strong similarity with isolates from India, the
USA, France, and other geographically distant regions
(Table 5).

The phylogenetic tree, based on the P23 protein
sequences of Algerian GLRaV-4 isolates and related
international sequences available in GenBank, revealed
six distinct phylogenetic groups (Figure 2). Among
these, the Algerian sequences obtained in the present
study clustered into five groups, each corresponding to
a specific strain of GLRaV-4, as indicated by reference
sequences from previous studies (Table 1). Distribution
of the Algerian isolates across these strains was: Strain
4, isolates ALG383, ALG20-12, and ALG378; Strain 5,
isolates ALG373-12, ALG157, and ALG85; Strain 6, iso-
lates ALG107, ALG108, ALG265, ALG424, and ALG26-
12; Strain 9, isolates ALG122, ALG130, ALG212, and
ALG388; and Strain Pr, isolate ALG253. This cluster-
ing highlights the genetic diversity of GLRaV-4 within
the Algerian isolates and provides valuable insights into
their relationships with reference strains.

More than 95% nucleotide similarity was shown
within the GLRaV-4 strain groups 4, 5, 6, and 9, except
for Strain Ob, which had 90% similarity (Supplemen-

Table 5. Pairwise nucleotide similarities between Algerian isolates
of GLRaV-4 and reference sequences available in NCBI.

Algerian . . - Similarity
isolate Strain ~ Reference isolate ~ Origin (%)
ALG20-12 GDR-I (KT933072) India

ALG378  Strain 4 90-99.7
ram LR106 (FJ467503) USA

ALG383
ALG85
ALG157  Strain 5 Xf;&‘; 181) USA 96-98
ALG373-12
ALG26-12 WIL24N5 Australia
ALG107 (OP752662) ustra
ALG108 Strain 6 94-97
ALG265 Estellat (FJ467504) USA
ALG424
ALG122 WALA-9 USA
ALG130 ) (MF669482)
Strain 9 95-98
ALG212 LC12_N5 Australi
ALG388 (OP752665) ustralia
ALG253  Strain Pr  Pr (AM182328) Greece 97.6

tary Table 4). In contrast, the between-group similarity
percentages ranged from 62% to 90%, highlighting sig-
nificant genetic diversity among isolates from different
strains, especially Strain Pr and Strain Ob, with similari-
ties of less than 75%.

The between-group identity analyses showed that
Strain 9 and Strain 5 had close phylogenetic relationship
(90%). Strain 6 had 89% similarity with Strain 9 and
88% with Strain 5, indicating strong genetic connections
between these strains. Strain 4 had moderate similar-
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Figure 2. Phylogenetic tree of grapevine leafroll associated virus 4 (GLRaV-4, Ampelovirus tetravitis) isolates obtained in the present study
and retrieved from GenBank. The tree was constructed with sequences of the 318 nt fragment of the P23 gene, with percentage of bootstrap
support (270%) with 1,000 bootstrap replicates. Pineapple mealybug wilt-associated virus (LC507819: PMWaV-1, Ampelovirus unananas)
was used as the outgroup. @ indicates Algerian sequences, and 4 indicates the reference sequence for the group.
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ity (83%) with Strain 6 and Strain 5 (83%), and Strain
9 (84%), suggesting a closer genetic relationship within
these strains compared to others. Strain Pr had low
similarity (maximum of 74%) across all comparisons,
indicating divergent genetic composition in this strain.
Strain Ob had the lowest similarity (62% to 64%), indi-
cating increased degree of genetic divergence compared
to the other strains (Supplementary Table 5).

Total RNAseq data generated by the Illumina plat-
form included 47,039,345 raw reads that were trimmed
to obtain 47,034,642 short clean reads of 101 bases.
In Geneious software, all RNA reads were paired and
mapped against suspected virus and viroid genomes.
The P23 protein genes of the GLRaV-4 were recon-
structed (isolates ALG107, PP983228 and ALGI108,
PP983229). Additionally, the complete genomes of hop
stunt viroid (HSVd, Hostuviroid impedihumuli) iso-
late ALG305 (PQ059409) and grapevine yellow speckle
viroid 1 (GYSVd-1, Apscaviroid alphaflavivitis) isolate
ALG302 (PQ059408) were obtained. Furthermore,
fragmented sequences corresponding to three viruses
were also identified: grapevine Pinot gris virus (GPGV,
Trichovirus pinovitis) isolate ALG400, grapevine leafroll-
associated virus 2 (GLRaV-2, Closterovirus vitis) isolate
ALG301, and grapevine fanleaf virus (GFLV, Nepovirus
foliumflabelli) isolate ALG226, registered, respectively,
under accession numbers PQ059410.1, PQ059407.1, and
PQ059404.1.

DISCUSSION

GLRaV-4 has been reported as one of the viruses
responsible for grapevine leafroll in many regions, and
is often found in mixed infections with other GLRaVs
(Aboughanem-Sabanadzovic et al., 2017).

The present study is the first to report occurrence
and genetic diversity of GLRaV-4 in Algeria, covering
the different viticultural regions across the country. Pre-
vious surveys in Algerian vineyards reported GLRaV-3
as the most prevalent grapevine leafroll-associated
virus, with incidences ranging from 44% to 55.3%,
while GLRaV-2 and GLRaV-1 were detected at incidenc-
es of, respectively, 15.8% and 5.4% (Lekikot et al., 2012;
Lehad et al., 2015a; 2015b; 2019). Based on the 18.2%
incidence of GLRaV-4 detected in the present study, this
virus probably ranks between GLRaV-2 and GLRaV-3 in
prevalence among grapevine leafroll-associated viruses
reported so far in Algeria.

The discrepancy observed in the present study
between ELISA and RT-PCR results likely resulted from
the high genetic variability of the virus, which limits the
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ability of the primers designed by Abou Ghanem-Saba-
nadzovic et al. (2012) to detect all variants. In contrast,
ELISA uses polyclonal antibodies that recognize a broad
range of variants, making it more reliable than RT-PCR
for large-scale virus detections.

Nucleotide comparisons showed that the Algerian
GLRaV-4 sequences exhibited genetic relationships for
the P23 gene, with sequence similarity ranging from
71% to 100%. This high level of genetic diversity reflects
the presence of distinct GLRaV-4 strains, as confirmed
by Martelli et al. (2012). They described GLRaV-4 as a
virus with multiple genetically diverse variants, includ-
ing Strains 4, 5, 6, 9, Pr, and others, which are serologi-
cally related and share similar genome structures, sizes,
and biological and epidemiological characteristics. The
similarities observed between strains, ranging from 62%
to 90%, further confirms the significant genetic diversity
among GLRaV-4 strains.

The analyses showed strong relationships between
some virus isolates obtained from different regions and
grapevine varieties. Isolates ALG122, ALG130, ALG212,
and ALG388 had high nucleotide similarity (97% to
100%). Isolates ALG26-12, ALG107, ALG108, ALG265,
and ALG424 were also similar, with nucleotide simi-
larities between 96% and 100%. Additionally, isolates
ALGS85, ALG157, and ALG373-12 shared nucleotide sim-
ilarities from 96% to 98%. In contrast, isolate ALG253
had low similarity compared to other Algerian sequenc-
es, suggesting the isolate was more genetically distinct.
The results showed no correlations between percent-
age of nucleotide similarity and either the geographical
origin or the grapevine cultivar from which the isolates
were obtained. Comparable results were obtained by
Orfanidou et al. (2021).

Most of the Algerian sequences obtained in the
present study, from different grapevine cultivars and
regions, clustered with the reference sequences of
GLRaV-4 Strain 4, Strain 5, Strain 6, and Strain 9, while
only one sequence grouped with GLRaV-4 Strain Pr. No
Algerian sequence clustered with GLRaV-4 Strain Ob.
Based on the comparison with the reference sequences,
isolates ALG20-12, ALG378, and ALG383 were closely
related to the reference isolate LR106 (FJ467503), with
92 to 99% similarity, identifying them as GLRaV-4
Strain 4. Isolates ALG85, ALG157, and ALG373-12 were
closely related (96 to 98% similar) to the reference isolate
WASAB-5 (MF669481), identifying them as GLRaV-4
Strain 5. Isolates ALG26-12, ALG107, ALG108, ALG265,
and ALG424 were 94% similar to the reference isolate
Estellat (FJ467504), identifying them as GLRaV-4 Strain
6. Isolates ALG122, ALG130, ALG212, and ALG388
had nucleotide similarities of 97% to 98% to the refer-
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ence isolate WALA-9 (MF669482), classifying them as
GLRaV-4 Strain 9. Isolate ALG253 had 99% similarity
to the reference isolate Pr (AM182328), identifying it as
GLRaV-4 Strain Pr.

These results are consistent with those reported by
other authors. The phylogenetic analysis of Wu et al.
(2023) showed that Australian isolates were of five major
groups, of Strains 4, 5, 6, 9 and Pr, for the complete
genome sequence and sequences of the RdRp, HPS70h
and CP genes. Argentinian isolates (Talquenca et al.,
2023) grouped within GLRaV-4 Strain 5, Strain 6, and
Strain 9, based on their coat protein (CP) gene sequences,
while no sequence was found to cluster with GLRaV-4
Strain 4, Strain Pr, or Strain Ob. Du et al. (2025) built on
earlier work that had separated GLRaV-4 into the strain
groups 4, 5, 6, 9, Car, Pr and Ob, using CP sequences.
Using combined CP and HSP70 phylogenies, they rede-
fined this diversity into seven groups: the distinct strain
groups 5, 6, 9, Pr and Car, plus two additional clusters
designated as GLRaV-4 Group 1 and Group 2. In this
updated framework, Group 1 corresponds to the original
GLRaV-4 lineage containing the reference isolate LR106
(NC_016416), while Group 2 corresponds to the former
Ob strain lineage. With this updated grouping scheme,
the Algerian isolates were found, in the present study,
to belong to GLRaV-4 Group 1 and to the previously
defined strain groups 5, 6, 9 and Pr.

The P23 gene protein homology analysis in the pre-
sent study indicated that Strains 5, 6, and 9 are phylo-
genetically more similar to each other than to Strains 4,
Pr, and Ob. The sequences corresponding to GLRaV-4
Strain Ob and GLRaV-4 Strain Pr exhibited the great-
est genetic diversity compared to sequences from other
groups. This was already observed by Wu et al. (2023)
in their study of the coat protein (CP) gene of Australian
isolates. The Slovenian isolate 055-SI was 87% similar to
the reference sequence LR106, and only 61% similar to
Strain Ob (Rul, AB720874.1), for the P23 protein gene
(Strukelj et al., 2016). Indian GLRaV-4 isolates GRP-G
and GDR-I also had genetic divergence in their P23 gene
compared with other GLRaV-4 isolates (Rai et al., 2017).
The phylogenetic tree based on the P23 gene in the pre-
sent study (Figure 2) is consistent with the taxonomic
revision proposed by Martelli et al. (2012), which was
based on amino acid sequence divergence from RNA-
dependent RNA polymerase (RdRp), heat shock protein
70 homologue (HSP70h), and coat protein (CP).

HTS confirmed GLRaV-4 infections and support-
ed mixed infections of this virus with HSVd, GYSVA 1,
GPGV, GLRaV-2, and GFLV. These results reflect the
previously reported common occurrence of mixed virus
infections observed in grapevines (Fajardo et al., 2017).

63

Limited studies have been conducted specifically on
the P23 protein gene within GLRaV-4. Du et al. (2025)
showed that P23 interacts with HSP70 and CP, play-
ing a key role in virus particle assembly, replication,
and grapevine leafroll pathogenesis. Further research is
required to provide increased understanding of genetic
diversity of the P23 gene across different virus strains.
Additionally, observed symptoms caused by GLRaV-4
are closely related to mixed virus infections, and cannot
be attributed to any specific virus, viroid or to synergies
between these pathogens.

There have been few studies examining GLRaV vec-
tors and transmission in Algeria. However, the mealy-
bug Planococcus ficus has been reported to be a vector of
GLRaV-4 in other viticultural regions (Tsai et al., 2010),
and has been recorded in the Mitidja region of Algeria
(Bissaad et al., 2017). Presence of this insect suggests a
potential role in the local transmission of GLRaV-4.
Information on the distribution of mealybugs and soft
scale insects, specifically P. ficus and Phenacoccus aceris,
is important for controlling GLRaV-4 dissemination in
viticultural systems. Practical disease management strat-
egies should include the use of certified virus-free plant-
ing material (obtained through sanitation and in vitro
culture protocols), monitoring and control of insect vec-
tors such as mealybugs and soft scale, and removal of
infected grapevines to reduce virus spread and protect
vineyard productivity.
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Summary. The Castagno dei cento cavalli (One hundred horse chestnut) is a monu-
mental Castanea sativa (sweet chestnut) located on the eastern slope of Mount Etna
in Sicily (Italy), and is the oldest (>2000 years) known sweet chestnut in the world.
In the spring of 2022, symptoms indicating virus infection were observed on this
tree. Attempts to visualize virus particles from extracts using transmission electron
microscopy were unsuccessful, so high-throughput RNA sequencing was carried out.
This identified a tripartite genome (RNA1, RNA2, and RNA3) corresponding to apple
mosaic virus (species Ilarvirus ApMV). Serological analyses using polyclonal antiserum
confirmed infection in symptomatic but not in asymptomatic leaf samples. This is the
first report of ApMV infecting C. sativa, and this virus possibly threatens monumen-
tal trees elsewhere internationally. Although efficient ApMV vectors are lacking, limit-
ing the risk of spread, this knowledge highlights the need for monitoring monumen-
tal trees as potential reservoirs of novel host-virus associations, and the importance of
careful management of this Sicilian botanical monument.

Keywords. HTS-based virus detection, Castanea sativa, chlorotic mottling, ApMV
host range.

INTRODUCTION

The One Hundred Horse Chestnut (Castagno dei Cento Cavalli) is a
monumental Castanea sativa Mill. located in Sant’Alfio (Catania Province,
Sicily, Italy; 37°45°00.66” N, 15°07°49.34” E), at 710 m a.s.l., about 10 km from
the Etna crater (Figure 1). Estimated to be 2,000 to 3,000 years old, this tree
is regarded as the world’s oldest C. sativa specimen, and has survived mul-
tiple Etna eruptions and extreme climatic events (Schicchi and Raimondo,
2007). Recognized by UNESCO as a “World Heritage messenger of peace,”
the tree holds European records for size and longevity. Molecular analyses
have shown that the tree, once believed to be three individuals, is a single
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plant, with three trunks sharing a common root sys-
tem probably resulting from radial fragmentation of an
ancient trunk (Pereira-Lorenzo et al., 2019; Mattioni et
al., 2020; Nunziata et al., 2022). Radial growth estimates
indicate that the tree is at least 2,276 years old (Pereira-
Lorenzo et al., 2019).

The apple mosaic virus (ApMV, species Ilarvirus
ApMYV) belongs to Ilarvirus (Bromoviridae). Early clas-
sification of this virus relied on serology, but was later
refined through genomic data into four molecular sub-
groups (Pallas et al., 2013). The term “ilar-” derives from
“isometric labile ringspot.” These thermolabile viruses
often mask symptoms at high temperatures (Aramburu
and Rovira, 1998; Dal Zotto et al., 1999). ApMV parti-
cles are quasi-spherical and contain a tripartite, posi-
tive-sense RNA genome and RNA3, and produce a sub-
genomic RNA that carries the open reading frame (ORF)
encoding the coat protein (Roossinck et al., 2005). All
three RNA components are required for host plant infec-
tion (Grimovd et al., 2016). The virus occurs widely in
woody and herbaceous hosts, mainly Malus domestica
and Rubus idaeus (Manzoor et al., 2023), but has been
detected in more than 65 plant species (Grimova et al.,
2016; EPPO, 2024).

This paper reports the results of virome analysis car-
ried out on the monumental sweet chestnut tree using
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high-throughput sequencing, and documents the first
detection of ApMV in C. sativa.

MATERIAL AND METHODS

Following a report from the Regional Plant Protec-
tion Service, a first survey of Castagno dei Cento Caval-
li was conducted in June 2022, the symptoms of which
indicated viral infection. Foliar symptoms of chloro-
tic ring mottling, spotting, and oak-leaf patterns were
observed on suckers and apical branches of one of the
three main trunks of the tree (Figure 2), while the other
two trunks had no symptoms. Leaf samples were collect-
ed from all three trunks. Additional surveys in spring
and autumn 2023 and 2024 confirmed persistence and
localization of symptoms on the tree. Field observations
were also extended to the surrounding area to record
comparable symptoms in other plant species, includ-
ing hazelnut (Corylus avellana), an abandoned apple
orchard, and another monumental chestnut (Castagno
della Nave) located about 600 m away from Castagno dei
Cento Cavalli.

Attempts to visualize virus particles using trans-
mission electron microscopy (TEM) were unsuccessful,
probably due to virion instability. For virome analy-

Figure 1. The Castagno dei Cento Cavalli (One hundred horse chestnut) Castanea sativa tree in Sant’Alfio (Catania), Sicily, Italy.
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Figure 2. Symptoms of leaf chlorotic ring mottling, oak-like leaf, and chlorotic spotting on suckers, in initial (a) and advanced (b) stages of
symptom development on the monumental chestnut tree Castagno dei Cento Cavalli.

sis, leaf samples were freeze-dried and stored at —20°C.
Total RNA was extracted using the Spectrum™ Plant
Total RNA Kit (Merck). RNA integrity was checked by
1% agarose gel electrophoresis, and RNA was quantified
using a NanoDrop spectrophotometer (Thermo Fisher
Scientific). Total RNA was processed by Macrogen Inc.
(Seoul, Republic of Korea), for rRNA depletion (TruSeq
Stranded Total RNA with Ribo-Zero Plant, Illumina),
library preparation, and high-throughput sequenc-
ing on an Illumina NovaSeq 6000 platform. Result-
ing 150 bp paired-end reads were quality-filtered using
the Joint Genome Institute (JGI) pipeline (https://doi.
org/10.17504/protocols.io.gydbxs6), and were assembled
de novo with Trinity v2.3.0. Viral contigs were identi-
fied through BLAST search against the NCBI nr data-
base (e-value 1le7!9), as described by Forgia et al. (2022).
Filtering with the dplyr package (R software) and man-
ual check yielded three contigs blasting against the pro-

tein coded by RNA1, RNA2 and RNA3 of ApMV. Read
mapping was performed with Bowtie2 (Langmead and
Salzberg, 2012), and alignments visualized with Tab-
let. ApMV detection was validated by RT-qPCR on
cDNA synthesized from the same RNA used for HTS,
using primers specifically designed on RNA1 by using
Primer3 (Untergasser et al., 2012) (amplicon 70-120 bp,
60°C annealing) (Table 1). cDNA synthesis employed
the High-Capacity ¢cDNA Reverse Transcription Kit
(Thermo Fisher Scientific), and RT-qPCR was run in 10
pL reactions with three technical replicates using iTaq
Universal SYBR Green Supermix (Bio-Rad) on a CFX
Connect System (Bio-Rad) (Picarelli et al., 2019). Open
reading frames (ORFs) prediction and identification
of domains in the putative proteins were carried out
using the NCBI ORF Finder tool. The RNA-dependent
RNA polymerase (RdRp) of the ApMV isolate MT3 was
aligned with RdRp sequences of recognized Ilarvirus
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species (ICTV database). Multiple sequence alignment
was performed using MAFFT (Katoh and Standley,
2013), and a maximum-likelihood tree was constructed
with IQ-TREE (Trifinopoulos et al., 2016) under auto-
matic model selection and 1,000 ultrafast bootstraps.
The resulting tree was edited using MEGA version X.

To confirm presence of the ApMYV, and its associa-
tion with observed symptoms, four asymptomatic and
four symptomatic leaf samples were collected during
each spring and autumn of 2023 and 2024 (total of 16
asymptomatic and 16 symptomatic samples). The sam-
ples were assessed using DAS-ELISA. Serological analy-
ses were carried out using a polyclonal antiserum raised
against the ApMV-hop isolate (LOEWE), following
the manufacturer’s instructions, using 1 g of leaf tissue
homogenized in extraction buffer. To validate the three
RNA sequences obtained by HTS and to verify pos-
sible insertions, deletions, or SNPs in comparison with
genomes available in GenBank, specific primers were
designed and used for RT-PCR on total RNA from four
symptomatic samples collected in spring 2024 (Supple-
mentary Table S1). Two asymptomatic samples served
as negative controls. Amplicons were sequenced in both
directions by Sanger sequencing.

RESULTS AND DISCUSSION

Ilumina sequencing produced 102,025,671 raw
reads, of which 91,999,781 high-quality reads were
retained, and these were assembled de novo with Trin-
ity, yielding 409,219 contigs. All raw sequencing data
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generated in this study have been deposited in the NCBI
Sequence Read Archive (SRA) under accession num-
ber SRR36266065. The HTS library was established
through the collection of diverse plant specimens sus-
pected of containing virus infections. Each of the identi-
fied viruses (prunus necrotic ringspot virus, prune dwarf
virus, eggplant mottled dwarf nucleorhabdovirus) were
checked in the chestnut samples through qRT-PCR (pro-
tocol described above).

Virus screening exclusively identified three viral
contigs corresponding to the complete coding sequenc-
es of a novel ApMV isolate, designated MT3. These
sequences were deposited in GenBank, under accession
numbers PQ137752 (RNA2), PQ137753 (RNA1), and
PQ137751 (RNA3). Read mapping using Bowtie2 con-
firmed coverage of all genomic segments (40,882 reads
for RNA1, 21,078 for RNA2, and 76,316 for RNA3).
RT-qPCR assays with primers targeting RNA1 (Supple-
mentary Table S1) confirmed ApMV presence in RNA
extracted from symptomatic chestnut leaves collected
in spring 2023. BLAST analyses of each RNA sequence
(July 2025 NCBI release) revealed that RNA1 and RNA2
of ApMV MT3 were most similar to the Iranian apple
isolate Alborz-A2 (92.7% similarity for RNA1, 89.5%
for RNA2). In contrast, RNA3 of ApMV MT3 exhib-
ited greater divergence, with 87.9% similarity with its
closest match, a German ApMYV isolate from Rubus sp.
(DSMZ PV-0742). The predicted proteins shared 88.8 to
94.8% similarity with ApMV homologs (Table 1). Phylo-
genetic analysis of the RARp amino acid sequence posi-
tioned ApMV MT3 within the established ApMV clade
(Figure. 3). Mutations in regions containing indels or

Table 1. BLAST analysis results of the nucleotide and protein sequences of ApMV MT3.

Blastn best hit

Genomic

Isolate
segment Query E value ‘Pel“CGI?t Acc. Accession Host Origin
cover similarity Len
RNA1  Alborz-A2 98% 0.0 92.67% 3440 OR537857.1  Malus domestica Iran
RNA2  Alborz-A2 98% 0.0 89.45% 2979 OR537858.1  Malus domestica Iran
RNA3  DSMZ PV-0742 100% 0.0  87.88% 2104 OR477282.1  Rubus sp. Germany
Blastp best hit
Genomic Protein Isolate
Segment Query E value P er'cer.1t Acc. Accession Host Origin
cover similarity Len
RNAI  Replicase Alborz-A2 100% 0.0  94.84% 1047 XCO66467.1 Malus domestica  Iran
RNAz  RNA-dependent oy by 074) 100% 00 91.45% 877 WNS50456.1 Rubus sp. Germany
RNA polymerase
RNA3  Movement protein ApMV_RNA3_hop_pool 2021 100% 0.0  88.77% 285 XQU58012.1 Humulus lupulus ~Germany
RNA3  Coat protein India3 100% 0.0  89.24% 223 ACJ44917.1 Malus domestica  India




Apple mosaic virus in a monumental chestnut tree in Sicily

[T

| 5T

[y

B,

[*

HKEFS7T000 1 larvirus AphV MT2 7]

LKQUEEBDT1 1 lNarvirus Aphv
,XQUSE008 1 Harvins AphV
. WCCT2453 1 llarvirus AphtV
. WKNB0BTE 1 llarvirus AphV
<WNSED458 1 llarvirus Aphiv
. AVQ09STO 1 llarvirus Aphiv
NP 804470 1 llarvirus AphiV Harvirus ApMV
AF174585 1 llarvirus Aphiv
JLCCE4008 1 llarvirus AphiV
HCOB8468 1 llarvirus Aphiv
WPMA8TET 1 llarvirus Aphiv
QNU41088 1 llarvirus AphV

JWPR15578 1 llarvirus Aphv

o ASL28562 1 llarvins AphiV

o AF278535 1 llarvirus PNRSYV
——— LC108534 llarvirus ApNR

E KFO21038 llarvirus BEV
L Fnes91es llarvirus LLCV
———— 0Q256239 llarvirus BablV1

[T}

E

—

[

=

P

[T

13

8l

[T

AF277882 llarvins PDV
MZ17T0ETT llarvirus WCWVA
————— AYT707771 llarvirus FCILV
AYB00237 llarvirus HILY

o DHEEEE36 llarvirs HAVBY
&Il EU919667 llarvirus AV2

EF584885 llarvirus CWVV
. U34050 llarvirus EMoV
—— US93193 larvirus SLV

ONI32435 llarvirus AIVZ

)

= U17726 llarvirus CLRV
KT 779205 |larvirs TomNSV
AF226181 llarvins TAMY

— MT0178E2 llarvirus RIV1
+~ ONB43786 llarvirus RIVZ
= OL984099 llarvirus CarlV1
OL4T2058 larvirus TIV1
U75538 llarvirus TSV
D091 194 llarvirus BCRV
AYT43591 llarvirus SNSV
MWSETI754 llarvirus Pri1
KT220040 llarvirs PIRSWV
AY 426063 llarvirus PMY
MH7E0155 llarvirus ToNSV
OL539724 llavins Solvi
COL472081 llarvirs Snlv1

AFZ235185 llarvirus AFLPV

MNE1 2753 | larvirus AYRSpV

Figure 3. Maximum likelihood phylogenetic tree of RdRp sequences from all viruses accepted in Ilarvirus.



72

SNPs, initially identified in the original sample, were
confirmed by RT-PCR with specific primers and Sanger
sequencing, using RNA extracts from samples collected
in autumn 2024.

DAS-ELISA consistently detected ApMV only in the
symptomatic trunk of the monumental chestnut tree,
while the other two trunks remained virus-free. Visual
surveys conducted during 2023 to 2024 did not reveal
virus- or ApMV-like symptoms in nearby hazelnut or
apple trees, nor in the Castagno della Nave tree (600 m
away from Castagno dei Cento Cavalli). While latent or
asymptomatic infections cannot be ruled out without
molecular analyses, no symptomatic hosts were detected
in the surrounding vegetation. The restriction of ApMV
detection to a single trunk may reflect limited systemic
movement of the virus within the monumental chestnut,
potentially constrained by the age and structural com-
plexity of the host.

This study highlights the sensitivity and specificity
of HTS-based virus detection. Castagno dei Cento Cav-
alli lacked symptom-based indicators associated with
specific viruses in C. sativa, and this combined with
inconclusive electron microscopy results, made conven-
tional diagnostic approaches ineffective. High through-
put sequencing was the only method that enabled the
detection of ApMV in this newly reported host. The pre-
sent paper is the first to report virome characterization
of a monumental tree, and the first detection of ApMV
in C. sativa and within Fagaceae. Although sequence
divergence exists, nucleotide and protein identities, along
with phylogenetic placement and serological reactivity,
confirm the classification of ApMV MT3 as a member
of apple mosaic virus. These results expand the known
host range of ApMV, confirming that sweet chestnut can
be naturally infected. For the monumental Castagno dei
Cento Cavalli, this detection can inform future prun-
ing or management interventions for the tree, helping
to prevent potential virus spread within this historically
important tree.
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Summary. Gnomoniopsis castaneae has become an important pathogen of European
chestnut (Castanea sativa), affecting fruits and colonizing shoots and branches, as well
as galls caused by the oriental chestnut gall wasp (Dryocosmus kuriphilus). On apparently
asymptomatic fruits, G. castaneae can colonize the endosperms, causing quality issues,
especially in post-harvest. Given the alarming spread of G. castaneae infections in Ita-
ly and the current knowledge gaps regarding aspects of G. castaneae biogeography and
virulence, research was addressed to: 1) evaluate occurrence of G. castaneae in chestnut
nuts and branches in different Italian regions; 2) study occurrence and distribution of
the two known G. castaneae haplotypes throughout Italy; and 3) evaluate their virulence
on chestnut under different water regimes. Fungal isolation from representative chestnut
branch and nut samples consistently yielded colonies that were morphologically consist-
ent with G. castaneae, the identity of which was confirmed by analysis of ITS sequences.
Analysis of -tubulin sequences confirmed the presence of two distinct genetic lineages
(Gc-haplotypes A and B). To assess pathogenicity, G. castaneae isolates were inoculated
onto chestnuts, chestnut cuttings and 3-year-old young plants grown under two water
regimes. All assessed isolates were pathogenic on chestnut, and water-stressed plants
exhibited more extensive necrosis than well-watered plants when inoculated with the Ge-
haplotype A, highlighting the influence of environmental conditions on disease expres-
sion. This study expands current knowledge on the distribution, genetic diversity, and
effects of water stress on the pathogenic potential of G. castaneae on chestnut.

Keywords. Endophytic and pathogenic behaviours, molecular typing, pathogenicity
test, water stress.

INTRODUCTION

European chestnut (Castanea sativa Mill.) is a versatile forest tree spe-
cies, that is strongly related to human activities in Mediterranean mountain
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areas (Conedera et al.,, 2004). Over centuries, chest-
nut cultivation has directly contributed to food secu-
rity (Gabrielli, 1994), as these trees are important food
resources of rural areas. Chestnut trees enabled develop-
ment of local economies based on the production and
commercialization of high-quality nuts, valuable tim-
ber, and a wide range of traditional processed products
(Pezzi et al., 2022). Beyond its socio-economic impor-
tance, chestnut orchards provide key ecosystem servic-
es, including soil protection, slope stability, and erosion
mitigation in mountainous environments (Bassanelli et
al., 2013). Castanea sativa is also relevant for biodiversity
conservation, hosting a wide range of plant and animal
species, and is an efficient carbon sink (Mattioli et al.,
2016; Prada et al., 2016).

In Europe, C. sativa is primarily cultivated in south-
ern countries, with Spain and Portugal leading pro-
duction, followed by Italy and France (Pérez-Girdn et
al., 2020). Chestnut fruits are commercialized to many
countries, because they are appreciated for their low-fat
content, richness in essential nutrients such as starch,
sugars and proteins, and because they are gluten-free
(Suna et al., 2021; Rodrigues et al., 2022; Santos et al.,
2022).

Chestnut fruit production has declined (Maresi et
al., 2013; Freitas et al., 2021), due to neglect of chest-
nut groves, sometimes accompanied by replacement of
chestnut with more remunerative agricultural crops, and
abandonment in mountainous regions as rural popula-
tions migrated (Freitas et al., 2021). Additional threats
to chestnut ecosystems include climate change (rising
temperatures), which may alter chestnut tree phenologi-
cal stages, affecting fruit quality (Freitas et al., 2021).
Spread of well-known pests and diseases, such as Asian
wasp gall, chestnut blight, ink disease, and (more recent-
ly) mosaic disease, have impacted chestnut vitality and
production (Battisti et al., 2014; Rigling and Prospero,
2018; Marais et al., 2021; Pezzi et al., 2022; Prospero et
al., 2023). Further detrimental impacts on post-harvest
production have been associated with nut rots caused by
Phomopsis endogena, Ciboria batschiana, Colletotrichum
acutatum, Neofusicoccum parvum and species of Asper-
gillus, Fusarium, Alternaria and Botrytis (Washington
et al., 1997; Donis-Gonzalez et al., 2009; Visentin et al.,
2012; Gaffuri et al., 2017; Nicoletti et al., 2021; Seddaiu
et al., 2021).

Gnomoniopsis castaneae has become an increasing
threat to chestnut fruit production, causing brown rot.
This fungus was independently described in 2012 by
two research teams, in Italy (Visentin et al., 2012) and
Australia (Shuttleworth, 2012), and a comprehensive
review was later published by Lione et al. (2019). High
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nut infection rates have been observed in North and
South America, Asia, Australia, and in Europe, particu-
larly Switzerland (50 to 91% infection) and Italy (20 to
94%) (Lema et al., 2023). Origin of the fugus remains
unknown, and its biology is still not fully understood
(Dobry and Campbell, 2023). The life cycle of G. cas-
taneae includes sexual and asexual phases. During win-
ter, the fungus survives as mycelium and propagules
in leaf litter, and galls caused by Dryocosmus kuriphi-
lus in the previous chestnut growing season. In spring,
ascospores released from perithecia are dispersed by
wind and insects, infecting host plant female flowers,
leaves and branches (Lema et al., 2023). During flower-
ing, and fruit development and maturation, the fun-
gus invades chestnut kernels, causing endosperm and
embryo necrosis resulting in internal nut decay, while
outer shells remain visually unaffected (Lema et al,,
2023). Asexual reproduction of the pathogen, involving
conidial differentiation, may occur inside infected nuts,
on D. kuriphilus galls, or in infected flower buds, leaves
or branches (Maresi et al., 2013; Dobry and Campbell,
2023; Topalidou ef al., 2024).

Gnomoniopsis castaneae can be a latent pathogen
able to persist endophytically within the hosts, so it is
frequently isolated from apparently healthy chestnut
plant woody tissues and fruits (Ugolini ef al., 2014; Lema
et al., 2023). Generally, its pathogenicity is associated
with high levels of fruit colonization, causing brown rot,
but the fungus can also induce cankers in host stem and
shoots (Dar and Ray, 2015; Dobry and Campbell, 2023).
Nevertheless, the biological mechanisms regulating the
transition from endophytic colonization to pathogenic
behaviour have not been fully elucidated (Maresi et al.,
2013; Lione et al., 2016; Pasche et al., 2016; Shuttleworth
and Guest, 2017).

The host range of G. castaneae is not restricted to
chestnut species. The fungus has been recorded on oak
(Quercus cerris L., Quercus ilex L.), pine (Pinus pinaster
Aiton), hazelnut (Corylus avellana L.), and ash (Fraxinus
ornus L.) (Visentin et al., 2012; Linaldeddu et al., 2016;
EPPO, 2017; Lione et al., 2019; Dobry and Campbell,
2023), where it is related to cankers, fruit rot and leaf
necrosis of these hosts.

Given the severe damage caused by G. castaneae in
many countries, and the current knowledge gaps regard-
ing some aspects of its biogeography and virulence, the
present study was conducted to: 1) evaluate the occur-
rence of G. castaneae in chestnut nuts and branches
across different Italian regions; 2) ascertain distributions
of the two G. castaneae haplotypes in Italy; and 3) assess
their ability to induce canker lesions on artificially inoc-
ulated chestnut stems under water-stress conditions.



Gnomoniopsis castaneae on Castanea sativa (chestnut)

MATERIAL AND METHODS

Field surveys, sampling and isolation from cankered
branches

In summer 2017, the health status of chestnut trees
was monitored in two orchards located in Sardinia (Arit-
z0: 39.950563, 9.196157) and a coppice in Veneto (Tor-
reglia: 45.319230, 11.711188). The chestnut trees (approx.
40-50 years old) were inspected for the presence of
necrosis on Asian wasp galls and for cankers on branch-
es. A total of 20 shoots per site showing cankers, differ-
ent on the colour and appearance from the ones caused
by C. parasitica, were randomly chosen for diagnostic
analysis and fungal isolations. Disease incidence (D) was
calculated as the percentage of affected chestnut trees
out of the total number of chestnut trees along two lin-
ear (50 m long) transects per site. Branch samples were
initially disinfected with 70% ethanol for 30 s, and then
used for isolation by aseptically taking ten small tissue
fragments (each 5 x 5 mm) from margins of the necrotic
lesions of inner bark, after removal of outer bark with a
sterile scalpel. All tissue fragments were placed onto 90
mm diam. Petri dishes containing Potato Dextrose Agar
(PDA, 39 g L, DIFCO) and incubated at 25°C for 7 d in
the dark. Hyphal tips from emerging colonies were then
sub-cultured onto PDA in 60 mm diam. Petri dishes and
then incubated at 25°C in the dark.

Nut sources and brown rot assessments

As part of the Chestnut Fruit Exhibition (Ascoli
Piceno, Italy) on November 11, 2023, the Depart-
ment of Agricultural, Food and Environmental Sci-
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ences (D3A) at UNIVPM received 117 chestnut fruit
samples from more than 100 chestnut varieties. Some
of the trees were cultivated and preserved at the Chest-
nut Biodiversity Repository Fields located in Pied-
mont, Tuscany, Emilia-Romagna and Campania, and
others were from commercial orchards in Lombardy,
Trentino-Alto Adige, Marche and Sardinia (Table S1).
The fruit samples (each 300 to 400 g) were collected in
mid-October 2023 from the different locations. They
were immediately sent to UNIVPM (Ancona, Italy),
where they were stored in a cold room at 2 to 4°C
under high humidity conditions until the Chestnut
Fruit Exhibition, and then kept at room temperature
(23°C) for 20 d prior to analyses.

Depending on nut availability for each of the 117
samples, ten to 20 chestnuts were analyzed to record
morphological characteristics of the episperms (col-
our and texture) and, after longitudinal dissection, any
signs of endosperm alterations. Green mold, and black,
pink or brown rots, were recorded, along with insect lar-
vae feeding within the nut endosperms. A more detailed
assessment was conducted for chestnut brown rot, focus-
ing on disease incidence, severity and McKinney Index.

Disease incidence (D) was calculated as the percent-
age of affected chestnuts (out of 20 assessed per sample).

Severity (S) was assessed by classifying each 20
chestnut sample using an empirical scale (Figure 1)
(Gonzalez et al., 2016 with modifications), and was cal-
culated using the following formula:

S=(cxf)/n

where: S = severity; ¢ = severity class (0 to 5); f = fre-
quency; and n = number of symptomatic chestnuts.

Chestnut Brown rot Severity classes

0% 1%-10% 11%-30%

31%-50% 51%-70% >70%

Chestnut Endosperm alteration (%)

Figure 1. Chestnut brown rot severity scores, according to the percentage of endosperm alterations, as used in the present study. Six severi-
ty classes were: 0 = no disease; 1 = up to 10% diseased tissue; 2 = 11 to 30%; 3 = 31 to 50%; 4 = 51 to 70%; 5 = more than 70% endosperm

diseased.
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Considering both Incidence (D) and Severity (S), the
McKinney Index (MI) was then calculated using the for-
mula (McKinney, 1923; Possamai et al., 2023):

MI (%) = (£(n; x v)) / N x V) x 100

where: MI = McKinney Index; n; = number of sympto-
matic fruits in severity class; v; = severity class (0 to 5);
N = total number of chestnuts observed; and V = maxi-
mum value of severity class.

Isolations from nut samples and morphological identifica-
tion of isolated fungi

After visual assessments, microorganisms associ-
ated with tissue rot were isolated from five to ten chest-
nuts per sample. Fruits were surface sterilized with 90%
ethanol (2 min), 2% sodium hypochlorite (2 min), then
rinsed in sterile water (2 min), and then dried on ster-
ile absorbent paper under a laminar flow hood. The
fruits were then cut longitudinally with sterile blades,
and asymptomatic or visibly deteriorated endosperm
tissues were selected. From each fruit, five tissue pieces
were placed in a Petri dish (90 mm diam.) containing 15
mL of PDA supplemented with antibiotic solution (150
mg L ampicillin + 150 mg L streptomycin). To assess
microorganism diversity across the visual disease cat-
egories, the same procedure was repeated for 60 repre-
sentative chestnuts spanning the severity classes 0 to 5.
Petri plates were incubated at room temperature (23 +
1°C) for 7 d. Resulting fungal colonies were then sub-
cultured to obtain pure isolates. Isolate mycelium col-
our and structure of fruiting bodies were observed for
identifications using a light microscope (Leica DM 500)
at x40 magnification, and appropriate images were cap-
tured with an ICC50W microscopic Digital USB Camera
(Leica Microsystems).

DNA extraction, PCR amplification and sequencing

Among Gnomoniopsis isolates, 23 were random-
ly selected for molecular analyses, including 17 from
northern Italy, two from central Italy, one from south-
ern Italy, and three from Italian islands. Fungal DNA
was extracted from each isolate using the CTAB protocol
(Doyle and Doyle, 1990, with minor modifications), and
was used for further molecular analyses.

Amplification reactions (total volume 25 pL) each
contained 9.1 pL of MilliQ H,O, 12.5 pL EmeraldAmp
MAX PCR Master Mix 2x (Takara), 1.2 pL of each
primer (10 uM), and 1 pL of DNA (50 ng). The prim-
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ers used were ITS1/ITS4 (White et al., 1990) targeting
the ITS region, and Bt2a/Bt2b (Glass and Donaldson,
1995) targeting the B-tubulin gene. Amplifications was
carried out in a DNA iCycler (Bio-Rad), with an initial
denaturation step at 95°C for 3 min, then 35 cycles, each
of denaturation at 95°C for 30 s, annealing at 55°C for
30 s, and extension at 72°C for 60 s, and a final elonga-
tion step of 5 min at 72 °C for both primer sets. Prod-
ucts were visualized on 1.5% agarose gel in 1x TAE
buffer (45 mM Tris-borate, 1 mM EDTA, pH 8), which
was stained with GelRed (Biotium), and acquired using
a Gel Doc system (Bio-Rad, USA). A 100 bp DNA ladder
(Sigma-Adrich) was included as the size marker. Specif-
ic ITS and f-tubulin amplicons of the 23 representative
isolates were purified and sequenced in both directions
(Genewiz), then nucleotide sequences were compared
with those in the NCBI database (on 16™ August 2025)
by nucleotide Blast Analysis (https://blast.ncbi.nlm.
nih.gov/Blast.cgi). p-tubulin amplicon sequences were
aligned with reference strains by BioEdit v. 7.2.1 (htt-
ps://bioedit.software.informer.com/7.2/) to distinguish
between Gc-haplotypes A and B, according to SNPs in
the conserve region. The nucleotide sequences of ITS
and B-tubulin regions were validated by NCBI, and were
deposited in GenBank (on 3 September 2025).

Pathogenicity tests on chestnut cuttings

Two-year-old chestnut stems (1 to 1.5 cm diam.)
were harvested from ten ungrafted C. sativa trees with-
out visible damage or disease symptoms. The stems,
protected in plastic bags to prevent dehydration, were
then stored at 4°C in a cold room for 16 h, and then cut
into ~10 cm sections, which were surface-disinfected
with 90% ethanol solution, and wounded (3 mm diam.)
to expose the cambium. Based on previous results and
molecular typing, 16 G. castaneae isolates were selected,
including five of Gc-haplotype A and 11 of Ge-haplotype
B (sensu Seddaiu et al., 2023), and two reference iso-
lates (PD-ST30, PD-ST55) provided by the fungal col-
lection of TESAF Department (UNIPD, Padova, Italy).
Mycelium plugs from 5-d-old G. castaneae PDA cultures
were inserted into inoculated stem wounds using ster-
ile tools, and were then sealed with parafilm (Table I).
Negative inoculation controls received only PDA disks.
The upper end of each chestnut cutting was then sealed
with grafting wax, and the lower 1.2 cm portion was
immersed in 3 mL of sterile water in a 50 mL tube with-
out a cap. Cuttings were then maintained at 23+1°C for
30 d in the incubator. Length extension of necrosis on
each cutting was then measured using by digital cali-
per (Metrica). Organism re-isolation was carried out


https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://bioedit.software.informer.com/7.2/
https://bioedit.software.informer.com/7.2/

Gnomoniopsis castaneae on Castanea sativa (chestnut)

79

Table 1. Representative Gnomoniopsis castaneae (GC) isolates obtained from different chestnut varieties, and the respective ITS and bt
nucleotide sequence registration numbers, originating from different Italian regions and molecularly characterized as Haplotype A or B

based on p-tubulin gene typing (Seddaiu et al., 2021).

Nucleotide sequence

Gnomoniopsis isolates ID Geographical region Haplotype A or B
ITS bt
GC_SanPietro Campania A PX259707
GC_Barrile Sardinia A PX242886 PX259715
GC_Castel del Rio-MO Emilia Romagna A PX242877 PX259708
GC_Castagna di Val di Castro-SITE 1 Marche A PX242891 PX259719
GC_Castagna bionda di Lunano Marche A PX242885 PX259714
GC_Santu Giuanni-ARI3 Sardinia B PX242880 PX259710
GC_Bouche de Betizac Piedmont B PX242898 PX259725
GC_Marrone di Viterbo Piedmont B PX242887 PX259716
GC_Precoce Migoule Piedmont B PX242882 PX259712
GC_Chiusa Pesio Piedmont B PX242883 PX259713
GC_Marrone scuro-2710 Lombardy B PX242888 PX259717
GC_Patriarca-3595 Lombardy B PX242889 PX259718
GC_Marrone di Perledo-3419 Lombardy B PX242896 PX259723
GC_Rossera-2412 Lombardy B PX242881 PX259711
GC_Tosca/Garfagnana-MO Emilia Romagna B PX242892 PX259720
GC_Pilistella Emilia Romagna B PX242899 PX259726

by removing the external layer of bark of each cutting,
excising four pieces of inner bark tissues and placing
the pieces onto PDA.

Pathogenicity tests on chestnut fruits

For the pathogenicity test on fruits, the local chest-
nut variety ‘Marrone Classico di Acquasanta Terme’
(from Ascoli Piceno, Marche, Italy) was selected. This
variety was recorded to be poorly affected during the
preliminary assessment of the present investigation.
The nuts were disinfected with a superficial treatment
in 90% ethanol solution for 1 min, followed by 2% sodi-
um hypochlorite solution for 1 min), and the rinsing in
sterile water, and were then left to dry on 3 mm blotting
paper (Whatman) at room temperature under a laminar
flow cabinet.

The 16 selected G. castaneae isolates (as above) were
each inoculated onto four chestnut fruits, by inserting a
mycelium plug (3 mm diam.), between the pericarp and
perisperm of each fruit, and sealing the inoculation site
with parafilm. For inoculation controls, PDA disks with-
out mycelium were similarly added to chestnut fruits. All
fruits were then incubated at 23°C (+ 1°C) for 30 d, and
necrotic areas were then measured as ellipses. Organism
re-isolation were then carried out cutting each nut into
two parts, picking out four pieces of symptomatic inner
tissue and placing these onto PDA.

Pathogenicity test on chestnut seedlings under different
water regimes

A greenhouse pot experiment was carried out with
3-year-old chestnut seedlings (C. sativa) grown in 3 L
pots, that were filled with soil collected from a chestnut
orchard in Montemonaco (Ascoli Piceno, Italy). All the
pots were water-saturated, then two water regimes were
applied: 150 mL water per week (designated WR_A) or
150 mL water per month (WR_B). The 16 G. castaneae
isolates (as above) were then inoculated onto the seed-
lings. Each isolate was applied to wounds (3 mm diam.)
made on the seedlings at 3, 12 and 21 c¢cm above the soil
line. After 30 d at 26°C, in greenhouse, lengths of cor-
tex necroses were measured using a digital caliper (Met-
rica). Fungus re-isolations were made by removing the
external layer of bark of each seedling, then excising
four pieces of symptomatic inner bark tissue and placing
these onto PDA in Petri plates.

Statistical analysis

For each pathogenicity test, data were tested for homo-
geneity of variances using Levene’s test, and for normality
of residuals using the Shapiro-Wilk test, prior to analyses
of variance (ANOVA). When assumptions of normality
and homogeneity were met, one-way ANOVAs were car-
ried out to assess effects (at P < 0.05) of the different iso-
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lates on sizes of necrotic tissues. If the statistical analysis
showed the data were not normally distributed, the dataset
was transformed using the function “Boxcox”. All statisti-
cal analyses were conducted using R version 4.4.3.

RESULTS
Field symptoms and disease incidence

On monitored trees at the Sardinia and Veneto
sites, chestnut blight, ink disease and Asian wasp galls
were widespread. In addition, 42% of the assessed trees
showed branch cankers characterized by dark necrotic
bark lesions, sometimes accompanied by a reddish dis-
colouration, mainly along the canker margins (Figure
2). The branch cankers often started from Asian wasp
galls, and then progressively necrotized and advanced
from the shoots towards the branches causing wilting of
the distal portions. During the summer survey, affected
branches were recognizable as the leaves lost their tur-
gidity, turned from pale green to brown, and with-
ered. Colonies of G. castaneae were isolated from all 60
assessed branches showing these symptoms.

Three further fungi, identified as Dothiorella iberi-
ca (seven isolates), Cryphonectria parasitica (four), and
Neofusicoccum luteum (three) were sporadically isolated
from the assessed canker samples.

Assessments of chestnut fruit rot

During visual inspections, the fruits generally
did not show significant anomalies of pericarp colour,
which are mostly due to host intraspecific variability.
However, investigation of inner fruits tissues was dif-
ferent. After dissection, 1251 (69.04%) of 1812 chestnut
samples showed endosperm diseases. More than 90%
of these chestnut fruits showed no external alteration
of episperm colour. From observations of the dissected
fruits, the most frequent disease symptom (disease inci-
dence; D) was brown rot (59.05%), followed by green
mold (15.95%), black rot (7.06%) and pink rot (4.02%).

Chestnut brown rot was individually predominant,
even when recorded with green rot (9.05%) as well as
black rot (4.97%), pink rot (2.04%) and insect damage
(13.74%). The different fruit rot symptoms are illustrated
in Figure 3.

Focusing on the brown rot-related alteration, the
average disease severity (S), was expressed as a score
from 0 to 5. Most of the samples were evaluated in class
3 (31-50% of nuts), with an average severity around 3.2
(Table 2).
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Figure 2. a) Chestnut necrotic shoots; b) branch cankers starting
from Asian wasp galls; c) a wilted distal portion of a tree branch; d)
a canker induced by Gnomoniopsis castaneae.

Combining disease incidence and severity, McKin-
ney Index (MI) was calculated with an overall average
value of approx. 42% for fruit samples of different varie-
ties and origins (Table 2). Chestnut brown rot differently
affected the varieties cultivated in the Regional Chestnut
Repositories of Piedmont, Emilia-Romagna, Toscana and
Campania (Table 2). Varieties most affected included
‘Castagna della Madonna’ (Piedmont), ‘San Pietro’ and
‘Lucente’ (Campania), ‘Marrone di Loiano’ (Tuscany), as
well as ‘Castel del Rio” and ‘Bovalghe’ (Emilia-Romagna),
all showing high MI values (ranging from 42% to 93%).
In contrast, the varieties ‘Sborga’ (Emilia-Romagna),
‘Salvana’ (Emilia-Romagna, Tuscany), ‘Marrone buono’
(Tuscany), ‘Ishyzuki precoce’ (Piedmont), and ‘Verdole’
(Campania) displayed low susceptibility, with MI values
ranging from 0 to 22% (Table 2).

For samples coming from chestnut orchards in Lom-
bardy, Marche and Sardinia, some varieties had differ-
ent MI values. ‘Marrone scuro’ (Lombardy), ‘Pallante’
(Marche) and ‘Craeddu - CRAV’ (Sardinia) were the
most affected, with MI values from 33 to 100%. Con-
versely, several varieties had no brown rot symptoms
(MI = 0%), including ‘Marrone Classico di Acquasanta
Terme’ and ‘Castagna di Val di Castro’ from site 1 (MI
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Figure 3. Symptoms recorded during visual inspections after fruit dissection. a) Chestnut brown rot; b) (arrow) black rot and pink rot; c)
(arrow), green mold; and d) insect damage and brown rot.

= 0%) (Marche). Similarly, in Sardinia, the varieties
‘Luccheddu - LOCG2’ and ‘Ildubba - ILDP’ (MI = 0%)
were also unaffected.

Pathogens associated with nut diseases

Most of the in vitro isolations from brown rot affect-
ed chestnuts from each of the 117 varieties were identi-
fied as G. castaneae [481 (68.52%) of 702 isolates]. In
addition, Penicillium (4.85%), Aspergillus (7.41%), Fusar-
ium (9.12%), Alternaria (6.13%) and Trichoderma (4.13%)
were isolated at minor frequencies.

In vitro isolations from 60 chestnuts representative of
the different disease severity classes (1 to 5) and asymp-
tomatic samples (class 0), gave different proportions of
G. castaneae isolates (Table 3). Samples of class 3 (98.3%
G. castaneae) and 2 (95%) gave greatest proportions, fol-
lowed by class 4 samples (70%), 1 (50%), and 5 (37% of
samples). Gnomoniopsis castaneae was also isolated from
5% of asymptomatic episperms. The frequencies of Peni-
cillium, Trichoderma, Aspergillus, Fusarium and Alter-
naria spp. isolations were generally greater from fruit
with chestnut brown rot severity classes of 4 or 5.

Molecular identification and characterization of Gnomo-
niopsis castaneae

The 23 selected G. castaneae isolates subjected to
total DNA extractions yielded from 75 and 172 ng pL-!

of DNA, of quality enough for further analyses (ratio
260 nm/280 nm > 1.8). All the isolates, including those
with values below the quality threshold, were analyzed
using the primers ITS1/ITS4 and Bt2a/Bt2b. Twenty-
two of the 23 samples positively amplified for the ITS
region, each showing a specific band of approx. 600 bp.
For amplifications with S-tubulin primers, 20 of the 23
isolates gave specific bands of approx. 300 bp. Blast anal-
ysis gave 100% sequence identity when the present study
G. castaneae isolate ITS regions were compared with that
of the ex-type culture (HM142946). Blast analyses based
on B-tubulin sequences discriminated two different Ge-
haplotypes (A and B), according to single nucleotide
polymorphisms (SNPs) in conserved position, as previ-
ously described by Seddaiu et al. (2023). Gc-haplotype
A was recorded in isolates from Campania, Sardinia,
Marche and Emilia Romagna, while Gc-haplotype B was
recorded from Piedmont, Sardinia, Lombardy and Emil-
ia-Romagna (Table 1).

Pathogenicity test on chestnut cuttings

The 16 isolates of G. castaneae, (five of Gc-haplotype
A and 11 of Ge-haplotype B, as shown by B-tubulin molec-
ular typing) induced necrotic lesions on chestnut cuttings
(Figure 4A; Supplementary Table 2). From the statistical
analyses, G. castaneae isolates of Gc-haplotype A were not
pathogenically different (P > 0.05) from the Gc-haplotype
B isolates. However, differences were found among the G.
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Table 2. Brown rot incidence, severity and McKinney indices in chestnuts from different regions in Italy.
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Chestnut brown rot

Chestnut variety Region Incidence Severity ~ McKinney Index

D (%) S MI (%)
Marrone di Comunanza Marche 27.78 4.20 2333
Insita site 1 Marche 54.55 333 36.36
Marrone rugoso di Acquasanta Terme Marche 0.00 0.00 0.00
Marrone gentile di Acquasanta Terme site 1 Marche 1111 2.00 444
Marrone delle Piagge Marche 5.26 3.00 3.16
Marroncino dell’ascensione site 1 Marche 20.00 3.75 15.00
Marrone classico di Acquasanta Terme Marche 0.00 0.00 0.00
Castagna di Val di Castro site 1 Marche 0.00 0.00 0.00
Marroncino dellAscensione site2 Marche 75.00 2.07 31.00
Marrone gentile di Acquasanta Terme site 2 Marche 27.78 2.40 13.33
Insita site 2 Marche 82.35 2.29 37.65
Pallante Marche 85.00 3.24 55.00
Marrone della Sibilla di Montemonaco Marche 25.00 3.00 15.00
Castagna di Val di Castro site 2 Marche 65.00 1.92 25.00
Castagna bionda di Lunano Marche 10.00 2.00 4.00
Average 32.59 2.21 17.55
Marrone di Limonta - 1001 Lombardy 70.00 5.00 70.00
Marrone di Limonta - 1007 Lombardy 100.00 421 84.21
Agostana - 2211 Lombardy 90.00 5.00 90.00
Agostana - 2230 Lombardy 78.95 293 46.32
Agostana - 2233 Lombardy 95.00 4.00 76.00
Marronessa - 2338 Lombardy 94.44 4.06 76.67
Marronessa - 2339 Lombardy 100.00 4.67 93.33
Marronessa - 2340 Lombardy 93.33 4.07 76.00
Unknown - 2412 Lombardy 100.00 4.47 89.47
Rossera - 2414 Lombardy 100.00 4.15 83.00
Rossera - 2415 Lombardy 100.00 4.20 84.00
Piata - 2417 Lombardy 100.00 4.82 96.47
Enset de Piaz - 2450 Lombardy 82.35 3.79 62.35
Settembrana - 2452 Lombardy 100.00 4.53 90.59
Verdala - 2695 Lombardy 94.74 433 82.11
Unknown - 2896 Lombardy 100.00 4.11 8222
Unknown - 2697 Lombardy 85.00 4.00 68.00
Marrone scuro - 2710 Lombardy 100.00 5.00 100.00
Topia - 2747 Lombardy 80.00 3.50 56.00
Barucana - 2750 Lombardy 81.25 4.00 65.00
Donegai - 3029 Lombardy 100.00 3.53 70.53
Bonela - 3039 Lombardy 95.00 2.95 56.00
Catot - 3365 Lombardy 66.67 3.40 45.33
Catot - 3366 Lombardy 100.00 3.53 70.59
Marrone - 3367 Lombardy 88.89 3.19 56.67
Catot - 3368 Lombardy 72.22 2.85 41.11
Longone - 3369 Lombardy 94.44 3.35 63.33
Marrone di Perledo - 3407 Lombardy 100.00 3.82 76.47
Marrone di Perledo - 3412 Lombardy 100.00 4.53 90.53
Marrone di Perledo - 3414 Lombardy 100.00 3.67 73.33
Marrone di Perledo - 3419 Lombardy 80.00 3.58 57.33

(Continued)
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Chestnut brown rot

Chestnut variety Region Incidence Severity ~ McKinney Index

D (%) S MI (%)
Marrone di Perledo - 3422 Lombardy 88.24 4.20 74.12
Patriarca - 3595 Lombardy 75.00 3.07 46.00
Bunela - 4712 Lombardy 100.00 4.65 93.00
Galdana - 2442 Lombardy 100.00 4.39 87.78
Average 91.59 3.99 73.54
Centa S. Nicolo’ Trentino Alto Adige 9.09 2.00 3.64
Castione Trentino Alto Adige 55.56 3.60 40.00
Roncegno Trentino Alto Adige 20.00 2.50 10.00
Drena Trentino Alto Adige 2222 3.00 13.33
Average 26.72 2.78 16.74
Loccheddu - LOCG2 Sardinia 0.00 0.00 0.00
Migheli Urru - MURG Sardinia 66.67 2.33 3111
Ildubba - ILDP Sardinia 0.00 0.00 0.00
Barrile - BARV Sardinia 55.56 2.80 31.11
Craeddu - CRAV Sardinia 50.00 3.33 33.33
Santu Giuanni — ARI3 Sardinia 25.00 5.00 25.00
Average 32.87 2.24 20.09
Salvana Tuscany 14.29 2.50 7.14
Marrone di Loiano Tuscany 80.00 3.50 56.00
Marron buono di Marradi Tuscany 26.32 1.80 9.47
Average 40.20 2.60 24.21
Verdole Campania 35.00 3.14 22.02
Marrone di Scala Campania 77.78 3.50 54.4
Santimango Campania 84.21 1.44 24.21
San Pietro Campania 100.00 4.29 85.71
Olefarella Campania 57.89 291 33.68
Lucente Campania 100.00 4.10 82.00
Tempestiva Campania 100.00 4.05 81.00
Napoletana Campania 100.00 3.65 73.00
Average 81.86 3.38 57.01
Marrone di Zocca - UNIBO Emilia-Romagna 50.00 2.00 20.00
Svizzera - UNIBO Emilia-Romagna 45.45 2.60 23.64
Pastinese - UNIBO Emilia-Romagna 27.27 4.33 23.64
Ceppa - UNIBO Emilia-Romagna 13.33 3.50 9.33
Sborga’ site 1 - UNIBO Emilia-Romagna 40.00 1.00 8.00
Marrone di Castel del Rio - UNIBO Emilia-Romagna 2222 4.50 20.00
Pelosa - UNIBO Emilia-Romagna 50.00 3.86 38.57
Bovalghe - UNIBO Emilia-Romagna 72.73 2.88 41.82
Pastanese - UNIBO Emilia-Romagna 53.85 3.57 38.46
Sborga’ site 2- UNIBO Emilia-Romagna 0.00 0.00 0.00
Pastinese - MO Emilia-Romagna 28.57 1.00 5.71
Ceppa - MO Emilia-Romagna 30.00 4.00 24.00
Marrone di Zocca - MO Emilia-Romagna 30.00 2.67 16.00
Carrarese - MO Emilia-Romagna 56.25 3.89 43.75
Tosca/Garfagnana - MO Emilia-Romagna 15.79 2.33 7.37
Madonna - MO Emilia-Romagna 50.00 2.67 26.67
Loglia - MO Emilia-Romagna 25.00 2.00 10.00

(Continued)
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Table 2. (Continued).
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Chestnut brown rot

Chestnut variety Region Incidence Severity ~ McKinney Index

D (%) S MI (%)
Biancherina - MO Emilia-Romagna 46.15 2.83 26.15
Svizzero - MO Emilia-Romagna 30.00 2.67 16.00
Pilistella - MO Emilia-Romagna 42.86 2.67 22.86
Loiola - MO Emilia-Romagna 44.44 2.00 17.78
Lisanese - MO Emilia-Romagna 20.00 2.00 8.00
Salvane - MO Emilia-Romagna 1333 3.00 8.00
Bovalghe - MO Emilia-Romagna 43.75 343 30.00
Pelosa - MO Emilia-Romagna 77.78 343 5333
Molana - MO Emilia-Romagna 31.25 2.40 15.00
Montemarano - MO Emilia-Romagna 66.67 3.07 40.95
Castel del Rio - MO Emilia-Romagna 90.00 3.00 54.00
Garron Rosso - MO Emilia-Romagna 73.68 221 32.63
Marron Buono - MO Emilia-Romagna 20.00 3.25 13.00
Castagna - MO Emilia-Romagna 5.00 1.00 1.00
Average 39.29 2.69 22.44
Castagna della Madonna Piedmont 100.00 4.65 93.,00
Colossal Piedmont 3333 3.20 21.33
Marsol Piedmont 64.71 3.82 49.41
Marlhac Piedmont 57.14 3.25 37.14
Maridonne Piedmont 71.43 3.40 48.57
Ishyzuki precoce Piedmont 26.32 3.00 15.79
Ishyzuki tardiva Piedmont 52.38 391 40.95
Tsukuba Piedmont 53.85 3.57 38.46
Precoce Migoule Piedmont 65.00 3.08 40.00
Bouche de Betizac Piedmont 90.91 4.70 85.45
Laguepie Piedmont 55.00 3.45 38.00
Marrubia Piedmont 85.71 3.61 61.90
Marrone di Susa Piedmont 75.00 3.40 51.00
Marrone di Chiusa Pesio Piedmont 47.62 3.40 32.38
Marrone di Viterbo Piedmont 36.84 4.57 33.68
Average 61.02 3.67 45.81

Table 3. Fungal genera isolated from a total of 360 chestnuts which were classified after visual inspection into chestnut brown rot (CBR) sever-
ity classes (0 to 5) based on the proportions of internal nut tissue deterioration (see text). Numbers in parentheses indicate the percentages.

Fungal genera detected (%)

CBR Severity Number of

class samples Gnomoniopsis Penicillium Trichoderma Aspergillus Alternaria Fusarium
0 60 3 (5) 0 0 0 0 0
1 60 30 (50) 2(3) 1 (L6) 1 (L6) 2(3) 2(3)
2 60 57 (95) 3(5) 2(3) 1 (1.6) 2(3) 0
3 60 59 (98.3) 2(3) 0 0 0 4(6.6)
4 60 42 (70) 2(3) 1 (1.6) 3(5) 1 (1.6) 1 (1.6)
5 60 22 (36.6) 2(3) 4 (6.6) 2(3) 5(8.3) 2(3)
Total 360 213 (59.2) 11 (3) 8(2) 7 (1.9) 10 (2.7) 9 (2.5)
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Variety
B8 GC-Barrile-BARV
abe * GC-Castagna bionda di Lunano

* GC-Buoche de Betizac
B GC-Castel del Rio-MO
E GC-Marrene di Chiusa Pesio
ES GC-Marrone di Perledo-3419
B3 GC-Marrone di Viterbo
B8 GC-Marrone scuro-2710
EH GC-Patriarca-3595
B GC-PD-ST30

be B3 GC-PD-STS5

¢
i be
¢
ey € be E3 GC-Pilistella
* - B GC-Precoce Migoule
2 c [ c € B GC-Rossera-2414

* c ¢ Bl GC-San Pietro
ﬁ.l....

B8 GC-Santu Giuanni-ARI3
=] GC-Tosca-Garfagnana-MO
A B
Haplotype

Necosis (cm)

=] GC-Castagna di Val di Castro-SITE 1

Figure 4. A) (a-s). Necrotic lesions formed on chestnut cuttings (Castanea sativa) 20 d after inoculation with Gnomoniopsis castaneae isolates
of haplotype A [a) ‘GC_Castagna di Val di Castro-SITE 1’; b) ‘GC_Barrile-BARV’; ¢) ‘GC_Castagna bionda di Lunano}; d) ‘GC_SanPietro’;
e) ‘GC_Castel del Rio-MO’; f) isolate ‘PD-ST30; and g) inoculation control.] Inoculations with G. castaneae isolates of haplotype B [h) ‘GC_
Marrone scuro-2710% i) ‘GC_Marrone di Chiusa Pesio’; j) ‘GC_Rossera-2414’; k) ‘GC_Tosca/Garfagnana’; 1) ‘GC_Patriarca-3595% m) ‘GC_
Bouche de Betizac’; n) ‘GC_Santu Giuanni-ARI3’; o) ‘GC_Pilistella’; p) ‘GC_Precoce Migoule’; q) ‘GC_Marrone di Viterbo’; r) ‘GC_Marrone
di Perledo-3419’; or s) isolate ‘PD-ST55. B)] Necrosis lenghts (cm) in stems of cuttings of different chestnut varieties previously inoculated
with different Gnomoniopsis castaneae isolates. Means accompanied by the same lowercase letter are not different (P > 0.05).
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Figure 5. Necrotic lesions formed in the endosperm tissues of chestnut (Castanea sativa) fruits 16 d after inoculations with Gnomoniopsis
castaneae isolates molecularly characterized as Gc-haplotype A and B based on B-tubulin gene sequences typing: a) ‘GC_Castagna bionda
di Lunano’; b) ‘GC_Marrone scuro-2710’; ¢) ‘GC_Rossera-2414; d) ‘GC_Marrone di Chiusa Pesio’; and e) the inoculation control.

castaneae isolates within each Ge-haplotype group (Con-
fidence level used: 0.95, P > 0.5) (Figure 4B). Among the
Ge-haplotype A isolates, the isolates ‘GC_Castagna bion-
da di Lunano’ and ‘GC_Castagna di Val di Castro’ site 1
(Marche) were the most aggressive, producing a longer
necrosis compared to the other isolates. Within Ge-haplo-
type B, the most aggressive isolate was ‘GC_Tosca Garfag-
nana from Emilia Romagna’ (Figure 4B).

Pathogenicity test on chestnut fruits

The 16 isolates of G. castaneae, five of Ge-haplotype
A and 11 of Gc-haplotype B, all induced necrotic lesions
on fruits 16 d post inoculation (Supplementary Table 3).
Mean areas of necrosis ranged from 0.84 (+ 0.63) cm?,
induced by isolate ‘GC_Precoce Migoule’, up to 11.21 (£
5.97) cm? induced by isolate ‘GC_Santu Giuanni_ARI3’
(Figure 5). Statistical analyses showed that these data
were not normally distributed, so the dataset was trans-
formed using the function “Boxcox” and a lambda val-
ue of 0.26. With the transformed data, the ANOVA test
showed no statistically significant difference (P = 0.4787)
between necrosis caused by the two Gc-haplotype groups.

Pathogenicity test on chestnut seedlings under different
water regimes

An additional pathogenicity test was performed
inoculating the 16 G. castaneae isolates (Gc-haplotypes
A and B) on 3-year-old chestnut seedlings, cultivated
in two different water regimes (WR) in controlled con-
ditions for 30 days. All 16 G. castaneae isolates induced
cortical necrosis on seedlings (Supplementary Table 4).
ANOVA tests showed no statistically significant (P >
0.05) differences within each water regime in necrosis
produced by the different G. castaneae isolates (Figure
6A). Generally, necrosis induced by each isolate were
longer for WR_B (150 mL month™) than for WR_A

(150 mL week!). Exceptions were for ‘GC_Marrone di
Perledo’ and ‘GC_Marrone di Chiusa Pesio’, where mean
necrosis length for WR_A (150 mL week') was 3.86 cm
(£ 1.91), while for the WR_B (150 mL month') plants
mean lesion length was 3.33 cm (+ 1.83) (Supplementary
Table 4).

Differences were detected in severity of necroses
caused by Gc-haplotypes A and B. The Gc-haplotype A
isolates produced longer necroses in plants under WR_B
than for WR_A. In contrast, Gc-haplotype B showed no
difference (P > 0.05) in necrosis between the two water
regimes (Figure 6B).

DISCUSSION

Results from this study have demonstrated the
importance of G. castaneae as an emerging pathogen
causing diseases in European chestnut in Italy. Approxi-
mately 69% of the 1812 assessed nuts from 100 of the
varieties growing in the Italian Biodiversity Repository
Fields, located in Piedmont, Tuscany, Emilia-Romagna,
and Campania, and in commercial orchards in Lom-
bardy, Trentino Alto-Adige, Marche and Sardinia, were
affected by fruit rots. Occasionally, pink and black rots
as well as internal green mold were recorded in fruit
samples. The most frequently detected postharvest
alteration was brown rot of nut endosperms, although
the nuts had been harvested and selected for the Fruit
Exhibition showing no external symptoms, no loss of
consistency, or other significant visible defects. These
results indicate that visual inspection of nuts is often
insufficient for an accurate assessment of brown rot and
detection of G. castaneae, which was also reported by
Vettraino et al. (2021). Consequently, nuts that appear
externally healthy may be internally compromised and
unmarketable (Shuttleworth and Guest, 2017). Reliable
detection of chestnut rots currently relies on destructive
methods or advanced techniques such as X-ray comput-
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Figure 6. A) (a—c). Necrotic lesions formed on chestnut (Castanea sativa) seedlings 30 d after inoculations with Gnomoniopsis castaneae
isolates. The seedlings received two different water regimes to simulate no stress or stress conditions. a.1) Haplotype A: ‘GC_Castagna di
Val di Castro — SITE 1; in the 150 mL week! irrigation treatment, and a-2) in the 150 mL month™ treatment; b.1) ‘GC_Castagna Bionda di
Lunano’ in the 150 mL week! irrigation treatment, and b.2) in the 150 mL month treatment; c) experimental control. B) Lengths (cm) of
necroses in stems of cuttings of different chestnut varieties that were previously inoculated with different Gnomoniopsis castaneae isolates.
Means accompanied by the same lowercase letter are not different (P > 0.05). Statistical analysis showing the significantly different behav-
iour of the Haplotype A isolates when comparing necrosis under different water stress conditions.
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ed tomography (CT), which provides deep penetration
capability (Bernard et al., 2020; Matsui et al., 2022).

After nut bi-dissection, brown rot was detected in
more than half of the nuts analyzed, with different lev-
els of disease severity in nut endosperms. The McKinney
Index gave good assessments of the impact of brown rot
on chestnut fruit. This Index synthesizes incidence (D)
and severity (S) of this disease. The present study results
showed that average Mckinney index was 42.19%, with
different Italian regional situations, ranging from 16%
(Trentino Alto Adige) to 72% (Lombardy). Most of the
assessed chestnut varieties had fruit brown rots. Epide-
miological data from Australia, Italy and Portugal have
showed that most chestnut germplasm can be affected,
though severity and extent of endosperm alteration can
be variable (Lione, 2016; Shuttleworth and Guest, 2017;
Possamai et al., 2023). The present study showed that
from chestnuts showing brown rot, G. castaneae was
isolated from fruits, the endosperms of which involved
from 11 to 50% of tissues (disease severity classes 2 and
3). Brown rot was not observed in a few varieties, includ-
ing: ‘Marrone Rugoso di Acquasanta Terme’, ‘Castagna
di Val di Castro’ site 1 and ‘Marrone Classico di Acqua-
santa Terme’ (Marche); ‘Sborga’ (Emilia-Romagna); and
‘Loccheddu- LOCG2’ and ‘Tldubba-ILDP’ (Sardinia).

Gnomoniopsis castaneae was occasionally also iso-
lated from nuts classified as McKinney Index MI = 0 (no
visible episperm alterations), confirming the pathogen’s
latent stage, as has been previously reported by Mare-
si et al. (2013) and Dennert et al. (2015). This can also
explain how apparently healthy nuts were found infected
after 2 weeks of storage at room temperature, without
any source of inoculum. This ability to latently persist,
and its widespread distribution, underlies the success of
this pathogen. The ubiquity and ability to infect different
chestnut tree components was demonstrated by Topa-
lidou et al. (2024), who detected G. castaneae using Bar-
HRM analysis, at varying success rates from different
chestnut tissues (buds, flowers, or nuts), and across mul-
tiple seasonal stages. Ability to cause damage on fruit is
likely to be related to nut storage conditions, tempera-
ture shown to be important in the present study.

Factors such as pre-harvest litter management, cli-
mate conditions (Shuttleworth et al., 2013; Lione et al.,
2015, 2021), and especially storage time and tempera-
ture are all likely to influence the transition from latent
to active nut infections, accelerating post-harvest disease
progression (Morales-Rodriguez et al., 2022). These fac-
tors could explain the ambiguous results obtained from
the particular varieties (i.e. ‘Ceppa’, ‘Pelosa’, ‘Bovalghe’,
‘Pastanese’, ‘Svizzera’) cultivated in two different Germo-
plasm Repositories of Emilia Romagna.
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Gnomoniopsis castaneae was identified in the pre-
sent study using morphological characteristics and
molecular assays, and ITS sequence analyses were effec-
tive for species-level resolutions. Further genotyping
based on the B-tubulin sequences confirmed the two G.
castaneae haplotypes (A and B) recently described by
Seddaiu et al. (2023). The results of the present study
have expanded knowledge on the geographical distri-
bution of the two haplotypes, by obtaining informa-
tion on their presence/absence in Emilia-Romagna (Ge-
haplotypes A and B), Marche (A) and Campania (A).
According to previous findings, 64% of Italian isolates
belonged to Gc-haplotype A (mainly found in central
Italy), while 36% belonged to Gc-haplotype B (more
common in the north Italian regions) (Seddaiu et al.,
2023). Although the two haplotypes are morphologically
indistinguishable, they differ in virulence, particularly
in ability to rapidly induce necroses in inoculated fruits.
This was indicated by Seddaiu et al. (2023), after con-
ducting pathogenic tests on chestnut fruits with seven
representative Sardinian isolates of G. castaneae (Gc-
haplotypes A and B). In the present study assessments
conducted on Marche fruits and chestnut cuttings,
inoculating 16 G. castaneae isolates (five of Gc-haplo-
type A and 11 of Gc-haplotypes B), no statistically sig-
nificant differences were detected between the two Gc-
haplotypes in their necrotic effects on fruits or chestnut
cuttings. Both haplotypes induced cankers when inocu-
lated onto cuttings, consistent results of similar damage
in other Fagaceae hosts (Droby et al., 2023). Ability of
G. castaneae to cause branch cankers and necroses was
also recorded in chestnut trees in Veneto and Sardinia.
From branch cankers, which turned shoot tissues from
pale green to brown and withered, G. castaneae was
commonly isolated, while Do. iberica, C. parasitica, N.
luteum were only sporadically isolated. Symptoms in
chestnut canopies were generally associated to C. para-
sitica (Rigling and Prospero, 2018). Cankers caused by
G. castaneae are distinguishable from those caused by
C. parasitica, due to their dark brown bark, while for C.
parasitica outer bark cankers are typically red-orange
with swollen and fissured host cortical tissues.

Plants, cultivated at the same temperature, but sub-
jected to prolonged water stress and inoculated with
Ge-haplotype A, developed more severe symptoms than
those receiving regular irrigation, indicating that water
stress promoted aggressiveness of Gc-haplotypes. From
the present study data, when the pathogenicity tests were
carried out on seedlings, water stress conditions did not
affect the pathogenicity of Gc-haplotype B, but only that
of Gec-haplotype A. On the other hand, G. castaneae has
been frequently isolated from different tissues of healthy
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plants (Ugolini et al., 2014; Pasche et al., 2016; Kolp et
al., 2020). As suggested by Topalidou et al. (2024), buds
and flowers can be reservoirs of the fungal inoculum,
and G. castaneae can then shift from endophytic to
pathogenic behaviour due to favourable environmen-
tal conditions for the pathogen combined with host
stress induced by abiotic and/or biotic conditions. Sev-
eral studies have shown that under conditions of stress,
inoculation of endophytes into plant tissues can result in
disease symptoms (necrosis or chlorosis) and/or growth
inhibition of host plants (Schulz et al., 1998).

CONCLUSIONS

Gnomoniopsis castaneae has increasing impacts on
chestnut hosts, as the pathogen can take advantage of
conducive conditions after fruit harvest, and of abiotic
stress conditions for affecting plants. The data present-
ed here of Ge-haplotype virulence, and the recent avail-
ability of Castanea sativa chromosome-level genome and
mitogenome (Bianco et al., 2024; Villa et al., 2025), may
provide a useful background for further studies of short
and medium term adaptive disease management strate-
gies. Detailed investigations into the mechanisms involv-
ing fungal behaviour and tree physiology in climate
change context would be worthwhile.
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Summary. The stone fruit industry, particularly plum (Prunus domestica) production,
is important to the Albanian economy. The Prunus domestica “Tropojane’ predomi-
nates due to its high and stable productivity, adaptability, and superior organoleptic
qualities. Assessing phytosanitary status of this fruit plant is important, to ensure sus-
tainable production and preserve genetic resources. During the spring seasons of 2022,
2023 and 2024, 129 samples of “Tropojane’ plum were collected across the regions of
Tropoja, Kukés, Has, Puka, Durrés, Paskuqan, and Kaméz of Albania. All samples were
tested by ELISA, PCR, and qPCR to detect plum pox virus (PPV), the most destruc-
tive virus infecting plum, and to screen for additional stone fruit viruses including
Prunus necrotic ringspot virus (PNRSV), prune dwarf virus (PDV), apple mosaic
virus (ApMV), and apple chlorotic leafspot virus (ACLSV). ELISA tests demonstrated
that PPV was present in 35.5% of the samples, whereas RT-PCR and RT-qPCR assays
detected PPV in 45.6% of the samples, confirming greater sensitivity of the PCR assays
for virus detection. No infections with other assessed stone fruit viruses were detect-
ed. PPV identity was confirmed by sequencing, and phylogenetic analyses showed
that the Albanian isolates clustered within the Rec strain group, also indicating their
possible regional origin. Meristem culture was employed as a sanitation strategy for
PPV-infected explants. Differences in regeneration capacity among plum populations
were observed, yet stable in vitro cultures were established in all cases, and molecular
diagnostics confirmed that regenerated plantlets were PPV-free. In vitro shoots were
successfully subcultured, rooted, and acclimatized. These results highlight the need to
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conserve native plum germplasm, and enforce the use of certified planting material, to ensure the long-term preservation of autoch-

thonous cultivars, while preventing further spread of PPV.

Keywords. Plum pox virus, Sharka disease, virus detection, in vitro sanitation, meristem tip culture.

INTRODUCTION

Albania has a long tradition in the cultivation of
stone fruits (Prunus spp.), which have considerable
socio-economic importance. The European plum (Pru-
nus domestica L.) is the most widely grown Prunus
species in Albania. Both native and foreign plum varie-
ties are cultivated across all regions, with total produc-
tion of 40,196 tons over 2,559 ha in 2024 (ISTAT, 2024).
Albanian germplasm includes more than 20 autochtho-
nous plum varieties, among which the Prunus domes-
tica “Tropojane’ predominates, accounting for more
than 50% of all plum trees in the country (Cakalli et al.,
2007). ‘“Tropojane’, also known as “Kumbulla e Hasit”,
derives its name from the area where it originated, and
is cultivated throughout Albania due to its high adapt-
ability and desirable agronomic and pomological traits.
This cultivar is late flowering, and produces large, dark-
skinned, elliptic fruits (each approx. 60 g) that ripen in
September each year. The fruit flesh is yellow-reddish,
juicy, aromatic, and moderately firm (Kokaj, 2025).
‘Tropojane’ plum is used extensively for fresh consump-
tion and processing (e.g., dried prunes, jams, and tradi-
tional alcoholic drinks), underscoring its importance
as a valuable genetic resource within Albanian Prunus
germplasm.

Nevertheless, plums are susceptible to numerous pests
and diseases, among which virus infections pose signifi-
cant threats, leading to yield losses and deterioration of
fruit quality (Rubio et al., 2017). In particular, Potyvirus
plumpoxi (plum pox virus, PPV), the etiological agent of
Sharka, is considered one of the most harmful virus path-
ogens that internationally affect plums and other stone
fruits, with cumulative losses estimated to value € 2.4 bil-
lion over the last 28 years (Cambra et al., 2024). For these
reasons, PPV is ranked as either a quarantine pest or a
regulated non-quarantine pest (RNQP), due to its wide-
spread endemic presence [EPPO PM 7/32 (2)].

PPV (Potyvirus, Potyviridae) has flexuous filamen-
tous particles. It possesses a positive-sense single-strand-
ed RNA (ssRNA) genome of approx. 9.7 kb (Garcia et
al., 2014), which encodes a single large open reading
frame (ORF). To date, ten independent strains have been
identified, varying in established sequences, geographi-
cal distributions, and host ranges: D, M, EA, Rec, T, C,
CR, CV, W, and An (Garcia et al.,2025). The M (Mar-

cus), D (Dideron), and Rec (Recombinant) strains are
considered the most epidemiologically important, with
the D and Rec strains exhibiting preference for plum
hosts (Sihelska et al. 2017). The symptoms caused by
this virus variants are strongly influenced by the host
cultivar, environmental conditions (e.g., temperature),
and age and physiological stage of the infected plants
(Clemente-Moreno et al., 2015). PPV induces yellowish
to olive-green bands, rings, spots and mottling on host
leaves, which may be associated with leaf malformation.
On plum fruits, PPV infections cause shallow depres-
sions that deepen as fruits ripen, leading to deformations
and irregular line patterns on the fruit surfaces. Infected
fruits are tasteless and fibrous, making them unmarket-
able, and, in some cases, all fruits may prematurely drop
(Llacer and Cambra, 2006; Pedrelli et al., 2024).

PPV was first reported in 1918 in Bulgaria infecting
plums (Atanasoff, 1932), and has since spread to other
European countries, the Near and Middle East, Asia,
North Africa, and America (EPPO, 2025). In Albania,
several studies of PPV on stone fruits have been con-
ducted, confirming its presence in plum, apricot, and
peach and showing high infection rates in tested plants
from orchards, nurseries, and mother plots (Myrta et
al., 1995; Musa et al., 2010). Myrta et al. (1998) and Sta-
mo et al. (2003) reported that PPV-M and PPV-D were
the predominant strains. In contrast, Palmisano et al.
(2015) confirmed the presence of PPV-Rec and PPV-T,
with the latter representing one of the few occurrences
of the virus recorded outside Tiirkiye. PPV transmission
pathways explain this widespread distribution. Long-
distance dissemination of the virus is primarily facili-
tated by the movement of infected propagation material,
often introduced through insufficiently regulated com-
mercial or illegal exchanges. Approximately 30 aphid
species mediate natural non-persistent plant-to-plant
transmission of PPV (Rimbaud et al., 2015). Among
these aphids, Myzus persicae, Aphis spiraecola, and Hya-
lopterus pruni are the most efficient vectors in the Medi-
terranean region (Cambra and Vidal, 2016). Effective
surveillance and implementation of preventive contain-
ment strategies remain essential to mitigate spread and
impacts of PPV.

Virus-free host propagation through in vitro mer-
istem culture is widely recognized as an effective strat-
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egy for eliminating PPV and other graft-transmissible
pathogens from infected plant material (Bhat and
Rao, 2020; Szabé et al., 2024). Shoot apex (0.4 to 0.7
mm) meristems often do not have systemic infections,
because viruses typically fail to invade the actively
dividing cells within the apical domes and youngest
leaf primordia (Mori and Hosokawa, 1977; Mochi-
zuki and Ohki, 2015; Vivek and Modgil, 2018; Singh,
2025). Use of the meristem culture, alone or com-
bined with thermotherapy, is efficient for producing
PPV-free plants in many stone fruit species, including
plum (Kabylbekova et al., 2025), sweet cherry (Naddaf
et al., 2021), nectarine (Manganaris et al., 2003), peach
(Dessoky et al., 2018), and apricot (Pérez-Caselles et
al., 2025). Although the regenerative potential after
meristem excision can decrease due to the reduced
explant size, optimizing the physicochemical culture
factors can regenerate high numbers of healthy plant-
lets during subculturing stages, and these can be used
as mother plants for certified propagation programs.
The effectiveness of meristem culture can be reliably
confirmed through the integration of molecular diag-
nostics, particularly PCR-based assays, which enable
rapid and highly sensitive detection of virus infections
in regenerated plantlets (Gong et al., 2019; Kang et al.,
2025).

Given the significant socio-economic value of the
autochthonous European plum (Prunus domestica
‘Tropojane’) in Albania, and the potential threats posed
by Sharka, the present study aimed to assess prevalence
and distribution of PPV in native plum germplasm
across this country’s major plum-producing regions. The
study also aimed to optimize an integrated in vitro sani-
tation and PCR-based protocol for production of healthy
material from plum plants that tested PPV-positive, for
subsequent conservation and multiplication.

MATERIALS AND METHODS
Sources and locations of plant material

During the spring seasons (April to May) of 2022,
2023 and 2024, ten orchards of Prunus domestica
‘Tropojane’ were inspected for virus symptoms across
seven regions of Albania. A total of 129 leaf samples
were collected from Tropoja (17 samples), Kukés (12),
Puké (22), Has (18), Paskugan (from Kukés, 30), Kaméz
(from Kukés, 14), or Durrés (from Tropoja, 16 samples).
Field sampling included asymptomatic and symptomatic
leaves mainly exhibiting chlorotic spots, bands, and/or
rings. After collection, the samples were briefly stored at
4°C for further analyses.

Serological and Molecular detection of PPV and other
common Prunus viruses

DAS-ELISA, RT-PCR, and RT-qPCR assays

All samples were initially screened for PPV pres-
ence using a Double-Antibody Sandwich Enzyme-Linked
Immunosorbent Assay (DAS-ELISA) (Clark and Adams,
1977). Monoclonal antibodies from line 5B were used to
detect all known serotypes of PPV, using the commercial
K-10 PPV-Universal ELISA KIT (AGRITEST) (Cambra
et al., 1994). Sample assessments were carried out using
internal positive and negative controls supplied with the
kit, and absorbance was measured at A = 405 nm using a
PR 4100 Absorbance Microplate Reader (Bio-Rad). A sam-
ple was considered positive when its signal exceeded at
least three times the value of the negative internal control.

Following serological screening, all samples were
subjected to molecular analyses using reverse tran-
scriptase (RT-PCR) and quantitative qPCR assays. Total
nucleic acids (TNA) were extracted from 0.2 g of leaves
from each sample, which was homogenized in 1 mL of
grinding buffer, then isolated using silica particles, as
described by Foissac et al. (2001). The TNA quality was
checked by electrophoresis on agarose gel (1.2%) in Tris-
Borate-EDTA buffer, and the extracts were stored at
-20°C until used. Starting from 500 ng of TNA, cDNA
was synthesized by reverse transcription, using 1 pL of
random hexamer primers (0.5 mg mL!) and M-MLV
reverse transcriptase, following the manufacturer’s
instructions (Thermo Fisher). PCR and qPCR assays
were carried out on all samples using specific primers
for PPV and to discriminate between M and D strains
of PPV (Table 1). Positive (cDNA from plums previously
infected by the PPV-M, isolate GR046, GenBank acces-
sion number PV955083) and negative (i.e., cDNA from a
healthy plum) controls were added in the reactions.

In addition to PPV, a subset of ten samples, selected
from across the seven regions (above), was also screened
for Prunus necrotic ringspot virus (PNRSV), prune
dwarf virus (PDV), and apple mosaic virus (ApMYV; Ilar-
virus, Bromoviridae) and apple chlorotic leafspot virus
(ACLSV; Trichovirus, Betaflexviridae), because these
viruses are often found in mixed infections with PPV in
most stone fruit hosts. All the primers used in this study
are listed in Table 1.

Each PCR reaction consisted of 12.5 pL of GoTaq’
Green Master Mix (Promega), 2 pL of ¢cDNA, 0.5 pL
of each primer, and DNase/RNase-free water to 25pL
final volume. qPCR assays were carried out using a 2x
Fast SYBR™ Green Master Mix (Applied Biosystems™), a
ready-to-use reaction mix optimized for dye-based qPCR
on a CFX96 real-time thermocycler (BioRad).
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Table 1. List of primers used in RT-PCR and RT-qPCR for detecting stone fruit viruses. The sequences (sense and antisense), amplicon

sizes, and corresponding references are also reported.

Primer sequence

Virus (5" t0 3) PCR amplicon (bp) Reference

PPV F: CAGACTACAGCCTCGCCAGA
(PCR) R: ACCGAGACCACTACACTCCC 243 Wetzel et al., 1992
PPV.D  F: CGTTTATTTGGCTTGGATGGAA
PPV-M  F: GATTAACATCACCAGCGGTGTG 76 Olmos et al., 2005
(QPCR)  R: GATTCACGTCACCAGCGGTGTG
ACLSV  F: GTTCCTGGCCGCAGAAGGCAGACCCCT . .
(QPCR)  R: GCTATGTTCGCGAAGATGGACTCC 86 Nickel and Fajardo,2014
ACLSV  F: GCAGACCCCTTCATGGAAAG ‘
(PCR) R: TTCGGGTCCGAAGATGTAGTC 218 Diaz-Lara et al, 2020
PNRSV Fa GEGTTTGCCGAATTIGCAATC 89 Palmisano (personal communication)
(QPCR)  R: GCCCTGAGTGGGACCAGAG P
PNRSV  F: TCACTCTAGATCTCAAGCAG
(PCR) R: GACACTTTTGCGCGTACGCA 200 Rosner et al., 1997

F: ATCCGAGTGAACAGTCTATCCTCTAA
ApMV  R: GTAACTCACTCGTTATCACGTACAA 262 Menzel ef al, 2002
(PCR) F: TAGTCGCGAGCGTTTTATTTTCAT .

R: CTTCGAGCTTCACAGTCCT 784 Valasevich et al., 2015
PDV F: CCGAGTGGATGCTTCACG
(PCR) R: CCTTTAATGAGTCCGTAGAC 220 Jarosova and Kundu,2010

Sequence analyses

Two PCR amplicons, each one amplified from a
single accession, were Sanger sequenced in both direc-
tions by Macrogen Europe. The resulting sequences
were then compared with those available in GenBank,
using BLASTN to determine nucleotide similarity (%).
Sequence alignments and phylogenetic analyses were
carried out using MEGA software v. 12.1.1 to evalu-
ate possible origins of the isolates, and to examine their
overall clustering and potential strain-level differences.

Meristem excision and in vitro regeneration of plum plant-
lets

Stabilization of in vitro cultures. Apical shoot tips
(each approx. 3-5 cm long) were collected from PPV-
positive mother plants of “Tropojane’ grown in Durrés
(origin Tropoja) and Paskuqan (origin Kukés). A total
of five mother plants were used, and 30 apical shoots
were collected per plant (n = 150 explants in total). The
explants were sterilized with 0.01% mercuric chloride
for 10 min. After several rinsing with sterile H,O, the
explants were then inserted into test tubes containing
MS medium (Murashige and Skoog, 1962) supplement-
ed with 1 mg L? of 6-benzylaminopurine (BAP), 0.1 mg
L? of 1-naphthaleneacetic acid (NAA), 3% sucrose, and
0.6% agar. The pH value of the medium was set at 5.8

before autoclaving. The tubes containing explants were
incubated for 4 weeks in a growth chamber at 25°C
under a 16 h light/8 h dark photoperiod, with cool white
fluorescent light at 46.25 pmol m s’..

Meristem culture and PPV-testing. Meristem tips
(each 0.7 to 0.9 mm) from mother plants of both origins
(30 meristem tips from each geographic region) were
aseptically excised using a binocular stereomicroscope,
transferred to hormone-free MS medium supplemented
with 3% sucrose and 0.6% agar, and incubated at 25°C
under standard growth-room conditions for regenera-
tion. Meristem-derived shoots were tested for PPV by
RT-PCR at the first subculture stage at 42 to 56 d after
meristem excision, when regenerated shoots reached 1.5
to 2.0 cm in length and had produced at least two to
three expanded leaves.

Subculture stage and shoot regeneration. When the
regenerated shoots reached 1.5 to 2 cm, they were trans-
ferred to subculture for further micropropagation. MS
medium supplemented with 3% sucrose and 0.6% agar
was used. Different BAP concentrations (0, 1.0, 1.5, or
2.0 mg L) were compared to evaluating their efficiency
for promoting lateral shoot growth.

Rooting and acclimatization. In vitro rhizogenesis was
induced by using 2 MS medium supplemented with 1.0
mg L of indole-3-butyric acid (IBA). Plants with well-
developed roots were then acclimatized in sterilized peat
in alveolate trays in an acclimatization tunnel inside a
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greenhouse under controlled temperature and light con-
ditions. After acclimatization, the plants were transferred
to bags containing fertilized soil mixed with 15 to 20%
agriperlite. For each treatment, 30 explants were used per
replicate, and the experiment was repeated three times,
resulting in a total of 90 explants per treatment.

Experimental design and data analyses. The experi-
ment was arranged in a Completely Randomized Design
(CRD). After 45 d from excision, the meristematic tips
were evaluated for their regeneration potential. During
the subculture stage, the effect of BAP concentration on
micropropagated ‘Tropojane’” plum shoots was assessed
using physiological and biometric parameters. The
lengths of the plantlets and the numbers of new shoots
per explant were recorded and compared. The results are
analyzed with JMP 7.0 and presented as means + stand-
ard errors.

RESULTS

Field observations and symptom expression in ‘Tropojane’

plum

During field inspections in the native growing are-
as of ‘Tropojane’ plum, fewer symptomatic trees were
observed compared to areas where this cultivar has been
introduced, such as Tirané and Durrés. At these sites,
chlorotic mosaic, interveinal chlorosis, and leaf dis-
tortion with yellowing were most frequently recorded,
reflecting possible early-season manifestations of PPV
(Figure 1).

Figure 1. Symptoms of PPV infections in “Tropojane’ plum trees.
(a) Leaves showing mild chlorotic mosaic, light green rings and
uneven green zoning (in Tirang). (b) Leaves exhibiting pronounced
mottling along with interveinal chloroses (in Durrés). (c) Leaf dis-
tortions associated with yellowing (in Durrés).

Serological and molecular detection of viruses in ‘“Tropo-
jane’ plum

DAS-ELISA conducted on the ‘Tropojane’ sam-
ples yielded 46 PPV-positive reactions out of 129 sam-
ples tested, representing an overall PPV infection rate
of 35.6%. Sample evaluation was based on absorbance
values measured at 405 nm after 2 h of substrate incu-
bation, with duplicate positive controls ranging from
0.315 to 2.315, while negative controls ranged from 0.076
to 0.118. The positivity threshold was defined as three
times the mean absorbance value of the negative controls
(20.23). Accordingly, samples with absorbance values
equal to or exceeding this threshold were classified as
ELISA-positive, whereas those below this limit were clas-
sified as ELISA-negative.

RT-PCR and RT-qPCR screening detected 59 PPV-
positive samples (45.6%), exceeding the number of posi-
tives detected by ELISA (Figure 2; Table 2), with fully
consistent results between the two assays.

The regional distribution of PPV infections was het-
erogeneous, with the greatest prevalence observed in
Durrés (87.5%), Paskuqan (86.6%), and Kaméz (85.7%).
In contrast, infection rates in Kukés and Has were lower
(16.6%), and only 9% of samples from Puké tested posi-
tive. In Tropoja, the region of origin for the ‘Tropojane’,
PPV infection was not detected in any of the sampled
trees. Notable discrepancies were observed between
symptom expression and infection status. Several symp-
tomatic trees were found to be RT-PCR-negative for PPV
in Tropoja, Puké, Kukés, and Has, whereas asympto-
matic RT-PCR-positive trees were detected in Paskuqan,
Kaméz, and Durrés.

In parallel, screening for other stone fruit viruses,
including ACLSV, PNRSV, ApMV, and PDV, showed that
none of the analyzed samples were infected with these
viruses. Therefore, PPV was the only virus detected in
the analyzed “Tropojane’ plum samples, with no indica-
tion of mixed infections.

Sequence and phylogenetic analyses

Sequence analyses indicated a high level of simi-
larity between the two Albanian PPV isolates partially
sequenced in this study (Al_Tropojane_1 and Al_Tropo-
jane_2). The two obtained sequences were, respectively,
213 and 212 nucleotides (nts) in length (excluding the
primers sequence). Those two sequences shared 98.4%
similarity. When they were compared with reference
sequences available in GenBank, through BLASTN
analyses, a maximum nucleotide similarity 99.5% was
obtained with isolates belonging to the PPV-Rec strain
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Figure 2. Representative results obtained from an RT-PCR/qPCR assay. Left image: Agarose gel electrophoresis of PCR amplicons from
PPV-infected plum samples. Lane M: 100 bp DNA ladder; Lane 1: positive control (243 bp); Lanes 2 and 3: PPV-positive samples; Lanes
4 to 7: PPV-negative samples; Lane 8: sterile water used as negative control reaction. Right image: Amplification curves generated by RT-
qPCR assays targeting PPV, using two different primer pairs.

Table 2. Summary of plum pox virus (PPV) detection in “Tropojane’ plum samples by ELISA, RT-PCR and RT-qPCR (2022-2024).

Region / Orchard location I;umber of samplf:s No. ELISA Positive No. R".F-.PCR No. R'lj-.qPCR Infection proportion
otal/Symptomatic Positive Positive (%)
Tropoja 17/3 0 0 - 0
Puké 22/7 1 2 2 9
Kukés 12/5 1 2 2 16.6
Has 18/5 2 3 3 16.6
Kaméz - Tirané (origin: Kukés) 14/9 10 12 12 85.7
Paskuqan - Tirané (origin: Kukeés) 30/23 20 26 26 86.6
Durrés (origin: Tropoja) 16/11 12 14 14 87.5
46 59 59
Total 129/63 (35.6%) (45.6%) (45.6%)

(i.e., GenBank accession numbers: EU117116, JX013532,  GenBank accession number KF472134), suggesting a
AY690609). No recombination signals or strain-specific  regional evolutionary signature, and supporting absence
mutations were detected. These results support the clas-  of recent virus introductions or recombination events in
sification of the PPV isolates from ‘Tropojane’ as stable,  this germplasm. The tip closest to the nodes belonging
non-recombinant members of the PPV-Rec lineage. to PPV-M and -Rec progeny leads to the Ancestor strain
The phylogenetic analysis to determine the strain  (PPV-An), which gave the origin through recombination
affiliation and infer the possible origin of the Albanian  to both the above strains (Palmisano et al., 2025).
isolates (Figure 3) delineated the isolates by their respec-
tive PPV strain affiliations. The two Albanian isolates
clustered consistently within the PPV-Rec group, with
Al_Tropojane_2 forming a well-supported subcluster
(bootstrap value >80%) with isolates from Serbia (Ser-  Establishment of in vitro cultures
bia-T; GenBank accession number AY690609) and Rus-
sia (Al-Ch; GenBank accession number MN734791). Only materials from plum mother plants grown in
In contrast, although positioned slightly basal within ~ Durrés (origin Tropoja) and Paskuqgan (origin Kukés)
the Rec clade, Al_Tropojane_1 showed closest phylo-  were used at this stage, as these tested positive for PPV.
genetic affinity to isolates from Poland (J4c; GenBank In addition to the relevant proportion of explant stabi-
accession number EU117116), Croatia (Valjevka; Gen-  lization achieved (Figure 4a), some differences in asep-
Bank accession number JX013532), and Ukraine (SREC;  sis and regeneration rates were observed between the

Meristem culture and in vitro plantlet regeneration



PPV-free status and in vitro sanitation for a Prunus domestica cultivar in Albania 99

T

-

85

79

—— isMrPI64 (MF371002) Turkey
VAR-2/531 (HF585100) Slovakia
Y24 (LC494703) Japan
Y7 (LC494686) Japan
isMrP154 (MW415814) Turkey
BrMrPc41 (MW415767) Turkey
Serbia-T (AY690609) Serbia
Al-Ch (MN734791) Russia

- Al_Tropojane_2 Albania
[ | Rec Cdn10 (HG964686) Canada
Bijelo Polje 4 (HQ452379) Montenegro
Kolasin-2 (HQ452387) Montenegro
85 —— sRec (KF472134) Ukraine

Valjevka (JX013532) Croatia

J4¢ (EU117116) Poland *
—— Al_Tropojane_1 (PX861088) Albania
AL11pl (HF674399) Albania |

PPV-M

PPV-Rec

PPV-An
j El Amar (DQ431465) Egypt

99| E1 Amar (AM157175) Egypt PPV-EA

TkMuAp207 (MK372981) Turkey
TkMuAp24 (MK372980) Turkey
K27 (KR028387) Ukraine

7 Cr35 (KR028386) Ukraine

PPV-D

sWinona (KC347608) Russia |

0.02

a7 | Ka15 (MH311858) Russia I
99 ' Ka7 (MH311857) Russia

PPV-W
PPV-C

Figure 3. A maximum likelihood phylogenetic tree, constructed using nucleotide sequences of genomic 3’ end (Wetzel et al., 1992) PCR
amplicons, of PPV isolates from Albania (indicated with red asterisks), together with reference sequences retrieved from GenBank, includ-
ing their respective accession numbers and geographic origins. Bootstrap values are shown at the branch nodes.

two shoot populations. Contamination was mainly of
fungal origin, characterized by fast-growing mycelium
emerging from explants within the first week of cul-
ture, whereas bacterial contamination was observed less
frequently, and typically appeared as turbid exudates
around the explant bases. In many cases, even when
explants did not show visible contamination, their sur-
vival and subsequent regeneration rates were affected by
excessive polyphenol production and the release of oxi-
dized compounds into the culture medium, which nega-
tively affected tissue viability. Among the studied plant
populations, the explants from Paskuqan (origin Kukés)
exhibited the greatest degree of stabilization for both
monitored parameters (Figure 5, a and b). Nevertheless,

aseptic cultures were obtained from both plant popula-
tions, enabling successful regeneration of shoots and
progression to the subsequent experimental stages.

Meristem survival rates after three and six weeks of culture

For both plant populations, the meristem tips were
excised (Figure 4, b and c¢). Due to their small size (0.7
to 0.9 mm), the regeneration process was slow, and the
first shoots were obtained after 6 weeks. Regeneration
rates were evaluated at 3 and 6 weeks. Explants were
considered regenerated when they maintained a healthy
green colouration, and showed visible increases in size,
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Figure 4. In vitro culture of Prunus domestica L. a) apical shoots used as primary explants. b) and ¢) meristematic tip isolation, d), e), and
f) multiplication during the subculture stage. g) rooted plantlets. h) acclimated plants.

even if minor. Differences between the two plant popu-
lations were observed, following trends similar to those
observed in the previous stage. The Paskugan popula-
tion (origin Kukés) exhibited greater regeneration rates
at both evaluation points, reaching 48.6% after 3 weeks
and 53.6% after 6 weeks. In contrast, the Durrés popu-
lation reached 43.8% after 3 weeks and 49.1% after 6
weeks (Figure 5, c and d).

Regenerated shoots were further propagated through
multiple subcultures. The in vitro regenerated shoots
tested negative for PPV by RT-PCR at the first subcul-
ture stage, corresponding to 87% sanitation efficiency
for both plant populations. These results indicated that
meristem culture was effective for producing PPV-free
‘Tropojane’ shoots at the early regeneration stage.

Mass production of plants via subcultures and ex vitro
transferring

For both plant populations, leaf numbers increased
progressively with BAP concentrations up to 1.5 mg L-!
(Figure 6 a), indicating that cytokinins stimulated leaf
development in the plum shoots during in vitro culture
(Figure 4, d, e, and f). Across all concentrations, the Dur-
rés/Tropoja plant material developed greater mean leaf
numbers than material from Paskuqan/Kukés. Also, the
shoot numbers increased progressively with increasing
BAP concentrations (Figure 6 b). At 0 mg L, both popula-
tions have low shoot production (1.3 to 1.5 shoots). Begin-
ning at 1 mg L, shoot proliferation increased. The great-

est shoot numbers occurred at 2 mg L' BAP (Figure 4, d,
e, and f). At all BAP concentration, the Durrés/Tropoja
population had slightly greater shoot numbers than the
Paskuqan/Kukeés population. Once a sufficient number of
shoots was obtained after several subcultures, they were
transferred to the rooting medium. After 4 weeks, in vitro
roots developed (Figure 4 g), and the plantlets were trans-
ferred to ex vitro acclimatization (Figure 4 h).

DISCUSSION AND CONCLUSIONS

Serological and molecular analyses detected PPV in
‘Tropojane’ plum samples with an average prevalences
of 35.6% and 45.6%. These results are consistent with
previous studies reporting the superior performance of
PCR-based techniques over ELISA for PPV detection
(Myrta et al. 2003; Schneider et al., 2004). All infected
samples in the present study originated from Tirané and
Durrés, whereas all trees in the native northern region
of Tropoja tested negative. One factor that may have pro-
gressively reduced the PPV inoculum in Tropoja is the
systematic eradication of infected plum trees immedi-
ately after symptom appearance (Armand Haxhia, per-
sonal communication), a practice widely implemented in
the region. The high altitude environment of this region,
characterized by cold, prolonged winter conditions,
markedly suppresses the aphid vector overwintering
success rate, population growth, and early-season activ-
ity, thereby limiting virus transmission (BBRO, 2021;
MSU Extension, 2020; Labonne et al., 1999). Addition-
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Figure 5. Parameters of Prunus domestica explants from two plant populations. a) contamination (%), b) regeneration (%), and survival

rates of excised meristems after ¢) 3 or d) 6 weeks.
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Figure 6. a) Mean leaf, and b) shoot numbers for two Prunus domestica types exposed to different BAP concentrations.

ally, plum production in these areas generally follows
a traditional, low-input system, where trees are rarely
treated with insecticides. Under such conditions, natu-
rally occurring aphid biological control agents, including
predators and parasitoids, may help regulate aphid vec-
tor populations, contributing to an ecological equilibri-
um that further restricts PPV dissemination.

As a consequence of a demographic shift from north-
ern Albania toward the Tirané and Durrés regions for
economic reasons, autochthonous plum cultivars, such
as ‘Tropojane’, were also introduced into these new areas,
mainly in home gardens or small private orchards, proba-
bly favouring the spread of virus in these regions. Beyond
uncontrolled movement of uncertified planting material
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from the northern regions, another factor that promotes
PPV spreads is the adaptability of aphid vectors to the
mild climatic conditions of Tirané and Durrés.

Symptom expression varied widely between orchards,
and within individual trees, reflecting the combined
influence of environmental conditions, plant phenology,
virus concentration and strain, duration of infection, and
fertilization regime on symptom manifestation (Garcia
et al., 2025). Inconsistencies between symptom expres-
sion and diagnostic results were also noted in the pre-
sent study, which may indicate presence of divergent PPV
strains that were not fully detected by the assays used,
due to their limitations and the high genomic variability
of PPV (Garcia et al., 2014). However, visual detection is
not always reliable, since PPV symptoms may resemble
those caused by other disorders, and latent infections can
occur, further complicating diagnosis. These points high-
light the need for laboratory-based diagnostics using sen-
sitive and comprehensive approaches to improve detec-
tion accuracy and support robust and reliable certifica-
tion of planting material for plum orchards.

Results obtained using in vitro techniques demon-
strated that meristem culture is effective for producing
PPV-free plants. Although a large majority of regener-
ated plantlets tested negative for PPV at the first subcul-
ture stage, virus concentration may remain below the
detection threshold during early regeneration. Therefore,
confirmation of the long-term PPV-free status ideally
requires re-testing after prolonged in vitro maintenance
and/or after acclimatization (e.g., 26 months), prefer-
ably using RT-qPCR detection, which provides greater
sensitivity than RT-PCR (Kanapiya et al., 2024). This
additional step will be included in future certification-
oriented sanitation workflows. Explant size also affects
regenerative potential and efficiency of virus eradication:
when explants are too small, regenerative potential is lost
(Vivek and Modgil, 2018; Zarghami et al., 2023). The
efficiency of BAP as a cytokinin for the rapid biomass
production of P. domestica aligned with reports from
previous studies (Yuan et al., 2009; Wolella, 2017; Baziuk
and Kobyletska, 2025), reinforcing its suitability for mass
multiplication of the “Tropojane’ plantlets, successful
establishment of in vitro cultures, consistent shoot prolif-
eration, and production of PPV-free regenerated shoots.
This confirms the efficiency of meristem culture tech-
niques for this cultivar, which could serve as a routine
protocol for other plum varieties.

While comparison of cytokinin concentrations is not
novel, its inclusion in the present research served a prac-
tical purpose within a sanitation-to-multiplication pipe-
line for an autochthonous Albanian plum cultivar. Estab-
lishing stable in vitro cultures from field-grown ‘“Tropo-
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jane’ material was challenging due to variable asepsis,
strong phenolic oxidation, and population-dependent
regeneration performance. Therefore, the present data-
set demonstrates that: (i) PPV-infected local germplasm
can be successfully sanitized through meristem culture;
and (ii) the resulting virus-free tested lines can be rap-
idly multiplied using a simple and reproducible protocol
suitable for implementation in national certification and
conservation programs. The present study provides an
operational framework for producing candidate “basic”
category material of “Tropojane’ plum, which is currently
lacking in Albania.

The present study underscores the need for system-
atic conservation and certification strategies for native
plum germplasm, especially for cultivars threatened by
genetic erosion. Heritage landraces such as ‘“Tropojane’
should be preserved, either in in situ orchards or with-
in organized germplasm repositories, to maintain their
unique genetic makeup and agronomic traits (Priyanka,
2021; Dumont et al., 2025). At the same time, propaga-
tion of plum material must rely strictly on certified,
virus-free nursery stock to avoid the spread of patho-
gens such as PPV. Implementing a national certification
and traceability scheme for planting material would help
safeguard local biodiversity, support future breeding
programs, and ensure sustainable use of native cultivars,
without risking genetic loss or disease introductions.
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Summary. This study aimed to identify the species of Cylindrocarpon-like anamo-
rphs associated with black root rot of strawberry seedlings and field-grown plants in
Aydin province, Tiirkiye. Samples of strawberry seedlings before planting and diseased
plants after planting were collected from 41 strawberry fields during two production
seasons (2009-2010 and 2010-2011) in Sultanhisar of Aydin. Incidence of pathogenic
Cylindrocarpon spp. in seedlings was 0.11-0.54%, and fungal pathogens were isolat-
ed from 15.8% of diseased plants in 2009/2010 and were -4.6% in 2010/2011. Seven
Cylindrocarpon-like pathogenic isolates recovered from seedling roots and 17 from dis-
eased plants were further identified as Dactylonectria novozelandica (DN; 12 isolates),
Dactylonectria torresensis (DT; nine), Dactylonectria macrodidyma (DM; one), and
Ilyonectria europaea (IE; two isolates), using multilocus sequence analysis (MLSA)
with sequencing of tefl, tub2, and his3 partial genes. Cultural and morphological char-
acteristics were determined for representative isolates of four species. Pathogenicity
tests indicated that the most aggressive species could cause necrosis on detached straw-
berry stolons, and severity of plant decline in pots experiments was greatest from DT,
less from DN and IE, and least from DM. This is the first report of D. novozelandica,
D. torresensis, D. macrodidyma in Tirkiye, and I europaea in the world, as causes of
black root rot in strawberry.

Keywords. Dactylonectria novozelandica, D. torresensis, D. macrodidyma, Ilyonectria
europaea.

INTRODUCTION

Strawberry (Fragaria x ananassa Duchesne) is an important high-value
fruit crop, grown in Tirkiye for domestic consumption and export. Tirki-
ye ranks 4th after China and the United States of America (USA), with 677
tons of strawberry production, and 5th with 222 ha of strawberry crops (FAO
2025). Aydin province is the second-leading strawberry producer in Tiirkiye,
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producing 106 tons from 2,655 ha of under-cover (Anon-
ymous, 2025).

The first studies investigating the effects of soil
solarization and fumigants on the control of soilborne
diseases of strawberries in this region indicated that
Rhizoctonia solani and Phytophthora cactorum were the
major plant pathogens affecting strawberries (Benlioglu
et al., 2004; 2005). However, in recent years an apparent
increase was observed in the occurrence and prevalence
of disease caused by heat-tolerant fungal pathogens such
as Macrophomina phaseolina (Marquez et al., 2021) and
Fusarium spp., and in the strawberry-growing areas of
Aydin, possibly due to the widespread application of soil
solarization and global warming (Benlioglu et al., 2014).
As a newly identified heat-tolerant pathogen, Lasiodiplo-
dia theobromae has been reported to cause dieback on
strawberry plants (Yildiz et al., 2014).

More recent disease surveys discovering major fun-
gal pathogens associated with seedlings showed that M.
phaseolina and Fusarium spp. were commonly isolated
from crowns of dead or dying plants in strawberry-
growing areas of Aydin province. Additionally, F. oxyspo-
rum f. sp. fragariae (Dinler et al., 2016) and R. fragariae
(Dinler et al., 2018) have been recently considered as
severe fungal threats to strawberry fruit yields and to
transplant production in Tirkiye.

Black root rot is an internationally important dis-
ease that limits strawberry yields, and is a disease com-
plex caused by different biotic and abiotic factors inter-
acting to darken and stunt host roots. Black root rot
occurrence is caused by fungus and fungus-like patho-
gens including R. fragariae, and Cylindrocarpon, Pythi-
um, and Fusarium spp. (Maas, 1998). A survey carried
out in an intensively cultivated area of northern Italy
identified Rhizoctonia spp. as the primary root patho-
gen together with several typical weak pathogens of
well-known black root rot complex pathogens, includ-
ing Cylindrocarpon destructans, F. oxysporum, F. solani,
Pestalotia longiseta and others (Manici et al., 2005). A
report from Western Australia indicated that strawber-
ry production was severely compromised by crown and
root diseases caused mainly by F. oxysporum and, sec-
ondarily, by Rhizoctonia spp., and C. destructans (Fang et
al., 2011a).

In 2012, outbreaks of a destructive root disease
caused by Cylindrocarpon sp. were observed in straw-
berries (‘Chandler’) in North Carolina, USA (Adhikari
et al., 2013). In a 2007 to 2014 survey of black root rot
of strawberries in Northern Germany, fungi with and
without Cylindrocarpon-like anamorphs were isolated
as potential pathogens. Dactylonectria torresensis (DT)
was the most common species causing the disease, and
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was isolated from 18% of strawberry roots obtained from
nursery plants and 37% of roots from production fields.
This fungus, as well as Ilyonectria crassa, Ilyonectria sp,
and C. obtusisporium, were found to cause typical root
rot symptoms in inoculation experiments in the absence
of any other predisposing factor (Weber and Entrop,
2017). Later, the first reports from Kyrgyzstan described
black root rot of strawberries caused by D. novozelandi-
ca (Erper et al., 2020), and diseased greenhouse-grown
strawberries in Iran were caused by D. macrodidyma
(Habibi and Ghaderi, 2020). In China, D. torresensis, D.
novozelandica, and D. pauciseptata caused black root rot
in strawberry seedlings in different districts of Beijing
(Chen et al., 2021), and D. alcacerensis caused root rot in
strawberries at the same sites (Qian et al., 2022). Based
on research between 2007 and 2014 at the fruit-growing
centre Jork (Esteburg, Germany), fungi with Cylindro-
carpon-like anamorphs, i.e., D. torresensis and Ilyonectria
spp., were associated with black root rot of strawberries
(Lohrer et al., 2022), and D. novozelandica was identified
as the causal agent of crown and root necrosis of straw-
berries in Salto, Uruguay (Vigliecca et al., 2022).

The present study was conducted to identify and
assess species of Cylindrocarpon-like anamorphs asso-
ciated with black root rot of strawberry seedlings and
field-grown plants in the Aydin province of Tirkiye.

MATERIALS AND METHODS
Sample collection and fungus isolation

Pre- and post-planting diseased strawberry seed-
lings were collected from strawberry fields of 19 growers
in the 2009-2010 production season and 22 growers in
the 2010-2011 production season. Seedling samples were
collected in each season between 20 July and 20 August
before planting, with three seedlings collected per 1,000
m?. In each of the 41 fields, plant samples showing differ-
ent amounts of decline from previously determined main
plots (each consisting of ten plants per 1,000 m? in each
sampled field) were collected during each growing period.

Sampled plants were carefully washed under run-
ning tap water to remove soil. Roots with signs of infect-
ed tissues and a crown cross-sections with discoloura-
tions were selected for further analyses. Five small pieces
of the necrotic crown or root tissues per plant were then
excised and subjected to surface sterilization using for
one 30 s rinses in 1% sodium hypochlorite solution, fol-
lowed by a 2 min rinse in sterile distilled water. The sur-
face disinfected tissues were then plated onto 2% Potato
Dextrose Agar (PDA) amended with 100 ppm strepto-
mycin sulfate, and were then incubated at 24°C. Fungal
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isolates were subcultured onto fresh PDA medium, and
single-conidium isolates were obtained and were stored
in filter paper at -20°C. All fungal isolates were initially
identified at genus and/or species level based on visual
inspections of colonies and microscopic examination of
conidiophore, conidium, and hypha characteristics (Bar-
nett and Hunter, 1998).

Molecular identification of isolates

Genomic DNA extractions from pure cultures were
carried out following the method of Cenis (1992). Myce-
lium mats from 72 h potato dextrose broth cultures were
each crushed for 1 min in 300 pL of extraction buffer,
using a conical microtube pestle (Axygen®) attached to
a flexible silicone tube connected to an homogenizer
(IKA, Ultra Turrax®) set at 3000 rpm for 1 min. After
incubation at 65°C for 10 min, 150 pL of 3 M sodium
acetate (pH 5.2) was added to each tube, and the tubes
were placed at -20°C for approx. 10 min. The tubes were
then centrifuged (13,000 rpm for 10 min at room tem-
perature) in a microcentrifuge, and the supernatant from
each tube was transferred to another tube. DNA pellets
were obtained following isopropanol precipitation and
ethanol wash and were each resuspended in 50 pL of
TE bufter (10 mM Tris-Cl, one mM EDTA, pH 8.0). The
concentration and purity of the total genomic DNA were
determined using a Picodrop® spectrophotometer, and
the DNA solutions were stored at -20°C.

A conventional PCR assay was performed for
each isolate sample to amplify part of the B-tubulin
(tub), histone H3 (his), and translation elongation fac-
tor 1-a (tef) genes using a thermal cycler (BIO-RAD
C1000 Touch™). Each amplification was carried out in
a final volume of 40 pL, including Thermo Scientific™
DreamTaq Green PCR Master Mix, gene-specific prim-
er pairs, and nuclease-free water. The primers were T1
(O’Donnell and Cigelnik, 1997) and Bt2b (Glass and
Donaldson, 1995) for the tub2 gene, CYLH3F/CYLH3R
(Crous et al., 2004) for the his3 gene, and EF1-728F/
EF1-986R (Carbone and Kohn, 1999) for the tefl-alpha
gene. The annealing temperatures for primer pairs was
58°C for T1/Bt2b and CH3F/CYPH3R and 54°C for EF1-
728F/EF1-986R. The resulting amplicons were visualized
under UV light on 1.5% TBE agarose gels at 45 V for
30 min, that were stained with GelRed (Biotium), and
were photographed. PCR fragments were commercially
sequenced by Macrogen Inc., Seoul, Korea. All sequenc-
es were firstly assembled and screened by length and
quality of reads using Sequence Scanner v. 2.0 (Applied
Biosystems), and were edited to resolve ambiguities.
The resulting sequences were searched in the GenBank

database using the Basic Local Alignment Search Tool
(BLAST) to confirm isolate identities and establish their
phylogenetic relationships. All sequences were submitted
to GenBank (http://www.ncbi.nlm.nih.gov), and their
obtained accession numbers are listed in Table 1.

Phylogenetic analyses

Homologous sequences with high sequence identi-
ties from type and non-type strains or species (Table 1)
were obtained from the GenBank database to compile
datasets for phylogenetic analyses. Multiple sequence
alignments were performed in MEGA X (Kumar et al.,
2018), and were manually adjusted where necessary. A
multi-locus phylogenetic analysis consisting of concat-
enated partial sequences of tefl, tub2, and his3 datasets
was carried out using MEGA X software by the Mus-
cle algorithm and neighbor-joining method, with 1000
bootstrap replications.

Cultural and morphological characteristics of isolated fungi

Pure cultures from representative fungal isolates
of each molecularly identified species were selected to
determine their colony colours, growth rates, presence of
chlamydospores, and conidium types. Each representa-
tive isolate was subcultured onto PDA in triplicate and
incubated at 24°C. After 7 d incubation, the radial colo-
ny growth of each isolate was measured from the under-
side of each culture plate and along two perpendicular
colony axes. Assessments of colony colour and morphol-
ogy were made on day 7. Microscope observations of
conidiophores, microconidia, and one- to five-septate
macroconidia of each of the triplicate subcultures were
carried out using a Leica model DM/LS equipped with a
DFC320 camera. Morphological, cultural, and conidium
characteristics of pathogenic Cylindrocarpon-like spe-
cies were evaluated, as described by Cabral et al. (2012a;
2012b), Halleen et al. (2004), and Lawrence et al. (2019).

Pathogenicity assessments
Detached stolon assays

All fungal isolates obtained in pure cultures were
tested for pathogenicity on detached strawberry stolons
using the method described by Yildiz and Benlioglu
(2014). Strawberry stolons growing without contact to
soli were collected from healthy strawberry plants ‘Fes-
tival’ cultivated on black plastic mulch in commercial
strawberry fields in Sultanhisar, Aydin Province, during
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Table 1. Fungal isolates used in this study, and their respective hosts, country locations, and GenBank accession numbers.
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Species Isolate? Host Country tub his3 tef1
Dactylonectria novozelandica BCMEL ¢ Strawberry Tiirkiye PP216866 PP216890 PP195614
D. novozelandica BCIG5¢ Strawberry Tiirkiye PP216867 PP216891 PP195615
D. novozelandica BCNC3¢ Strawberry Tiirkiye PP216868 PP216892 PP195616
D. novozelandica BCNC4¢ Strawberry Tiirkiye PP216869 PP216893 PP195617
D. novozelandica FC19K4 Strawberry Tiirkiye PP216870 PP216894 PP195618
D. novozelandica BFMD2¢ Strawberry Tiirkiye PP216871 PP216895 PP195619
D. novozelandica BSHE5¢ Strawberry Tiirkiye PP216872 PP216896 PP195620
D. novozelandica BCIG4¢ Strawberry Tirkiye PP216873 PP216897 PP195621
D. novozelandica BFNO2¢ Strawberry Tiirkiye PP216874 PP216898 PP195622
D. novozelandica BCOY1¢ Strawberry Tiirkiye PP216875 PP216899 PP195623
D. novozelandica BCOY2¢ Strawberry Tiirkiye PP216876 PP216900 PP195624
D. novozelandica FC21K¢ Strawberry Tiirkiye PP216877 PP216901 PP195625
D. novozelandica CBS 113552 Vitis vinifera ~ New Zealand AY677237 JF735633 JF735822
D. novozelandica Cyl15 Vitis vinifera USA JE735460 JE735634 JE735823
D. novozelandica Cylleé Vitis vinifera USA JF735461 JF735635 JF735824
D. novozelandica JZB3310032 Vitis vinifera China 0Q1296653 0Q123935 0Q122033
Dactylonectria torresensis FS3K¢ Strawberry Tiirkiye PP216878 PP216902 PP195626
D. torresensis BC52K¢ Strawberry Tiirkiye PP216879 PP216903 PP195627
D. torresensis FC55K¢ Strawberry Tirkiye PP216880 PP216904 PP195628
D. torresensis BCIG3¢ Strawberry Tiirkiye PP216881 PP216905 PP195629
D. torresensis BSHE2¢ Strawberry Tiirkiye PP216882 PP216906 PP195630
D. torresensis FC27K4 Strawberry Tiirkiye PP216883 PP216907 PP195631
D. torresensis BCME2 ¢ Strawberry Tiirkiye PP216884 PP216908 PP195632
D. torresensis BC33K¢ Strawberry Tiirkiye PP216885 PP216909 PP195633
D. torresensis BC37K¢ Strawberry Tiirkiye PP216886 PP216910 PP195634
D. torresensis CBS 129086 Vitis vinifera Portugal JF735492 JF735681 JF735870
D. torresensis CBS 119.41 Strawberry Netherlands JE735478 JE735657 JE735846
D. torresensis Cyl102 Apple (M9) Italy KP823885 KP823894 KP823874
Ilyonectria europaea FC5K¢ Strawberry Tiirkiye PP216887 PP216911 PP195635
I europaea FF16K ¢ Strawberry Tiirkiye PP216888 PP216912 PP195636
I. europaea CBS129078 Vitis vinifera Portugal JE735421 JE735567 JE735756
I europaea Cyl55 Vitis vinifera ~ Portugal JF735420 JE735566 JE735755
D. macrodidyma BCIG2¢© Strawberry Tiirkiye PP216889 PP216913 PP195637
D. macrodidyma CBS 112615  Vitis vinifera  South Africa AY677233 JE735647 JE735836
D. alcacerensis Cyl133 Vitis vinifera ~ Spain JF735459 JF735628 JE735817
D. vitis CBS 129082  Vitis vinifera ~ Portugal JE735431 JE735580 JE735769
I radicicola CBS 264.65 Vitis vinifera ~ Netherlands AY677256 JF735506 JF735695
L robusta CBS 308.35 Ginseng Canada JF735377 JF735518 JF735707
Campylocarpon fasciculare CBS 112613  Vitis vinifera ~ South Africa AY677221 JE735502 JE735691
Campylocarpon pseudofasciculare CBS112679 Vitis vinifera ~ South Africa AY772214 JF735503 JE735692

2 Isolates in bold font are ex-type specimens, red symbolizes the isolates in this study, where first letter B indicates an isolate from a plant, F

from a seedling, ¢ from roots, or © from a plant crown.

the active plant growing period (November to December
and March to June). Aseptically air-dried stolon pieces
approx. 8 to 8.5 cm long and 3 to 4 mm thick were disin-
fected in 70% ethanol for 5 min and then rinsed in sterile
distilled water. Wounded stolons on damp filter paper in
Petri dishes (two stolons per dish) were then inoculated

with a mycelium disk (4 mm diam,) taken from the edge
of actively grown 7-d-old fungal cultures. The dishes
were then incubated at 24+2°C under 16 h/8 h light/dark
cycle. Control stolons were inoculated with agar disks.
Isolate induced light or dark brown necrotic lesions on
inoculated detached stolons after 7 d incubation were
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Figure 1. Necrotic lesions on the strawberry stolons ‘Festival’ inoculated with Dactylonectria torresensis isolate FC55K (left) or Ilyonectria
europea isolate FC5K (right) after 7 d incubation at 24 +2°C under 16h/8h light/dark conditions.

considered as indicating possible pathogenicity (Figure
1). The lesion lengths on each stolon were measured by
using a caliper. The assays were conducted in triplicate
for each isolate, and data analysis was performed using
JMP°17.2.0 (JMP Statistical Discovery, LLC).

Potted plant assays

All Cylindrocarpon-like isolates were subjected to
pathogenicity tests on potted seedlings after they had
been molecularly identified at the species level. For these
assays, healthy plantlets ‘Festival’ with visible peg roots
at the ends of stolons without soil contact, and cultivated
in black plastic mulch in commercial strawberry fields,
were gathered and brought to the laboratory. The plant-
lets were then each planted into a 10 cm diam. plastic
pot containing sterilized 2/3 sand and 1/3 peat mixture,
and were then grown in a climate room at 24+2 °C and
16h/8h light/dark conditions for 6 weeks. Ten days after
transplantation, the plants were each fertilized with 10
mL of NPK (18-18-18) solution containing 2 g nutrient
mixture per liter for each pot, and this fertilization was
repeated at 10 d intervals thereafter.

One month after setting the plants, three plants per
fungal isolate were each inoculated by injecting approx.
0.3 mL of the conidium suspension (1.5 x 107 conidia
mL", based on hemacytometer counts) into the base of
crown the tissue, using a 5 mL sterile syringe fitted with

a 22-gauge needle (Adhikari et al., 2013). Plants injected
with sterile distilled water were used as negative inocu-
lation controls. Pots containing the plants were then
enclosed in plastic bags for 24 h, and were then main-
tained in the climate room without bags. After 14 days,
appearance of disease symptoms was assessed based on
the disease index of Fang et al. (2011a), where: 0 = plant
well developed, no disease symptoms; 1 = plant slight-
ly stunted; 2 = plant stunted and yellowing; 3 = plant
severely stunted and/or wilting; 4 = majority of leaves
of the plant wilted or dead; 5 = plant dead. Re-isolations
were made from diseased plants, and identities of result-
ing fungi were confirmed by comparing macroscopic
and microscopic features with the original inoculated
isolates to determine fulfilment of Koch’s postulates.

RESULTS
Sample collection and fungus isolation

A total of 837 seedlings in the 2009-2020 growing
season, and 1411 seedlings in 2010-2011, were examined
for the presence of fungi. After isolation and pathogenic-
ity tests on detached stolons, the isolation frequencies
of Cylindrocarpon spp.-induced disease in seedlings was
0.12 in 2009-2020 and 0.64% in 2010-2011. Frequen-
cies of isolations were 15.8% in 2009-2010 and 4.6%
in 2010-2011. Seven Cylindrocarpon-like isolates were
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recovered from seedling roots, and 17 were from dis-
eased plants (Table 1).

Molecular identification of fungi

Conventional PCR amplifications of selected tub,
his3, and tefl gene regions gave products of, respec-
tively, approx. 630, 500, and 300 bp. The commercially
obtained sequences of three housekeeping genes from
24 isolates were submitted to GenBank under accession
numbers (Table 1). Sequence analysis of the tub gene
separately by BLASTn (NCBI database) search indicated
that 12 isolates were closest to D. novozelandica (100%
identity) except one BCOY2 99.81% at 100% query cover-
age. The remaining nine isolates belonged to D. torresen-
sis, two to I europaea, and one to D. macrodidyma, with
identities and query coverage of 100%. The BLASTn
results from showed that nucleotide sequence compari-
son for his3 genes showed that 12 isolates had 100%
identity and query coverage as D. novozelandica. Simi-
lar results were obtained for the remaining isolates, nine
belonging to D. torresensis, two to I europaea, and one
to D. macrodidyma, with identities and query coverage
of 100% for both criteria. The sequence identities of tef
genes for 24 isolates belonging to four species was also
100%, and the query coverage ratio was identical for all
isolates in the BLASTn analyses.

The combined alignment of partial fub, tefl, and
his3 sequences was used for phylogenetic analyses for
40 taxa, including reference sequences and outgroups
obtained from GenBank. Campylocarpon fasciculare and
Campylocarpon pseudofasciculare were used as an out-
group. The analysis of the three genes enabled identifica-
tion of four species of 24 isolates in the study. The model
for phylogenetic analysis was selected by fitting the Max-
imum Likelihood of 24 different nucleotide substitution
models, and choosing models with the lowest Bayesian
Information Criterion (BIC) scores to best describe the
substitution pattern.

The phylogenetic tree (Figure 2) was construct-
ed with the Tamura-Nei model, the Neighbor-Joining
method, and 1,000 bootstrap steps by the rate variation
among sites modelled with a gamma distribution (shape
parameter = 1). There were 1,362 positions in the final
dataset, and evolutionary analyses were conducted using
MEGA X software (Kumar et al., 2018). The first clade,
with bootstrap values of 99%, consisted DN isolates
from the Aydin province, Tiirkiye, which had almost
identical sequences to those of the DN ex-type strain
CBS113552 and three others of the same species from
Vitis vinifera (Figure 2). The second clade, with boot-
strap values of 100%, grouped D. macrodidyma isolate
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from Tiirkiye with D. macrodidyma ex-type specimen
CBS 112615 from Vitis vinifera from South Africa. The
third clade, with bootstrap values of 99%, consisted DT
isolates from the Aydin province, Tiirkiye, which had
almost identical sequences to those of the D. torresensis
ex-type strain CBS129086 from Vitis vinifera from Por-
tugal, and with isolate CBS119.41 from strawberry from
Netherlands and Cyl102 from apple rootstock (M9) from
Italy. The fourth clade, with bootstrap values of 99%,
formed a monophyletic group with IE ex-type strain
CBS129078 and Cyl55 from Portugal (Figure 2).

Cultural and morphological characteristics of isolates

Colonies of isolates BC37K and BC52K, identified as
D. torresensis, grew an average of 31-33 mm diam. After
7 d at 24°C on PDA, with even colony margin expan-
sion. The aerial mycelium was cottony to felty with
average to solid density, and colony colour was white to
pale buft, with pale buff to amber margin (Figure 3 A).
Reverse sides of colonies in were buff to amber in colour
(Figure 3 B). Conidiophores were solitary, arising later-
ally or terminally from aerial mycelium. Macroconidia
predominated and were 1-3 septate, hyaline, cylindri-
cal, and straight or slightly curved. Microconidia were
hyaline, ellipsoid to ovoid, and rarely one septate. Chla-
mydospores were thick-walled, globose or semi-globose,
sometimes solitary or in chains, were observed in PDA
cultures.

Colonies of D. novozelandica isolates (FC19K and
FC21K) reached 28-32 mm diam. on PDA after 7 d at
24°C, with cottony to felty textures of, and buff to saf-
fron to chestnut colour, and even margins (Figure 3C).
The reverse sides of colonies were buff to saffron to
chestnut (Figure 3D). Conidiophores were simple or
complex, aggregated in small sporodochia, and were
irregularly branched. Macroconidia pre-dominated,
forming on simple and complex conidiophores, and were
generally 1-3 septate, hyaline, and straight and cylindri-
cal. Microconidia were hyaline and ellipsoid to avoid,
and chlamydospores were not observed in PDA cultures.

The isolate BCIG2, identified molecularly as D.
macrodidyma, had profuse felty aerial hyphae with yel-
lowish colony centres, and the reverse sides were pale
yellow to amber. After 7 d incubation at 24°C on PDA,
colony of this isolate was 30 mm. Conidiophores were
simple or complex, and ascending from aerial hyphae.
Macroconidia predominated, and were 1-3 septate,
straight cylindrical, or sometimes slightly curved.
Microconidia were 0-1 septate and hyaline, and no chla-
mydospore was seen in the PDA cultures. The isolate
FC5K, identified molecularly as I. europeae, was the most
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Figure 2. A neighbor-joining tree derived from a Muscle sequence alignment of combined tub, tefl, and his3 sequences for 40 taxa. The
percentage (>50%) of replicate value clustered in the associated taxon in the bootstrap test (1,000 replication) is shown next to each tree
branch. Evolutionary distances were computed using the Tamura-Nei method and are numbers of base substitutions per site. Campylocar-
pon fasciculare and Campylocarpon pseudofasciculare were used as out-groups. Phylogenetic sequence data analyses were carried out using
MEGA X (Kumar et al., 2018). Red dots are isolates obtained in the present study, and bold font indicates ex-type isolates.
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Figure 3. Upper (top row) and reverse side views of the colonies of four isolates grown on PDA at 24°C for 7 d. on the 7th day. A and B,
colonies of Dactylonectria torresensis isolates BC37K (17C/37K) and FC55K (17C/55K). C, colony of the Dactylonectria novozelendica iso-

late FC19K (16C/19K). D, colony of Ilyonectria europaea isolate FC5K (21C/5K.

rapidly growing isolate among those assessed, reach-
ing 46 mm colony diameter after 7 d at 24°C on PDA.
The aerial mycelium was felty with average density, and
the colonies were white to saffron with chestnut centres
and even margins. Colony undersides were also white
to saffron with chestnut centres. Conidiophores were
solitary, arising laterally or terminally from aerial myce-
lium. Macroconidia predominated and were 1-3 septate,
straight, and microconidia were 0-1 septate, and ellip-
soid to ovoid. Few thick-walled, globose or semi-globose
chlamydospores were also observed, which were solitary
or in chains on PDA.

Pathogenicity tests

The light or dark-brown lesion lengths resulting
from inoculations with 24 Cylindrocarpon-like isolates
on detached ‘Festival” stolons averaged between 4.4 and
13.9 mm 7 d after inoculations (Figure 1). The lesions
were longer (P < 0.0009) than those of the controls treat-
ed with 4 mm agar disks. Figure 4 presents the patho-
genicity results for all inoculated isolates, based on fur-
ther lesion length analyses considering isolate molecular
identifications at the species level. Nine D. torresensis
isolates induced the longest lesions among all the stolon-
inoculated species. The mean lesion length caused by
inoculations with the other three species were 10.4 mm
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;12,0 = .! I
%100 a =
2 80
8 60 b
“ 20§
a6 104 13,9 112 44
Dactylonectria  Dactylonectria Ilyonectria Dactylonectria
novozelandica torresensis europaea macrodidyma

Figure 4. Mean lesion lengths on detached strawberry stolons after
7 d at 24 +2°C following inoculations with Dactylonectria or Ily-
onectria species isolated from strawberry seedlings and diseased
plants. Means for each fungus are for six stolons, and bars indicate
standard errors. Data were subjected to analysis of variance (ANO-
VA), and different letters indicate differences P < 0.05), according to
the LSD tests.

for D. novozelandica (12 isolates), 11.2 mm for I. euro-
peae (two isolates), and 4.49 mm for D. macrodidyma
(one isolate). Control stolons inoculated with agar disks
remained asymptomatic.

After 14 d, all the inoculated strawberry plants
showed disease symptoms, including leaf necrosis, wilt-
ing, and different amounts of stunting, while inoculation
control plants remained healthy (Figure 5 A and B). The
average disease scores were different (P < 0,0001) among
Dactylonectria and Ilyonectria species, varying from 1.8
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Figure 5. A Three strawberry plants ‘Festival’; left) 2 weeks after inoculation with Dactylonectria torresensis isolate BC37K (17C/37K), and
a non-inoculated control plant (right). B Three plants (left) after inoculation with D. novozelendica isolate FC19K (16C/19K), and a non-

inoculated control plant (right).

Dactyloneciria
novozelandica

Dactylonectria
torresensis

Ilvenectria europaeae Dactyloneciria

macrodidvma

Figure 6. Mean disease scores for potted strawberry plants 2 weeks
after inoculations with Dactylonectria or Ilyonectria spp. and incu-
bation at 24 +2°C and 16h light/8h dark cycles. Disease score
means (0 to 5 scale) are each for three plants per isolate, and error
bars indicate standard errors. Data were subjected to analysis of
variance (ANOVA), and different letters indicate differences (P <
0.05), according to LSD tests.

to 4.6 (Figure 6). Similarly, the D. torresensis isolates
induced the greatest diseased scores among the other
three species assessed, with average severity scores of
3.5 from I europeae, 3.2 from D. novozelandica, and 1.8
from D. macrodidyma (Figure 5). The re-isolated fungi
from the inoculated plants and detached stolons had the
same conidiophore and conidium morphologies and col-
ony appearances as those of the inoculated isolates.

DISCUSSION

This is the first study to determine the presence of
Cylindrocarpon-like anamorphs causing black root rot
associated with seedling and field-grown strawberries in

Aydin province of Tiirkiye. These results have shown that
incidence of Cylindrocarpon spp. ranged between 0.11 to
0.54% in seedlings planted in 41 strawberry fields over
two growing seasons. However, incidence of Cylindro-
carpon-like anamorphs was greater during both vegeta-
tion periods in the same fields, and ranged between 4.6
and 15.8%. The incidence of Cylindrocarpon spp., either
in seedlings or in field-grown plants ranked fourth after
Fusarium spp., Rhizoctonia spp., and Macrophomina pha-
seolina. In most cases, M. phaseolina spp. (Benlioglu et al.,
2014), F. oxysporum f. sp. fragariae (Dinler et al., 2016),
and R. fragariae (Dinler et al.,2018) have been shown
to be the most important soil-borne agents that cause
decline of strawberries in Aydin province. Some reports
of soil-borne fungal pathogens on seedlings or diseased
strawberry plants support the present results, that showed
Cylindrocarpon spp. occurring as typical putative weak or
non-lethal pathogens, belonging to the well-known black
rot root disease complex (Maas, 1998; Rigotti et al., 2003;
Manici ef al., 2005; Fang et al., 2011a).

Results from a survey study in Western Australia in
2008 to determine severity of strawberry plant decline/
mortality caused by crown and root diseases in com-
mercial strawberry fields during the peak production
(August to October) were similar to those from the pre-
sent study. Fang et al. (2011a) reported that F. oxysporum
was the most frequently isolated pathogen (41.2%) from
strawberry crowns, while Rhizoctonia spp. (11%) and
Cylindrocarpon destructans (12%) were the most com-
monly isolated pathogens from strawberry roots.

Based on sequencing and phylogenetic analyses, four
different species (DN, DT, DM, and IE), belonging to
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Cylindrocarpon-like anamorphs, were identified as being
associated with seven strawberry seedlings and 17 field-
grown strawberry plants from different varieties (Table
1 and Figure 2). Taking into consideration that ITS was
the least informative to identify the species of Cylindro-
carpon-like anamorphs, the present study also used mul-
tilogues sequence analysis (MLSA) for tefl, tub2, and
his3 partial genes (Cabral et al., 2012a, 2012b). Using
multilogues analysis with the same three genes and ITS
sequences, Chen ef al. (2021) obtained 46 Dactylonectria
isolates from greenhouse strawberry seedlings show-
ing symptoms of black root rot, in different districts of
Beijing, China, and identified five representative isolates
as three D. novozelandica, one D. torresensis, and one D.
pauciseptata. In Germany, D. torresensis was found to be
the most common species causing the disease, and was
isolated from 18% of strawberry roots obtained from
nursery plants and 37% of roots from production fields
(Weber and Entrop, 2017).

The pathogenicity tests of the present study showed
decline/death symptoms, including yellowing of the
leaves, different extents of wilting, stunting, and death
with internal necrosis of the crown, and blackening of
entire roots. The declining and death symptoms were
similar to those on plants collected from the field during
the vegetation periods of both seasons, in the appearance
of longitudinal sections of the crowns and blackened
rots. Adhikari et al. (2013) obtained the similar results
by injecting conidial suspensions of Cylindrocarpon sp.
into crowns of strawberry plants ‘Chandler’ in their first
report of crown and root rot of strawberry in North Car-
olina, USA. In a study comparing the virulence of fun-
gal pathogens associated with crown and root diseases
of strawberries in Western Australia, Fang et al. (2011b)
found that C. destructans caused variable levels of crown
and root necroses after inoculation with this fungus
directly into strawberry plants. However, root and crown
necrosis were much less when plants were inoculated by
mixing millet seed colonized by C. destructans mycelia
with potting mix plant growth medium. The first report
of root and crown rot caused by DN on strawberries in
Uruguay by Vigliecca et al. (2022) confirmed pathogenic-
ity by dipping plants in conidium suspension, which
resulted in root necroses and crown lesions after 137 d.

In the present study obtained three DN isolates, two
of DT, and one of DM from necrotic crowns and 18 iso-
lates (nine DN, seven DT, two IE) from blackened rot of
seedling and dying strawberry plants (Table 1). Consid-
ering field symptoms and previously reports on straw-
berry regardless of pathogenicity tests on potted plants,
symptoms associated with crown disease and root dis-
ease are probably independent of the related pathogens
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(Weber and Entrop, 2017; Lohrer et al., 2022). Pathogens
associated with crown and root diseases of strawberries
have often been isolated either as the sole species present
or in combinations with other pathogens in crowns and
roots (Fang et al., 2011a). However, fungal pathogens in
black rot root complex, also called “root nibblers,” may
cause losses in marketable yields ranging from minimal
up to about 80%, compared to plants grown in fumi-
gated plots (Wood, 2001). Further investigations are
required of species of Cylindrocarpon-like anamorphs,
to determine whether they cause root rot, crown rot, or
both. Combinations of these fungi with other strawber-
ry root and crown rot pathogens, and their interactions
with different strawberry cultivars under predisposing
soil and climate conditions should also be investigated.

Pathogenicity tests in the present study showed that
D. torresensis, the second frequently isolated species,
caused extensive necrosis on detached strawberry stolons
and severe disease on potted strawberry plants ‘Festival’
(Figures 4 and 6). In Northern Germany, Weber and
Entrop (2017) reported that DT, causing visible symp-
toms in many batches of nursery plants, was frequently
isolated, and could be an important source of field con-
tamination in ongoing black root rot epidemics in straw-
berry and raspberry production. These results were veri-
fied by PCR-based assay and inoculations of strawberry
plants (Lohrer et al., 2022). Dactylonectria torresensis
associated with black root rot of strawberries has been
reported in Kyrgyzstan (Erper et al., 2020) and Chi-
na (Chen ef al., 2021; Qian et al., 2022). In the present
study, D. novozelandica was the most frequently isolated
species, producing high disease scores (Figures 4 and
6). This fungus has also been reported in China (Chen
et al., 2021) and recently from Uruguay (Vigliecca et
al., 2022), as a pathogen causing black root rot in straw-
berry. In the present study, D. macrodidyma isolated
from crowns of diseased field-grown strawberry plants
was the least virulent pathogen among the four species
assessed. Black root rot caused by this species was also
reported in the greenhouse-grown strawberry the Ker-
man province of Iran (Habibi and Ghaderi, 2020). In
the present study, plants the inoculated with D. macro-
didyma showed symptoms identical to those reported in
strawberry cultivation greenhouses in Iran.

The present study identified two isolates of I euro-
peae as causes of the black root rot in strawberry. These
two isolates were as virulent as D. novozelandica in the
pathogenicity tests (Figures 4 and 6). Ilyonectria europe-
ae was defined by the recent taxonomic revision of Cylin-
drocarpon spp. associated with black foot of vines, and
from Actinidia chinensis (in France), Aesculus hippocasta-
num (in Belgium), Phragmites australis (in Germany),
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and Vitis vinifera (in Portugal) (Cabral et al., 2012a; b).
Dactylonectria macrodidyma and I. europeae have been
reported as the main species associated with the black
foot complex of grapevines in New Zealand (Probst et
al., 2019). However, no previous report of strawberry
black root rot caused by Ilyonectria europeae has been
found in the literature.

In conclusion, the present study isolated 24 patho-
genic fungi from strawberry seedlings and diseased
plants in the field. All available evidence indicates that
Cylindrocarpon-like anamorphs, particularly D. torre-
sensis, D. novozelandica, D. macrodidyma, and L euro-
peae, are principal causes of strawberry root rot. These
pathogens caused typical root rot symptoms in inocula-
tion experiments without any other predisposing factors,
and Koch’s postulates were fulfilled for all four species.
This is the first report of I. europeae as a black root rot
pathogen of strawberry, and of D. novozelandica, D. tor-
resensis, D. macrodidyma as strawberry pathogens in
Tiirkiye. Soil solarization has been widely used by straw-
berry growers in Aydin province of Tiirkiye, because of
applicability of used polyethylene sheets covering tunnels
(Yildiz et al., 2010). Soil solarization is known to reduce
strawberry root necrosis and root infection by the pri-
mary fungal pathogens, including Cylindrocarpon spp.
(Pinkerton et al., 2002; Benlioglu et al., 2004). Certified
strawberry transplants are only approx. 24% of the certi-
fied seedlings required for total strawberry planting areas
in Tirkiye. The remaining 76% is transplants from run-
ners made by strawberry growers (Benlioglu et al., 2018).
Further investigations are required on each of these
pathogens, and on appropriate disease control strategies
including soil disinfection methods, possible revision of
certification schemes, assessment on cultivar susceptibil-
ity, and other potential disease management techniques.
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Summary. Pea seed-borne mosaic virus (PSbMV) can reach high levels of seed infec-
tion in Australian field peas, resulting in severe crop losses. Endemic, pea-derived
PSbMV strains can cause lentil seed infection under experimental conditions, but
PSbMV transmission has not been detected in grain harvested from lentil crops in
Australia. In contrast, specialised PSbMV strains that are seed-borne in lentils occur
in countries with long histories of lentil cultivation. A total of 29 PSbMYV isolates were
obtained from seeds of 11 exotic lentil accessions held at the Australian Grains Gene-
bank, and the isolates were identified as the P2 pathotype using the standard set of
pea differentials. However, testing with an additional set of lentil genotypes revealed
two distinct pathotypes, tentatively designated P2a and P2b. Screening of lentil acces-
sions previously reported to possess resistance to PSbMV or to bean yellow mosaic
virus (BYMV), as well as Australian (25) and North American (3) cultivars, identified
resistance to the P2b pathotype in several entries. In contrast, resistance to the more
virulent P2a pathotype was only detected in three germplasm accessions that were pre-
viously reported to be BYMV resistant. Incursions of lentil seed-borne PSbMV strains
pose major risks to the Australian lentil industry. Collaboration with research pro-
grammes in countries where lentil seed-borne PSbMV is present will facilitate resist-
ance screening against a possible wider range of pathotypes, and support research on
virulence genes and virus genes controlling seed transmission. As large-scale testing
with exotic virus strains is difficult to implement in Australia, development of molecu-
lar markers for resistance to the most virulent PSbMV strains is desirable.

Keywords. Lentil seed-borne PSbMV strains, BYMYV, virus resistance, pathogenicity
test, pathotypes.

INTRODUCTION

Lentil (Lens culinaris Medik.) is one of the world’s oldest domesticated
crops (Zohary, 1972) and ranks third in global cool-season food legume pro-
duction, after chickpea and field pea (FAOSTAT, 2026). Lentil cultivation
benefits farming systems through its ability to fix nitrogen, and more gener-
ally by providing grain that is rich in protein, carbohydrates, fibre, vitamins
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and minerals (Montejano-Ramirez and Valencia-Cante-
ro, 2024).

Cultivation of lentils in Australia is recent. Less than
40 years ago, lentil was considered an experimental crop
(Knights, 1987), and in 1993 the area of lentil produc-
tion was estimated to be only 980 ha (FAOSTAT, 2026).
By 2023, Australia was one of the world’s largest produc-
ers of lentils, with 1.41 million tons of grain harvested
from 0.80 million ha (FAOSTAT, 2026). This increase
was made possible as Australian broad-acre grain grow-
ers recognised the benefits of introducing a grain legume
into their rotations for soil health and fertility and was
underpinned by research programmes that developed
adapted varieties and improved agronomic practices
(Materne and Reddy, 2007). Within their short history,
the Australian lentil breeding programmes have focussed
on improved harvestability, tolerance to boron toxicity
and salinity, and resistance to Ascochyta blight and Bo-
trytis grey mould (Materne and Reddy, 2007; Thackwray
et al., 2024). However, comparatively little attention has
been given to breeding for virus resistance.

More than 30 virus species have been reported
to infect lentils. Among these, the viruses considered
most economically important internationally include
alfalfa mosaic virus (AMV, Alfamovirus), bean leafroll
virus (BLRV, Luteovirus phaseoli), bean yellow mosaic
virus (BYMV, Potyvirus phaseoluteum), beet western
yellows virus (BWYYV, Polerovirus), cucumber mosaic
virus (CMV, Cucumovirus), pea enation mosaic virus
1 (PEMV-1, Enamovirus), pea seed-borne mosaic virus
(PSbMYV, Potyvirus pisumsemenportati) and soybean
dwarf virus (SbDV, Luteovirus glycinis) (Kumari et al.,
2009). Lentils are particularly vulnerable to virus infec-
tions, as they are preferred hosts for efficient virus vec-
tors including the pea aphid (Acyrthosiphon pisum)
(Wale et al., 2000).

Seed-transmitted viruses are important, because
sowing infected seed results in infection foci through-
out crops early in growing seasons, whereas other
viruses must rely on viruliferous aphids migrating from
off-season hosts. Lentil sowing rates are also substan-
tially higher than those of larger-seeded pulses, fur-
ther increasing lentil crop vulnerability to seed-borne
viruses. PSbMV, CMV, AMV, BYMV and broad bean
stain virus (BBSV, Comovirus viciae) are reported to be
transmitted through lentil seed (Kumari et al., 2009). Of
these only BBSV is not present in Australia (Jones and
Congdon, 2024).

Limited virus survey data from Australian commer-
cial lentil crops have been published. Freeman (2014)
reported surveys conducted between 2000 and 2005 in
Australia’s main winter pulse growing regions of South
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Australia and Victoria and found that lentil crops were
more prone to virus infections than crops of faba bean,
field pea or chickpea. CMV was the most prevalent virus
detected in lentils, which was attributed to high levels of
seed infections. Similarly, limited information is avail-
able on lentil viruses in Canada and the United States
of America (USA), despite recognition of their poten-
tial importance to pulse industries in these countries
(Rashed et al., 2018). In contrast, much information has
been published over the past three decades on the pres-
ence of lentil viruses in countries with long histories of
lentil cultivation. Virus incidences determined by tis-
sue blot immunoassays on randomly collected plants
from farmer fields have been reported from nine surveys
across eight countries. In five of these surveys, PSbMV
was the most frequently identified virus (Table 1).

PSbMYV is internationally considered a major virus
in pea (Pisum sativum), largely because of its ability to
be transmitted at high rates in pea seed (Khetarpal and
Maury, 1987). In Australia, high incidences of PSbMV
in commercial field pea crops were found to be strong-
ly associated with PSbMV transmission levels in the
seed used for sowing (Latham and Jones, 2001a; Free-
man et al., 2013; Congdon et al., 2016). Minor levels of
seed transmission were found in commercial seed lots
of faba bean and chickpea (Latham and Jones, 2001b),
but there are no reports of PSbMV seed transmission
in Australian commercial lentil seed lots, and PSbMV
infection of lentil crops has only been found near pea
crops (Agriculture Victoria, 2022). Internationally,
the only reported investigation of seed transmission
of PSbMV in non-experimental lentil seed lots is from
Ethiopia, where 84 of 270 farmer-saved seed lots were
PSbMYV infected, with the greatest seed-to-plant trans-
mission rate being 16.8% (Abraham and Makkouk,
2002). Hampton (1982) detected seed-borne PSbMV in
USDA Genebank accessions originating from a range of
West Asian, North African, European and South Amer-
ican countries, indicating that PSbMV seed transmis-
sion in lentils could be widespread.

PSbMV strains isolated from lentil seed were
found to be similar to pea-derived strains in host
range, symptomatology, seed transmission capacity and
serological reaction, but were unable to infect BYMV
resistant pea varieties (Hampton, 1982; Goodell and
Hampton, 1984; Alconero et al., 1986) and therefore
considered to be a distinct pathotype. Originally coded
PSbMV-L or PSbMV-L1, the lentil pathotype was
renamed P2 to align with the existing nomenclature of
pea-derived PSbMV strains (Kasimor et al., 1997).

Resistance and virulence genes within the PSbMV
/ Pisum sativum pathosystem have been studied exten-
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Table 1. Published surveys in which incidences of lentil viruses were determined by tissue blot immunoassays (TBIA) on randomly col-

lected plants from farmer fields.

Virus incidence (%)?

Country  Year(s) Reference SuFrlsl(;Z 4 2::;: Seed-borne viruses Other ﬁz;ttlfgzgu‘irrlgz
PSbMV CMV AMV BYMV BBSV Viruses’

Syria 1991-1993 Kumari et al. (1993) 161 3,320 0.19 nt nt nt 091 nt BBSV
Tirkiye 1996 Bayaa et al. (1998) 39 7,800 0.03 nt nt 0.01 0.24 nt BBSV
Pakistan 1997 Makkouk et al. (2001) 29 2,085 16.26 1.06 0.00 0.00 0.00 0.72 PSbMV
Ethiopia 1998 Tadesse et al. (1999) 32 4,670 9.87 0.04 0.00 0.02 0.02 3.00 PSbMV
Iraq 2000 El-Muadhidi et al. (2001) 10 1,700 0.00 0.00 0.00 1.82 0.00 0.35 BYMV
Iran 2001, 2002 Makkouk et al. (2003) 34 6,080 0.61 0.00 0.16 0.05 0.66 7.81 luteo
Ethiopia 2004 Bekele et al. (2005) 11 810 1543 0.00 0.00 0.12 0.00 6.05 PSbMV
Azerbaijan 2007, 2008 Mustafayev et al. (2011) 9 1,291 1541 0.00 0.00 0.00 0.00 14.18 PSbMV
Nepal 2024 Khadka et al. (2024) 94 4,711 1212 0.53 nt nt nt nt PSbMV

ant: not tested.

b Other viruses: PEMV-1, luteo- and poleroviruses (as determined by the 5G4 monoclonal antibody), faba bean necrotic yellows virus
(FBNYV, Nanovirus necroflaviviciae), chickpea chlorotic dwarf virus (CpCDV, Mastrevirus cicerparvi).

sively. Single, recessively inherited resistance genes have
been identified in field pea that correspond to the four
known pathotypes (P1-P4). These genes include: sbml,
which confers resistance to all four PSbMV pathotypes;
sbml!, a different allele of the sbml gene, which pro-
vides resistance to the P1 and P2 pathotypes; and sbm2,
which confers resistance to the P2 and P3 pathotypes
(Johansen et al., 2001; Gao et al., 2004). Among these,
sbm?2 is strongly linked to the mo gene for BYMV resist-
ance (Provvidenti and Alconero, 1988), or possibly the
same gene with an allele of different specificity (Bruun-
Rasmussen et al., 2007).

In contrast, PSbMV resistance genes in lentils
have received far less attention. Haddad et al. (1978)
screened 568 lentil accessions from the USDA Gen-
ebank, using mechanical inoculations with a non-
pathotyped PSbMV strain that originated from pea.
Resistance was assessed based on absence of symptoms,
with symptomless plants re-inoculated and their prog-
enies tested. Of four accessions identified as immune,
one (PI 368648) was crossed with two susceptible vari-
eties, ‘Tekoa’ and ‘Precoz’, demonstrating that resist-
ance was controlled by a single recessive gene. Crosses
of PI 368648 with another of the resistant selections,
PI 212610, indicated that both selections shared the
same resistance gene, for which the code sbv was pro-
posed. Hampton (1982) compared an isolate derived
from the Greek lentil accession PI 297772 (PSbMV-L)
with a pea-derived PSbMV isolate, by inoculating len-
til accessions known to be either immune or suscep-
tible to PSbMV, and found a differential reaction to
both strains in some accessions. No follow-up has been

reported to identify more resistant germplasm or to
develop PSbMV resistant lentil varieties. Furthermore,
no studies have examined potential linkages between
potyvirus resistance genes in lentil, comparable to
those described in pea (Provvidenti and Hampton,
1991; Bruun-Rasmussen et al., 2007).

Testing seed of lentil accessions from the Austral-
ian Grains Genebank (AGG) that originated from the
USDA Genebank has identified PSbMV in several lines,
but no cross infection to neighbouring accessions dur-
ing seed increases was detected (van Leur et al., 2013a).
To date, no lentil seed-borne PSbMV infections have
been found in Australian commercial seed increases or
production fields. However, an incursion of lentil seed-
borne PSbMV strains into lentil crops could have major
impacts on the Australian lentil industry, particularly as
production expands from winter rainfall environments
into sub-tropical regions that are likely to be virus-
prone. Breeding for resistance is a cost-effective and
environmentally sustainable strategy for virus manage-
ment. To support this approach, Australian lentil breed-
ing programmes require knowledge of PSbMV resistance
in locally adapted varieties, and should have access to
sources of PSbMYV resistance.

The aim of the present study was to evaluate resist-
ance of lentil varieties and germplasm accessions to
lentil seed-derived PSbMV isolates, in order to identify
potential sources of resistance that can be exploited by
lentil breeding programmes to pre-emptively develop
germplasm combining local adaptation with effective
PSbMV resistance.
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MATERIALS AND METHODS
Virus diagnostics

Tissue blot immunoassays (TBIA) were used for all
diagnoses, as these assays provide a reliable, rapid, and
cost-effective methodology for testing large numbers
of individual plants for virus infections (Freeman et
al., 2013; van Leur et al., 2025). After blotting growing
tips of plants on nitrocellulose membranes (Schleiger &
Schuell Protran, 0.45 pm pore size), the membranes were
processed using polyclonal antibodies specific to PSbMV
(DSMZ, AS-0129) or BYMV (DSMZ, AS-0717), follow-
ing the procedures described by Kumari et al. (2022).

Germplasm tested and virus isolates used

Five lentil germplasm accessions with reported
resistance or tolerance to PSbMV (Haddad et al., 1978;
Hampton, 1982; Kumari and Makkouk, 1995), and seven
accessions with reported BYMV resistance (McKirdy et
al., 2000; Al Khalaf et al., 2009; Kanawaty et al., 2017),
were obtained from the Australian Grains Genebank
(AGG, Horsham, Victoria; Table 2). Single plant selec-
tions were made from several Genebank accessions to
minimise possible heterogeneity. The AGG also supplied
seed of additional lines that were identified during the
study as potential donors of resistance. Twenty-five Aus-
tralian lentil varieties were obtained from the National
Lentil Breeding Program (Horsham, Victoria) or com-
mercial seed merchants.

Four pea seed-derived PSbMV strains were used for
initial screening of lentil germplasm. These were: Ps11-
11/16 (P1 pathotype, isolated from a ‘Kaspa’ seed lot har-
vested at the Plant Breeding Institute in Narrabri, New
South Wales (NSW)); Ps11-13/19 (P2 pathotype, isolated
from a ‘Dundale’ seed lot harvested at the Wagga Wagga
Agricultural Institute, NSW); Ps11-16/16 (P3 pathotype,
isolated from an ‘Excell’ seed lot harvested in a farmer’s
field in southern NSW); and Ps11-10/2 (P4 pathotype,
isolated from an ‘Excell” seed lot harvested at the Wag-
ga Wagga Agricultural Institute, NSW). Isolation and
pathotyping procedures for these strains were described
in a previous study (van Leur et al., 2025).

All PSbMYV isolates obtained from lentil were first
pathotyped on a Pisum sativum differential set (van
Leur et al., 2025), consisting of genetically homogene-
ous single plant progenies from PI 193835 (sbml resist-
ance gene, resistant to all PSbMV pathotypes), PI 269774
(sbml1' gene, resistant to P1 and P2 pathotypes) and
‘Dark Skin Perfection’ or ‘Greenfeast’ (sbm2 gene, resist-
ant to P2 and P3 pathotypes). Single plant progenies of
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lentil genotypes were used for further pathotype differ-
entiation of lentil strains. A PSbMV- and BYMV-suscep-
tible lentil variety (‘PBA Jumbo2’ or ‘PBA Kelpie XT’)
was included as a susceptible control in each test. Tests
were repeated if controls were not or poorly infected.

A total of 29 lentil seed-borne PSbMV strains were
pathotyped. Fifteen strains were isolated in 2012 from
seed of AGG accessions (van Leur et al., 2013a). These
accessions were duplicates from the USDA Genebank,
and had been previously reported as PSbMV infected
(Hampton 1982; Goodell and Hampton, 1984). The
remaining 14 strains were isolated during 2018, 2024 or
2025, and originated from AGG accessions, evaluated as
part of ongoing studies to identify resistance to a range
of lentil viruses. All strains were increased on PSbMV-
susceptible Vicia faba lines, including the varieties ‘PBA
Amberley’ or ‘Fiesta’ and germplasm selections Ac1206
(originating from China) or Acl229 (from Ecuador).
PSbMYV infection in inoculated faba bean plants was con-
firmed by TBIA before leaf tissue was used as inoculum.
Virus strains were preserved by drying infected faba bean
tissue over silica gel and storing at 5-8°C in paper enve-
lopes placed inside airtight plastic boxes on silica gel.

Testing for BYMYV resistance in accessions reported
as resistant was carried out using mechanical inocula-
tions with BYMV isolates originating from northern
NSW; isolated from faba beans growing in commercial
crops (isolates By20-05 and By22-15) or from red clo-
ver (Trifolium pratense) growing in pastures (isolates
By23-01 and By23-02). The BYMV isolates from red
clover were found to be more virulent than those from
faba bean, and formed a separate phylogenetic group
in molecular analyses (Maina et al., 2025). However, all
four isolates failed to infect the pea variety ‘Greenfeast’,
which contains the single recessive mo gene conferring
resistance to BYMV (van Leur et al., 2013b).

Screening tests

For each genotype / pathotype combination one
0.33 L plastic pot was sown with six seeds. The pots
contained a commercial potting mixture, adjusted with
lime to pH 6.8-7.0, and were after sowing placed into an
aphid-proof, temperature controlled (18-24°C) green-
house. Late emerging and poorly growing seedlings
were removed 10 to 14 d after sowing, and the remain-
ing plants were then each mechanically inoculated by
rubbing a virus suspension into the first and second leaf.
Virus inoculum was prepared by homogenising 3 to 5 g
of fresh PSbMV infected young faba bean leaves with 3 g
of silicon carbide in 15 to 25 mL of cold 0.01 M sodium
phosphate buffer (pH 7.0). Plants were TBIA-tested for
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Table 2. Lentil accessions and varieties with reputed resistance to PSbMV or BYMYV, tested in the present study.

Name  AGG* ILLP PI¢ Origind Typed Virus Resistance (Reference)

. PSbMYV resistant (Haddad et al., 1978)
[LLO217 70094 217 212610 Afghanistan Landrace PSbMV-L resistant, PSbDMV susceptible (Hampton, 1982)
ILL0277 71162 277 297745 Greece Landrace PSbMV resistant (Haddad et al., 1978)

. PSbMV resistant (Haddad et al., 1978)

ILL1931 71601 1931 368648 North Macedonia Improved cv PSOMV-L resistant, PSbMV resistant (Hampton, 1982)
ILL1935¢ 71604 1935 368651 North Macedonia Improved cv. PSbMV-L resistant, PSbMV susceptible (Hampton, 1982)
Red Chief 72936 477921 USA Improved cv ~ PSbMV tolerant (Kumari and Makkouk, 1995)
ILL0083 74515 83 Afghanistan Landrace BYMYV resistant (Al Khalaf et al., 2009)
ILL0336 75305 336 298122 France Unknown BYMV resistant (Al Khalaf et al., 2009)
ILL0518 71489 518 320951 India Landrace BYMV highly resistant (Kanawaty et al., 2017)
ILL1949 71624 1949 379372 Serbia Landrace BYMYV highly resistant (Kanawaty et al., 2017)
ILL4736 75304 4736 Canada Breeding line  BYMV resistant (Al Khalaf et al., 2009)
ILL5005 5005 Spain Landrace BYMYV moderately resistant (Kanawaty ef al., 2017)
ILL7163 74059 7163 Pakistan Breeding line D MY highly resistant (McKirdy et al, 2000)

BYMV resistant (Al Khalaf et al., 2009)

2 Accession number with the Australian Grains Genebank, Horsham, Victoria, Australia (AGG).

b International Legume Lentil (ILL) accession number with the International Center for Agricultural Research in the Dry Areas (ICARDA).
¢ Plant Introduction (PI) accession number with the United States Department of Agriculture’s Agricultural Research Service (USDA-ARS).
4 Origin and Type, according to GENESYS (Accessed January 15, 2026, from https://www.genesys-pgr.org/).

¢PI 368651 is heterogeneous for PSbMV-L resistance (Hampton, 1982).

virus presence 3 weeks after the inoculations. Infection
percentages were calculated based on the numbers of
inoculated seedlings.

BYMV inoculation procedures were the same as
those described above.

Seed transmission trial

Seed transmission in mechanically inoculated lentil
varieties was assessed in 2018 (five varieties) and 2019
(two of the five varieties tested in 2018), using virus
strains isolated from lentil seed (three in 2018 and two
in 2019) or pea seed (four in 2018 and three in 2019).
Eight seeds per variety were sown into 4 L capacity pots,
using the potting mixture and greenhouse conditions
described above. One pot for every strain / variety com-
bination was used in 2018. Because of poor seed yields in
2018, the number of varieties was reduced in 2019, when
two pots per strain / variety combination were sown.

All emerged seedlings were inoculated at the 2-3
leaf development stage. Virus presence was assessed
2-3 weeks later, and four infected plants per pot were
retained and grown to maturity. Seed harvested from
these plants was grown in trays in the greenhouse, and
emerged seedlings were individually TBIA-tested for
presence of PSbMV. Seed-to-plant transmission percent-
ages were calculated based on the number of emerged
seedlings.

RESULTS AND DISCUSSION

Strain differentiation among lentil seed-derived PSbMV
isolates

All lentil seed-derived PSbMV strains were unable
to infect the sbml, sbml! and sbm?2 pea differential lines,
and were therefore classified as pathotype P2. However,
initial testing of lentil seed-derived strains on ILL0277,
a germplasm accession previously reported as resistant
to a pea-derived PSbMV strain (Haddad et al., 1978),
revealed variations, even when a single-seed progeny
of this accession was used. ILL0277 was resistant to all
pea seed-derived PSbMYV strains, but lentil seed-derived
strains segregated into two distinct groups. These were
tentatively classified as separate pathotypes: P2a, com-
prising strains able to infect ILL0277, and P2b, compris-
ing strains unable to infect ILL0277.

Strain isolations from lentil seed in 2012 identi-
fied the more virulent P2a pathotype in two accessions
originating from Chile, AGG71307 (PI 299222) and
AGG71315 (PI 299233). Isolates from the Iranian acces-
sion AGG72306 (PI 432218) were mixed, with three
strains pathotyped as P2a and one as P2b, whereas all
four strains isolated from the Greek accession AGG71189
(PI 297772) were pathotyped as P2b (Table 3). Hamp-
ton (1982) previously isolated a PSbMV strain from PI
297772 seed (PSbMV-L), and showed a unique virulence
pattern for this strain across a range of lentil germplasm.
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Between 2018 to 2025, more than 500 lentil acces-
sions were received from the AGG to be evaluated for
resistance to a range of viruses of importance to the
Australian lentil industry. Of these, 58 accessions were
selected for seed testing based on PSbMV susceptibil-
ity and geographic origin, of which seven showed seed
infections. Seven P2a pathotype strains were isolated
from accessions collected in Ethiopia and Greece, and
seven P2b strains were isolated from two accessions
originating from Nepal (Table 3).

The germplasm accessions used for isolations have
undergone multiple regeneration cycles since collection,
and may have been exposed to infections originating
from diverse sources. Consequently, the pathogenicity of
the isolates does not necessarily reflect the PSb MV pop-
ulation present in the respective countries of origin.

PSbMV strain-specific resistance in lentil germplasm and
breeding lines

None of the five accessions previously reported as
PSbMYV resistant showed resistance to the P2a strain; how-
ever, ILL1931, ILL1935 and ‘Red Chief” reacted similarly to
ILL0277, with resistance to the P2b strain (Table 4).

Testing of seven lentil lines with reputed BYMV
resistance yielded three lines (ILL0083, ILL0518 and
ILL1949) with resistance to both lentil seed-derived
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PSbMV pathotypes (P2a and P2b) and two lines (ILL0336
and ILL4736) that were resistant to P2b, but susceptible to
P2a, exhibiting a resistance pattern similar to ILL0277.

Lentil genotype resistant to P2a and P2b, as well as
those resistant only to P2b, also showed complete immu-
nity to the four pea seed-derived pathotypes, P1, P2, P3
and P4 (Table 4).

Twenty-five Australian lentil varieties were tested
with pea seed-derived PSbMV strains. The varieties
‘Aldinga’, ‘Boomer’, ‘Commando’, ‘Nipper’, ‘Northfield’,
‘Nugget’, ‘PBA Blitz’, ‘PBA Flash’, ‘PBA Giant’, ‘PBA
Greenfield’, ‘PBA Jumbo’, ‘PBA Jumbo2’, ‘PBA Kelpie
XT’, ‘GIA Leader’, ‘GIA Metro’, and ‘GIA Sire’ reacted
as susceptible. In contrast, ‘PBA Ace’, ‘PBA Bolt’, ‘PBA
Hallmark XT°, ‘PBA Herald’ and ‘ALB Terrier’ all showed
complete resistance. ‘PBA Highland XT’, ‘PBA Hurricane
XT’, ‘GIA Lightning’ and ‘GIA Thunder’ gave heteroge-
nous reactions, with up to 25% susceptible plants. Het-
erogenous resistance reactions were expected, because
all tested varieties were developed prior to commence-
ment of the National Lentil Breeding Program deliber-
ate selection for resistance to endemic (pea seed-derived)
PSbMYV strains in 2022. The varieties resistant to the pea
seed-derived virus strains were also tested with the lentil
seed-derived P2a and P2b strains. All were resistant to
the P2b strain, but all were susceptible to P2a.

Improving resistance to Ascochyta blight (caused
by Ascochyta lentis) has been a high priority for the

Table 3. Pathotyped PSbMYV strains isolated from lentil seed accessions kept at the Australian Grains Genebank.

Lentil accession

PSbMYV strain codes

.. Isolation
Origin Y

AGG*  ILL® PI¢ car Pathotype P2a Pathotype P2b

. PsL12-11/1; PsL12-11/2; PsL12-11/3;
71307 299222  Chile 2012 PeL12-11/4
71315 404 299233  Chile 2012 PsL12-6/1; PsL12-6/3; PsL12-6/5
21189 304 297772 Greece 012 2’%12—5/1; PsL12-5/3; PsL12-5/5; PsL12-
72306 432218 Iran 2012 PsL12-8/2; PsL12-8/3; PsL12-8/4 PsL12-8/1
70465 4895 Ethiopia 2018 PsL18-13/1
70527 5912 Ethiopia 2018 PsL18-14/14
73624 Greece 2024 PsL24-1/1; PsL24-1/2; PsL24-1/3

PsL24-2/1; PsL24-2/2; PsL24-2/3; PsL24-

74312 7857 Nepal 2024 2/4; PsL24-2/5; PsL24-2/6
74314 7859 Nepal 2024 PsL24-3/1
73612 Greece 2025 PsL25-1/1
73614 Greece 2025 PsL25-2/1

2 Accession number with the Australian Grains Genebank, Horsham, Victoria (AGG).

b International Legume Lentil (ILL) accession number with the International Center for Agricultural Research in the Dry Areas (ICARDA).
¢Plant Introduction (PI) accession number with the United States Department of Agriculture’s Agricultural Research Service (USDA-ARS).

dPsL18-14/1 showed inconsistent reactions in eight pathogenicity tests, with six tests showing P2a reactions, and two tests showing P2b

reactions.
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Table 4. PSbMV and BYMV resistance? of selected® lentil accessions and varieties.

PSbMYV pathotype BYMV strain
Accession Origin RePorted -
name resistance P2a P2b P1 P2 P3 P4 Moderate  High*
virulence  virulence
ILL0217 ¢ Afghanistan PSbMV S S S nt nt S S S
1LL02774 Greece PSbMV S R R R R R MR MR
ILL1931 North Macedonia PSbMV S R R R R R S S
ILL1935 North Macedonia PSbMV S R R nt nt R R MR
Red Chief USA PSbMV S R R nt nt R S S
1LL00834 Afghanistan BYMV R R R R R R MR S
1LL03364 France BYMV S R R R R R S S
ILL0518¢ India BYMV R R R nt nt R R MR
ILL19494 Serbia BYMV R R R nt nt R R MR
ILL47364 Canada BYMV S R R R R R MR S
ILL5005 4 Spain BYMV S S S nt nt S MR S
ILL7163¢ Pakistan BYMV S S S nt nt S S S

aR: complete resistance, MR: low infection (<20% plants tested positive), S: susceptible, nt: not tested.

® Origin and background provided in Table 2.

¢BYMV moderate virulence; By20-05 and By22-15 isolated from faba bean, BYMV high virulence; By23-0land By23-02 isolated from red

clover (Maina et al., 2025).

4 Genetically homogeneous single plant progenies used for pathogenicity tests.
¢ Two sources of ILL7163 were tested; (1) Australian Grains Genebank, (2) imported from the International Center of Agricultural

Research. Both showed a similar reaction.

Australian lentil breeding programme, and the Canadian
variety ‘Indianhead” was used as a main donor for this
resistance (Thackwray et al., 2024). ‘Indianhead’ (PI
320952, AGG 70793) is a black-seeded lentil intended
for use as a green manure crop (Slinkard, 1988) and
was selected at the University of Saskatchewan, Canada,
from a germplasm accession originating from former
Czechoslovakia (https://www.genesys-pgr.org/). In the
present study, ‘Indianhead’ reacted similarly to ILL0277;
resistant to the pea seed-derived pathotypes P1 to P4 and
the lentil seed-derived pathotype P2b, but susceptible
to pathotype P2a, and could be an unintentional donor
of the strain-specific PSbMV resistance found in the
limited number of Australian cultivars. ‘Indianhead’ has
also been used as a donor of Ascochyta blight resistance
in the lentil breeding programmes in Canada and the
USA (Thackwray et al., 2024). The Canadian breeding
line ILL4736 (University of Saskatchewan breeding code
G-118), reportedly resistant to BYMV, showed a PSbMV
reaction similar to ILL0277 (Table 4), although pedigree
information for ILL4736 is not publicly available. The
reportedly PSbMV tolerant variety ‘Red Chief” also
reacted like ILL0277 (Table 4). ‘Red Chief’ was selected
at Washington State University from a cross between PI
181886 and PI 329171 (Wilson and Muehlbauer, 1983).
In the present study, PI 181886 (AGG 71068, originating
from Syria) was PSbMV-susceptible and PI 329171 (AGG

71505, originating from Iran), was heterogeneous for
PSbMYV resistance.

No recent information on PSbMV resistance in
North American lentil cultivars is available, but the
results from ‘Indianhead’, ‘Red Chief” and ILL4736 indi-
cate that resistance to the pea strains and the P2b lentil
strain is present within the Canadian and USA breeding
programmes.

BYMYV resistance in lentil germplasm

Several accessions showed moderate resistant reac-
tions, expressed as less than 20% of plants infected
by BYMV, even after repeated tests on homogenous
genotypes derived from single seed progenies. No host
accession displayed complete resistance to all four of
the BYMV isolates. However, two accessions previously
reported as highly resistant to Syrian BYMV isolates,
ILL0518 and ILL1949 (Kanawaty et al., 2017), were only
infected by highly virulent isolates derived from red clo-
ver. The previously reported high virulence on faba bean
of these isolates (Maina et al., 2025) was confirmed on
lentils in the present study. The susceptibility of acces-
sions previously reported to be highly BYMV resistant
such as ILL7163 (McKirdy et al., 2000), indicates signifi-
cant regional differences in pathogen virulence.
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Table 5. Seed to plant transmission rates (%) of five PSbMV susceptible lentil varieties after mechanical inoculations with pea seed- and

lentil seed-derived PSbMYV strains in greenhouse trials.

Seed to plant transmission rates (%)

PSbMV strain Isolated from Pathotype PBA Flash PBA Jumbo2 PBA Blitz Boomer Nipper
2018 2019 2018 2019 2018 2018 2018
PsL12-11/1 Lentil P2a 17.5 nt* 0.0 nt 2.9 2.5 52
PsL12-6/5 Lentil P2a 15.8 28.1 16.7 20.2 14.3 10.5 19.8
PsL12-5/3 Lentil P2b 0.0 nt 0.0 nt 7.0 0.0 2.1
PsL12-8/1 Lentil P2b nt 213 nt 22.0 nt nt nt
Ps11-11/16 Pea P1 7.9 4.3 0.0 2.2 6.5 0.0 2.2
Ps11-13/19 Pea P2 0.0 nt 0.0 nt nt 0.0 0.0
Ps11-16/16 Pea P3 0.0 0.0 0.0 0.0 nh® 0.0 2.0
Ps11-10/2 Pea P4 13.5 1.0 0.0 0.0 10.4 0.0 6.7

ant: not tested.
b nh: not harvested.

While the single recessive gene (mo) within the
Pisum sativum gene pool provides complete immunity
to all BYMYV isolates regardless of origin or virulence, no
comparable gene was identified in lentil (Lens vulgaris)
in this study.

PSbMYV seed transmission in lentils under greenhouse con-
ditions

Mechanical inoculations of PSbMV onto lentil varie-
ties, grown in pots under greenhouse conditions, result-
ed in severe growth reductions, irrespective of virus iso-
late origin (from lentil or pea seed) or pathotype. Seed
yields from the greenhouse-grown plants were very low
compared with field-grown plants, and seed transmis-
sion tests were therefore conducted on only 40 to 100
harvested seeds per strain/variety combination. Seed
transmission results were highly variable, but the only
strain that failed to be seed transmitted in any of the
tested lentil varieties was the pea seed-derived strain
Ps11-13/19 (P2 pathotype). The lentil seed-derived strain
PsL12-6/5 (P2a pathotype) showed the greatest level of
seed transmission in both years (Table 5). Because of the
limited number of seeds tested, these are only indicative
results. However, they confirm earlier results showing
that pea-derived PSbMV strains can be seed transmitted
in lentils under experimental conditions (Hampton and
Muehlbauer, 1977; Coutts et al., 2008).

CONCLUSIONS

The results of this study demonstrate that the
PSbMV/Lens culinaris pathosystem is distinct from the

well-characterised PSbMV/Pisum sativum pathosystem.
When PSbMV strains isolated from lentil seed held at the
Australian Grains Genebank were tested on a standard
pea differential set, all were classified as pathotype
P2. However, testing these strains on lentil germplasm
accessions with reported PSbMV resistance revealed
two distinct pathotypes, tentatively designated P2a and
P2b. Lentil genotypes resistant to the P2a pathotype
were also resistant to the P2b, whereas the reverse was
not observed. Lentil genotypes resistant to either P2a or
P2b were also resistant to all pea seed-derived PSbMV
pathotypes (pathotypes P1, P2, P3 and P4).

Several recently developed Australian lentil varieties
were resistant to the P2b pathotype and to pea-derived
pathotypes. Australian lentil breeding programmes
share research sites with pea breeding programmes,
and high PSbMYV infection levels are common in Aus-
tralian pea crops, particularly at research stations (van
Leur et al., 2025). Symptoms of PSbMV in field peas can
be difficult to identify under field conditions (Khetar-
pal and Maury, 1987). However, in lentils, PSbMV can
have severe effects, irrespective of whether the infecting
strain originated from pea or lentil seed. It is therefore
possible that Australian lentil breeders have inadvert-
ently selected for resistance to the PSbMV pea strains
present in their trial fields.

The strong linkage between BYMV resistance and
resistance to PSbMV pathotype P2 in field pea (Provvi-
denti and Alconero, 1988) prompted the present inves-
tigation of a possible similar relationship within the
PSbMV / Lens vulgaris pathosystem. Testing lentil lines
reported as BYMYV resistant did not identify a gene con-
ferring complete immunity to all the tested BYMYV iso-
lates, comparable to the mo gene in field pea. However,
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the most BYMV resistant lentil accessions (ILL0518 and
ILL1949) were immune to all PSbMV pathotypes. Fur-
ther investigations of resistance in lentils to different
potyviruses would therefore be valuable.

More than 40 years ago, Goodell and Hampton
(1984) warned of the risk that lentil seed-borne PSbMV
strains could escape from genebanks into commercial
lentil fields. Nearly three decades later, van Leur et al.
(2013a) raised the same concern for the emerging Aus-
tralian lentil industry. Since then, lentil production in
the ‘new’ lentil producing countries — Canada, the USA,
and Australia - has expanded substantially, reaching a
combined area of more than 2.5 million ha in 2023, rep-
resenting about half of the global lentil area (FAOSTAT,
2026). Despite this growth, and the widespread presence
of PSbMV in pea crops, PSbMV seed transmission has
not yet been reported in commercial lentil crops in these
countries. The absence of specialised lentil seed-borne
strains is the most likely explanation for this discrepancy.

In the present study, all lentil seed-derived PSbMV
strains were classified as the P2 pathotype, but the P2
pathotype is not unique to lentils. Alconero and Hoch
(1989) pathotyped 189 PSbMV strains isolated from
seeds of a wide range of pea germplasm introductions
held at the USDA Genebank, and identified 14 isolates
reacting as the P2 pathotype using two pea lines
capable of differentiating the four PSbMV pathotypes.
In addition, a pea seed-derived P2 pathotype strain has
previously been identified in Australia (van Leur et al.,
2025). Pathotyping of PSbMYV isolates using standardised,
homogenous pea and lentil genotypes is essential
for pea and lentil breeding programmes to identify
effective and durable resistance genes. However, single
gene virulences in pathogen populations are unlikely
to explain complex traits including seed transmission,
which are probably controlled by multiple virus genes
(Wang and Maule, 1994; Simmons and Munkvold, 2014).
To fully understand the uniqueness of lentil seed-borne
PSbMYV strains, collaboration with research programmes
in countries where these strains are endemic is needed,
and should include pathotyping as well as studies of seed
transmission and host resistance of local germplasm.
Ademe et al. (2025) examined eight PSbMV strains
isolated from lentils grown in farmer fields or research
stations in different regions of Ethiopia. Although the
strains were isolated from plants, it is likely that they
were lentil seed-borne. Phylogenetic analysis showed that
six isolates clustered with the published lentil seed-borne
PSbMV-L1 strain (GenBank accession code: AJ252242),
and were distinct from pea seed-borne strains. However,
no pathotyping was undertaken by Ademe et al. (2025).
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Strict quarantine regulations have undoubtedly
played important roles in preventing introduction of
lentil seed-borne strains into Australian lentil fields
(Maina and Jones, 2023). However, rapidly expanding
lentil cultivation, together with increasing international
travel and trade, make incursions of lentil seed-borne
strains very likely. Pre-emptive breeding is required,
using parental material with resistance to the most vir-
ulent lentil seed-borne virus strains, but requires better
understanding of the inheritance of PSbMV resistance
in lentils. The only published study on PSbMV inherit-
ance used a non-pathotyped PSbMV strain originating
from field pea and identified a single recessive gene (sbv)
in both PI 368648 and PI 212610 (Haddad et al., 1978).
In the present study, PI 368648 (ILL1931) was resistant
to the P2b pathotype, but susceptible to the P2a patho-
type, and PI 212610 (ILL0217) was found to be suscep-
tible to PSbMV. Hampton (1982) found that PI 212610
was resistant to the lentil seed-borne strain PSbMV-L,
but was susceptible to the pea seed-borne strain. This is
contrary to the present study, where lentil lines resistant
to a lentil seed-borne strain (either P2a or P2b) were also
resistant to all pea seed-borne strains. This discrepancy
likely reflects heterogeneity within the germplasm acces-
sions, common in genebank material, and the single-
plant progeny tested was not representative of the origi-
nal accession.

Although the present study has demonstrated sub-
stantial differences in PSbMV virulence and resistance
patterns between the field pea and lentil pathosystems,
lentil germplasm accessions were identified with com-
plete immunity to infections, similar to those observed
in field pea. Detailed studies on PSbMV in field pea have
revealed different alleles of resistance genes each react-
ing with specific pathotypes. Similar studies for PSbMV
in lentils could facilitate the development of pathotype-
specific resistance markers, like those developed for
field pea (Swisher Grimm and Porter, 2020). Austral-
ian breeding programmes would be greatly assisted by
molecular markers capable of identifying resistance to
specific PSbMV pathotypes, as large-scale resistance
screening using exotic virus strains is both risky and dif-
ficult to implement.
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Summary. Knowledge of the ecology of biological control agents (BCAs), previously
reported to be effective against the citrus vascular pathogen Plenodomus tracheiphilus,
is required to improve scheduling of BCA field applications. Culture-dependent meth-
ods (dilution plate and direct plating) and culture-independent qPCR assays were used
to determine survival of Bacillus amyloliquefaciens QST 713 and Trichoderma asperel-
lum ICC 012 + T. gamsii ICC 080 on citrus stem and leaf tissues following foliar appli-
cations, and root endospheres and rhizospheres following root drenches with these
Trichoderma BCAs. Viable population levels of B. amyloliquefaciens did not change
over time on treated stems, whereas these decreased in leaf samples after 14 d. The
gPCR assay detected B. amyloliquefaciens in all collected samples, with no temporal
changes in population levels. Although the qPCR assay detected T. asperellum and T.
gamsii in leaf and stem tissues, these fungi were isolated only from stem tissues, with
increased isolations at 21 d post treatment compared with 7 d. Neither qPCR nor cul-
turing detected Trichoderma species in citrus vascular root tissues. However, gQPCR
and culturing detected these fungi in host rhizospheres at 7, 14 and 21 d post inocula-
tion, confirming their rhizosphere competence. This study has provided insights into
colonization and survival within citrus plants of B. amyloliquefaciens and T. asperellum
+ T. gamsii contained in commercial biocontrol products. These indicate that integrat-
ing qPCR and culture-dependent approaches is important for detecting and quanti-
fying these BCAs. The endophytic lifestyle of B. amyloliquefaciens and T. asperellum
+ T. gamsii makes them likely to provide long-term biological control. These results
also indicate that the selected Bacillus and Trichoderma agents could spread and colo-
nize citrus tissues over extended periods, and especially after host pruning or damage,
which could promote plant colonization and protection from pathogens.

Keywords. BCA, citrus, endophytic colonization, monitoring, qPCR.

INTRODUCTION

Citrus types are among the most economically important fruit crops,
appreciated by consumers for the high amounts they contain of health-pro-
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moting nutrients and bioactive compounds, such as flavo-
noids, phenolic acids, vitamins, carotenoids, pectins, and
fatty acids (Liu et al, 2022). Citrus cultivation is distrib-
uted in tropical, subtropical and Mediterranean climatic
regions, expanded from East Asia to all continents on
a total of 12.7 million ha (FAOSTAT, 2024; Istat, 2024).
Italy is the second-largest producer of oranges and the
third-largest producer of lemons, reaching production of
nearly 3.1 million tons (FAOSTAT, 2024; Istat, 2024).
Several abiotic and biotic factors affect citrus pro-
duction (Timmer et al, 2000). Several Ascomycete
fungi, which infect wood through natural openings or
pruning wounds and colonize host vascular tissues, are
involved in twig, branch, and trunk diseases of citrus.
Wind, hail and frost damage, sunscald, overhead irriga-
tion, and mechanical injuries can facilitate citrus infec-
tions by fungi (Fawcett 1936; Aiello et al., 2023; Leon-
ardi et al., 2023a). Plenodomus tracheiphilus (syn. Phoma
tracheiphila), the causal agent of Mal secco disease, is
considered to be the major destructive fungal disease,
causing twig and branch wilt and dieback, with serious
economic impacts on citrus industry of the Mediter-
ranean and Black Sea regions (Catara and Cutuli, 1972;
Solel and Salerno, 2000). Colletotrichum spp. are gener-
ally recognized as important pathogens in all cultivated
Rutaceae, causing stem-end rots, and twig and branch
dieback (Timmer et al., 2000; Mayorquin et al., 2019;
Leonardi ef al, 2023a). Species in Botryosphaeriaceae
and Diaporthaceae have also been reported to cause can-
kers, gummosis, blight and dieback in different citrus-
producing countries (Polizzi et al., 2009; Huang et al.,
2013; Guarnaccia and Crous, 2017; Gusella et al., 2025),
as well as other fungal genera including Fusarium, Neo-
cosmospora, Peroneutypa, and Phaeoacremonium (Tim-
mer 2000; Mayorquin et al., 2016; Sandoval-Denis et al.,
2018; Espargham et al., 2020; Gusella et al., 2025).
Management of fungal pathogens affecting the vas-
cular systems and woody tissues of plants is difficult,
because no effective treatments can protect hosts once
pathogens have colonized internal host tissues. Manage-
ment relies on application of fungicides or on agronomic
practices (e.g., sanitation), when varietal resistance can-
not be achieved (EFSA PHL, 2014; 2023; Vitale et al,
2021). Frequent use of chemical fungicides in agricul-
ture has raised concerns about phytotoxicity, develop-
ment of resistant pathogen strains, soil accumulation,
and negative effects on environments and human health
(European Chemicals Agency, 2018; Piel et al., 2019; Tri-
antafyllidis et al, 2020; Dao et al., 2021; Burandt et al,
2024). Based on scientific assessments of chemical tox-
icity, the European Union (EU) has approved laws that
result in banning or restriction of their use by imposing
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decreased maximum residue limits (MRLs) (Clark et al.,
2002; EFSA 2020; European Commission, 2020). Some
chemicals, such as copper compounds authorized for
the control of Alternaria spp., Colletotrichum spp., and
P. tracheiphilus, have been classified by the EU as can-
didates for substitution (European Commission, 2018),
with the aim of finding alternative substances that are
environmentally friendly and cost-effective.

Biological control of plant diseases using endophyt-
ic microorganisms able to colonize the same ecological
niches as pathogens, and that have antagonist activity,
have been widely investigated. Among biological control
agents (BCAs), bacteria and fungi that are used to man-
age plant diseases are reported as rapid colonizers of
phyllospheres, endospheres or rhizosphere (Kalai-Grami
et al., 2014a, 2014b; Dimaria et al., 2023; Giordano et al,
2023; Nascimento ef al., 2023; Tan et al., 2025).

Bacillus and Trichoderma spp. have been widely
studied for abilities to control citrus plant pathogens,
through different biocontrol mechanisms (Weideman
and Wehner, 1993; Agostini et al., 2003; Kalai-Grami et
al., 2014a, 2014b; Kupper et al., 2011, 2019; Chen et al.,
2020; Ferreira et al., 2020; Kalimutu et al., 2020; Ezrari
et al.,, 2021; Silvia, 2021; Aiello et al., 2022; Calcagnile
et al, 2022; Khuong et al., 2023; Leonardi et al., 2023b;
Phal et al, 2023; Lombardo et al, 2024; Zhou et al,
2024). Activity of these microorganisms is linked to pro-
duction of biodegradable biological molecules that can
inhibit pathogen growth, induce systemic resistance,
and/or compete with pathogens for nutrient resources
(Lugtenberg and Kamilova, 2009; Ezrari et al., 2021).

Trichoderma and Bacillus are part of the microbio-
ta of healthy plant tissues, without causing disease but
assisting host plants to defend against biotic and abiot-
ic stresses (Chen et al., 2020; Fontana et al., 2021). For
these reasons, several Trichoderma and Bacillus species
have been identified as potential biocontrol agents, and
some have been developed as biocontrol agents in com-
mercial formulations. Among these, Serenade®Aso, con-
taining Bacillus amyloliquefaciens strain QST 713 (for-
merly B. subtilis), and Remedier®, containing T. asperel-
lum isolate ICC 012 and T. gamsii isolate ICC 080, are
currently registered in Italy (Ministero della Salute,
2025). Recent studies have demonstrated the efficacy
of these agents for controlling symptoms of leaf vein
chlorosis caused by P. tracheiphilus on Volkamer lemon
plants in controlled growth conditions (Aiello et al.,
2022; Leonardi et al., 2023b; Leonardi et al., 2026).

Because of increased interest in the use of BCAs in
integrated management of citrus diseases, knowledge
on their colonization and survival within plant systems
is important for achievement of disease control, and for
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scheduling BCA applications (Torsvik and @vreas, 2002;
Timofeeva et al., 2023). Some Trichoderma and Bacillus
species inhabit soil and plants, with ability to colonize
rhizospheres and endospheres of several crop plants (Bae
et al., 2009; Labiadh et al, 2021; Tseng et al., 2020; Wang
et al., 2021). However, few investigations have assessed
endophytic colonization ability of Bacillus amyloliquefa-
ciens in citrus plants, and these have only used culture-
dependent methods (Kalai-Grami et al., 2014a; Aiello et
al., 2022). Although time-consuming for field monitoring,
culture-dependent methods have been the most widely
used for quantifying BCA population levels. Alternative
culture-independent methods, including quantitative pol-
ymerase chain reactions (GQPCRs), have been proposed for
more sophisticated detection and quantification of Bacil-
lus spp. and Trichoderma spp. selected as plant pathogen
BCAs (Rubio et al., 2005; Savazzini et al., 2008; Johans-
son et al.,, 2014; Mendis et al.,, 2018; Stummer et al., 2020;
Xie et al., 2020; Li et al., 2021; Su et al, 2024). qPCR
assays have been validated on grapevine bunches, wood
and soil for quantification of Bacillus and Trichoderma
(Rotolo et al., 2016; Gerin et al.,, 2018).

The aim of the present study was to accurate-
ly detect and quantify, over time, the levels of B.
amyloliquefaciens QST 713 and T. asperellum ICC 012 +
T. gamsii ICC 080 within the vascular tissues of lemon
seedlings, after application of these two formulations
under controlled growth conditions, using culture-
dependent and molecular methods.

MATERIALS AND METHODS
Plant material and growth conditions

Ten-month-old seedlings of Volkamer lemon (Cit-
rus volkameriana) were previously grown in a nursery
greenhouse in Catania province (Eastern Sicily, Italy),
and were maintained in plastic trays (850 mm? and 900
mm deep). The plants were obtained by sowing healthy
seeds on a commercial substrate (90% blond peat +
10% perlite) to which had been added an organic ferti-
lizer (35-40% KNOs, 0.3-1% CuSO,5H,0, 0.1-0.2%
BH;03, 0.1-0.2% ZnSO,) at 1 kg m~), and a micronutri-
ent fertilizer (15% Fe, 2.5% Mn, 0.20% B, 1% Cu, 1% Zn,
0.04% Mo) at 300 g m>. Two weeks before experiments
were carried out, the seedling trays were transferred to a
growth chamber at the Department of Agriculture, Food
and Environment, University of Catania, which was
maintained at 25°C, 80% relative humidity (RH), and
with a daily cycle of 16 h light and 8 h darkness.
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BCA selection and preparation

To assess the endophytic colonization ability of the
BCAs on citrus plants, the commercial BCA formula-
tions Serenade® Aso, containing B. amyloliquefaciens
(formerly B. subtilis) isolate QST 713 at 1.05 x 10"
CFU L (Bayer CropScience) and Remedier®, contain-
ing T. asperellum isolate ICC 012 + T. gamsii isolate ICC
080 at 3 x 107 CFU g'! (Gowan Crop Protection), were
selected from BCAs that had previously been shown to
minimize symptoms caused by P. tracheiphilus (Aiel-
lo et al, 2022; Leonardi et al., 2023b; Leonardi et al.,
2026). Before commencing applications to the plants,
the viability of the BCAs was confirmed by plating the
respective product suspensions on Potato Dextrose Agar
(PDA) (Lickson).

Foliage and root applications

Colonization ability of B. amyloliquefaciens into C.
volkameriana plants was assessed on leaves and stems
(from foliar applications), whereas Trichoderma spp.
colonization was assessed on leaves and stems (foliar
applications), into root endospheres and into soil rhizo-
spheres (root applications). Each of these was considered
as a distinct experimental treatment, since effectiveness
had been previously confirmed through root drench
applications (Leonardi et al., 2026). Prior to the foliar
BCA applications, wounds were made by pruning plant
stem tips to 5 cm length to favour microbial colonization
of the vascular systems.

Both commercial products were prepared according
to the label rates (167 g hL! for the Trichoderma-based
product, and 533 mL hL" for the Bacillus-based prod-
uct). Inoculations were carried out by spraying 300 mL
of each formulation (100 mL per replicate) onto all plant
canopy with a manual sprayer. For the foliar treatments,
inoculation controls consisted of seedlings pruned
and then sprayed with sterile deionized water (SDW).
Root applications each consisted of a 30 mL drench of
the commercial products at the rates described above.
Experimental control treatments were with 30 mL of
SDW. The foliar-treated plants were then allowed to dry
for around 4 h, and all plants were then transferred into
a growth chamber maintained at 25 + 1°C, 80% relative
humidity (RH), with a photoperiod of 16 h light and 8
h darkness. A total of 45 seedlings were used for each
treatment (foliar or root), with three replicates per treat-
ment, each including 15 seedlings.
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Leaf and stem collections

To evaluate development of Bacillus or Tricho-
derma within the inoculated tissues after treatments,
three post-treatment collection were made at 7, 14, and
21 d after treatments. At each collection, 15 seedlings
(five per replicate) were randomly selected for analyses.
From each plant, a 5 cm stem section from the artificial
wound was collected, together with three leaves from the
same stem portion, so each seedling was divided into
stem and leaf tissue. The samples were washed under
tap water and surface sterilized using the protocols of
Mushtaq et al. (2019) for endophyte isolation from citrus
leaf vascular tissues, and Araujo et al. (2002) for isola-
tion from stems, with some modifications. Leaf samples
were sterilized in 1% sodium hypochlorite solutions for
5 min, followed by three washes in SDW. Stem sam-
ples were sterilized in 70% ethanol for 5 min, sodium
hypochlorite solution (2.5% available CI") for 5 min, and
70% ethanol for 30 s, followed by two washes in SDW.
To confirm that leaf and stem samples were disinfested
of contaminants, aliquots of the sterile distilled water
used in each final rinse were plated on PDA, and the
plates were examined for microbial growth after incuba-
tion at 25 + 1°C for 3 to 5 d. After thorough drying, the
leaves and stems (after aseptic bark removal), were cut
longitudinally. Half of the leaf and stem tissues was then
processed for culture-dependent analysis, and the other
half for qPCR analysis.

Rhizosphere and root collections

Collection of rhizosphere samples was carried out
as described by Xu ef al. (2022), with modifications. Fine
roots (approx. 1 mm diam.) were collected from each
plant to a depth of 5-6 cm, and were gently shaken to
remove soil not tightly attached to the roots. Adherent
soil surrounding the roots was then carefully scraped off
with a hairbrush, and collected to obtain 2 g per repli-
cate (each of five plants). One g of rhizosphere soil was
immediately stored at -80°C for DNA extraction. The
fine roots were used to determine populations of Tricho-
derma in the endospheres.

Culture-dependent detection of Bacillus from leaf and
stem tissues

A total of 1 g of each leaf or stem tissue sample was
homogenized by mortar and pestle in 5 mL of sterile-fil-
tered phosphate-buffered saline (PBS 1X; Thermo Scien-
tific), and serial dilutions (10! to 10"*) from each sample
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were plated onto PDA plates. A total of nine plates per
replicate were used, with three replicates per time after
inoculation. The plates were incubated at 25 + 1°C for
48 h, and developed bacterial colonies were then subcul-
tured onto Nutrient Agar (NA) and identified based on
colony morphology. Bacterial population densities were
estimated by counting the colonies, and were expressed
as colony-forming units (CFU) per g of sample fresh
weight determined from numbers of CFU mL" of sam-
ple plated, and the dilution factors.

Colonies morphologically identified as Bacillus were
molecularly characterized. Their DNA was extracted
and sent to Macrogen Inc. (Seoul, Republic of Korea)
for PCR and sequencing. The 16S rDNA was amplified
using the primers 27F/1492R (Somerville et al., 2020),
and the gyrA gene regions were amplified using primers
42£/1066r (Chun and Bae 2000). The DNA sequences
generated were assembled with Lasergene SeqMan Pro
(DNASTAR), deposited in GenBank (https://www.ncbi.
nlm.nih.gov/), and compared with the NCBI GenBank
nucleotide database using the standard nucleotide Basic
Local Alignment Search Tool (BLAST) (https://blast.
ncbi.nlm.nih.gov/Blast.cgi).

Culture-dependent detection of Trichoderma from leaf
and stem tissues

For fungal isolations, leaf and stem samples were
surface sterilized and processed using the methods
described above for Bacillus-treated plants. Although
PDA was used under the same conditions to allow simul-
taneous recovery of fungi and bacteria, to ensure accu-
rate detection and quantification of Trichoderma and to
allow for rapid growth of these fungi, isolations from
plant samples treated with Trichoderma were also car-
ried out on Rose Bengal-chloramphenicol agar (RBA;
Biolife), a selective medium for these fungi (Qiao et al.,
2018; Zanfano et al., 2024).

In addition to the plate dilution technique, direct
plating was also used for Trichoderma, because rapid
growth and filamentous habit of these fungi can affect
colony separation. Stem and leaf sections were cut into
4 to 6 mm pieces, and placed onto RBA amended with
100 mg L' of streptomycin sulfate (Sigma-Aldrich) to
prevent bacterial growth. Plates were then incubated at
25 + 1°C in the dark for 4 to 6 d or until fungal growth
was observed. Population densities were estimated by
calculating the isolation frequency (IF) as the percentage
of tissue fragments that yielded colonies morphological-
ly resembling T. asperellum or T. gamsii, out of the total
number of fragments plated per replicate (including tis-
sue collected from five plants). Other Trichoderma-like
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colonies were not counted, but representative colonies
were chosen and molecularly characterized to confirm
their identities. A total of nine plates per replicate, each
containing eight leaf or stem fragments, were used for
isolations at each collection time. Trichoderma asperel-
Ium and T. gamsii colonies obtained were firstly identi-
fied based on culture characteristics (colony appearance,
upper and lower surface colours, borders, texture, conid-
ia), and were molecularly characterized.

The collected colonies distinguished based on mor-
photype were grown on PDA for 5 d, and genomic DNA
was then extracted. Mycelium was scraped off and pro-
cessed using the Wizard Genomic DNA Purification
Kit" according to the manufacturer’s protocol (Promega
Corporation). DNA samples obtained were stored at
4°C until processed. The DNA-directed RNA polymer-
ase II second largest subunit gene (rpb2) was amplified
with primers RPB2-5F2 (Sung et al., 2007) and fRPB2-
7cr (Liu et al, 1999), and the PCR amplification prod-
ucts were estimated visually by electrophoresis on 1%
agarose gels and sent to Macrogen Inc. (Seoul, Repub-
lic of Korea) for purification and sequencing. The DNA
sequences generated were assembled, deposited in Gen-
Bank, and compared with reference sequences in the
NCBI GenBank nucleotide database, as outlined (above)
for Bacillus.

Culture-dependent detection of Trichoderma from roots
and rhizospheres

Root samples were washed with tap water and steri-
lized using the methods of Trivedi et al. (2011), with
some modifications. Root segments were immersed in
sodium hypochlorite solution (2.5% available CI") for 5
min, and then washed five times in SDW. For a sterility
checks, aliquots of each last rinse water were plated onto
PDA and RBA plates. Isolation of fungi from roots were
carried out using agar dilution and direct plating of wood
fragments. Samples (1 g each) were homogenized using a
mortar and pestle in 5 mL of sterile PBS, and the homog-
enized samples were then used to prepare serial dilutions
(107! to 107*) which were plated on RBA amended with
100 mg L™ of streptomycin sulfate. Roots were also cut
into fragments and plated onto RBA medium amended
with 100 mg L™ of streptomycin sulfate to prevent bacte-
rial growth. Plates were then incubated at 25 + 1°C in the
dark for 6 d until fungal growth was observed.

Isolations from rhizospheres were carried out using
the plate-dilution method of Xu et al. (2022). Collected
rhizosphere soil (1 g) was suspended in 9 mL of PBS
buffer, and then shaken at 250 rpm for 40 min. The
resulting suspension was serially diluted at tenfold inter-
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vals to 10~ dilution. Aliquots of each dilution were then
spread onto three replicate RBA plates.

Trichoderma population densities were estimated by
counting fungal colonies on plates, and were expressed
as CFU g! fresh weight of soil or root, and (only for
roots), calculating the IF as described above. A total of
nine plates per replicate were used for direct plating,
each containing eight root fragments, with three repli-
cates per interval. Trichoderma colonies obtained from
treated and untreated rhizosphere soil were first identi-
fied based on culture characteristics, and pure cultures
were also molecularly characterized based on the rpb2
gene, as described above.

Extractions of total bacterial and fungal genomic DNA
from plant tissue and rhizosphere samples

Leaf, stem and root tissues, collected at 7, 14 and 21
d, were crushed and ground to powder in liquid nitro-
gen, and totals of 300 or 600 mg of plant tissue was col-
lected from each replicate and stored at -80°C until DNA
extraction. Total bacterial and fungal genomic DNA
(gDNA) were extracted using the DNeasy Plant Pro kit
(Qiagen), according to the manufacturer’s instructions
and with slight modifications. To improve the extraction
yields, the samples were each twice homogenized with a
Precellys Evolution homogenizer (Bertin Technologies)
at 4,500 rpm, with each homogenizing separated by a
pause on ice. After tissue destruction, the samples were
subjected to extraction and purification steps according
to the kit procedures.

The same protocol and extraction kit were adopted
(with modifications) for DNA isolations from soil sam-
ples. Prior to the bead beating step, DNA yield was
improved by heating each soil samples (100 mg) to 65°C
for 10 min in the presence of lysis solution. After incuba-
tion, the steps described above were followed.

For all the samples, the gDNA concentrations were
determined with a Qubit 4.0 fluorometer (Invitrogen), and
purity was checked with a NanoDrop spectrophotometer
(Thermo Scientific). The gDNA templates obtained were
stored at -20°C, and were subjected to qPCR detection.

qPCR monitoring of Bacillus amyloliquefaciens

For the molecular detection of B. amyloliquefaciens
QST 713, species-specific primers were used to detect
colonization of the inoculated BCA, at different sam-
pling times. The protocol of Rotolo et al. (2016) was
used for the gPCR analyses. The reaction mixtures each
consisted of 10 pL of QuantiNovaTM SYBR Green PCR
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Kit (Qiagen), 10 pM of each primer BS_yndJ-F (AAT-
GACCGTGCTCCATCTGTAA) and BS_yndJ-R (TTC-
CGATCTTACGGATTGCT), 5 pL of Dnase/Rnase-free
water and 3 pL of templated gDNA. The amplification
cycles included an initial pre-denaturation step (Hold)
at 95°C for 3 min, followed by 40 cycles, each of dena-
turation at 95°C for 10 s, annealing at 58°C for 45 s, and
extension 72°C for 60 s. The melting temperatures were
set between 55°C and 95°C. The slope of the regression
curve obtained by plotting the logarithm of DNA con-
centrations against corresponding mean cycle thresh-
olds (Ct values) was used to determine primer efliciency,
according to the equation: E=0.5 (10(-1(-1slope)) x 100.

To assess reaction efficiency, gDNA from the B.
amyloliquefaciens QST 713 isolate (Serenade’ Aso) was
extracted using the PureLink™ Genomic DNA Mini Kit
(Thermo Fisher Scientific), and was used as a reference
sample to generate standard curves. Standard curves
were established by serially diluting the QST 713 gDNA
to obtain concentrations ranging between 12 and 5 log
CFU mL™ Quantitative PCR assays were carried out
using a Rotor-Gene Q thermocycler (Qiagen), and each
sample was analyzed in triplicate.

qPCR monitoring of Trichoderma asperellum and Tricho-
derma gamsii

For detections of T. asperellum and T. gamsii, a
Duplex-qPCR was set up, following the protocol of Gerin
et al. (2018), to monitor the colonization by fungal for-
mulation at different sampling times. The reaction mix-
tures were each prepared using 10 pL of QuantiNovaTM
SYBR Green PCR Kit (Qiagen), 0.25 pM of each of the
primers, and 0.15 pM of each of the probes as:
for T. asperellum;

Ta_rpb_fw (GGAGGTCGTTGAGTACGAA),
Ta_rpb2_rev_3 (TTGCAATAGGATTTACGACGAGT),
Ta_rpb2_probe (FAM-CGCTGAGGTATCCCCATGC-
GACA-BHQL),

and for T. gamsii;

Tg_rpb2_fw (GCCACCTGGTTGACCAAGGA),
Tg_rpb2_rev (CGCACCAGCCCTGATCA), and
Tg_rpb2_probe (HEX-CCTCCAGAAGACCCAAGCAT-
GAAGCTC-BHQL).

Dnase/Rnase-free water (5.4 pL) and 2 pL of tem-
plated DNA was included in each reaction. The ampli-
fication cycles each included an initial pre-denaturation
step (Hold) at 95°C for 2 min, followed by 40 cycles each
of denaturation at 95°C for 5 s, annealing at 62°C for 30
s, and extension 65°C for 30 s. The melting temperature
was set in the range of 65°C to 95°C. The slopes of the
regression curves were calculated as described above.
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To ensure reaction efficiency, total gDNA of the T.
asperellum and T. gamsii mixture isolates was isolated
using the QIAamp DNA Mini kit, with some adjust-
ments in the initial steps (below). Mycelium of the two
species, grown on agar plates, was collected and dis-
solved in phosphate buffered saline (PBS, pH 8.0), to
allow washing of conidia and removal of extracellular
parts. Each solution was centrifuged at 7,500 rpm for 10
min. Subsequently, the resulting pellet was resuspended
in 180 pL of 2 mM EDTA solution and incubated in
Thermomix for 30 min at 37°C. Following this, 20 pL of
proteinase K and 200 pL of lysis buffer (provided with
the kit) were added, and the samples were then incu-
bated at 56°C for 30 min and then at 95°C for 15 min.
The solutions were then transferred to bead-beater vials
for mechanical lysis (9,000 rpm for 2 min with pause on
ice). The solutions were transferred to purification col-
umns provided by the kit for the final purification steps,
according to the kit manufacturer instructions. gPCR
standard curves were each obtained by serially diluting
the DNA mixture to concentrations from 1.13 x 10! to
1.13x10° conidia mL. The qPCR reactions were car-
ried out with a Rotor Gene Q instrument (Qiagen). Each
sample was assayed in triplicate.

Data analyses

All CFU data from dilution plate isolations and from
qPCR assays were log-transformed, and the percent-
age IFs from direct plating isolations were arcsine (sin’
square root x) transformed, to meet the assumptions of
homogeneity of variance, which were determined using
Levene’s test. A primary analysis of variance (ANOVA)
was then carried out for each experimental treatment,
by calculating F and the associated P values to evaluate
whether effects of single factors (i.e. treatment, time, and
sample type) and their interactions, were statistically sig-
nificant. Post hoc comparisons were conducted on sig-
nificant interactions using Tukey’s HSD test (a0 = 0.05).
When no significant interaction was detected, the main
effect of a single factor was evaluated separately using
one-way ANOVA.

RESULTS

Culture-dependent detection of Bacillus amyloliquefaciens
in leaf and stem tissues

At each collection time, bacterial colonies developed
from treated samples as determined using the culture-
dependent method (Figures 1 and 2). Developed colonies
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Figure 1. Mean numbers (+ standard errors) of Bacillus
amyloliquefaciens (expressed as Log CFU g of tissue) detected
in citrus leaf or stem tissues at 7, 14 or 21 d after treatment using
a culture-dependent method. Results were from Bacillus-treated
(open symbols) and control plants (close symbols) using the agar
dilution technique. Different letters accompanying symbols indicate
differences (o = 0.05) among combined factors (treatment x sample
x time), according to Tukey’s HSD tests.

in the cultures had smooth and sticky surfaces, and were
protruding with slightly irregular edges (Figure 2) (Qiao
et al., 2024). A culture of a representative strain (BA1)
was molecularly characterized, and 16S rDNA (Acc. No.
PX559962) and gyrA (Acc. No. PX571115) gene sequenc-
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es of this culture were deposited in GenBank. Com-
parison of the sequences obtained with those present in
the NCBI nucleotide database showed 99.75% similar-
ity for 16S rDNA with different Bacillus species isolates
(including B. amyloliquefaciens isolate D3, Acc. No.
KR871014.1), and 99.80% similarity for the gyrA gene
with different B. amyloliquefaciens isolates (including,
INH2-4b Acc. No. CP061852). No colonies resembling
Bacillus were obtained from the controls through using
the culture-based method.

Bacillus amyloliquefaciens concentrations from leaf
samples were 3.96 log CFU g after 7 d, 3.76 log CFU
g after 14 d, and 2.43 log CFU g! after 21 d in culture.
From stem samples, B. amyloliquefaciens concentrations
were 4.32 log CFU g after 7 d, 4.32 log CFU g after
14 d, and 4.64 log CFU g' after 21 d in culture. Homo-
geneity of variances was confirmed by Levene’s test (F =
0.9311, P = 0.53). The multifactor ANOVA showed that
the single factors, (treatment, sample type, collection
time), and the combinations of these factors, influenced
the respective Bacillus populations (P < 0.001). Tukey’s
post hoc test of the combined factors (treatment x sam-
ple type x collection time), showed that Bacillus-treated
samples differed in microbial populations within leaf
and stem tissues from those of untreated plants, at each
of the three collection times (P < 0.001). The popula-
tions of B. amyloliquefaciens recorded in the leaf sam-

Figure 2. Representative Bacillus amyloliquefaciens isolation plates from citrus stem (A) or leaf (B) tissues, at different collection times (T7,
T14, or T21 d after treatments), showing colony growth on potato dextrose agar across serial dilutions (from 10-1 to 10-3).
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ples using the culture-dependent method did not dif-
fer (P > 0.05) between 7 and 14 d after culturing, but
were reduced after 21 d (Figure 1). Populations of B.
amyloliquefaciens in the stem tissue samples did not
change with time, although a slight increasing popula-
tion trend was observed from 14 to 21 d. Populations of
the bacterium in stem tissues at 14 and 21 d differed sig-
nificantly from those detected in the leaf tissues at each
of the three assessment times.

Culture-indipendent detection of Bacillus amyloliquefa-
ciens in leaf and stem tissues

Bacillus amyloliquefaciens detection was assessed
by qPCR assays of leaf and stem samples. The detec-
tion threshold was calculated from standard curves,
and ranged from a maximum of 12 log CFU mL"!
(cycle threshold (Ct) = 10.6) to a minimum of 5 log
CFU mL" (Ct = 31.7). No DNA copies were detected
from the negative controls (Ct = 39.2). The obtained
slope value was -3.17308, and the coeflicient of deter-
mination (R?) was 99.1%. For the leaf samples, the
inoculated bacteria were detected at concentrations of
6.92 log CFU g after 7 d, 6.55 log CFU g after 14 d,
and 6.46 log CFU g after 21 d. For the stem samples,
the bacteria were detected at concentrations of 8.27 log
CFU g after 7 d, 7.85 log CFU g! after 14 d, and 7.72
log CFU g'! after 21 d. The Ct data confirmed the cell
densities detected, with Ct values (for the three sam-
pling times) of 25.44, 26.44 and 26.26 for the leaf sam-
ples, and 21.62, 23.90 and 23.75 for stem samples (Sup-
plementary Table I).

The qPCR analyses revealed presence of B.
amyloliquefaciens DNA in the control plants, with con-
centrations in the leaf tissues of 1.79 log CFU g! (Ct=
33.43) at 7 d, 1.73 log CFU g (Ct = 33.11) at 14 d, and
1.66 log CFU g (Ct = 34.05) at 21 d. Control plant pop-
ulations in the stem tissues were 5.48 log CFU g' at 7 d
(Ct = 31.69), 5.02 log CFU g' at 14 d (Ct = 32.04), and
5.47 log CFU g' at 21 d (Ct = 31.88). Homogeneity of
variances of DNA concentrations was confirmed by Lev-
ene’s test (F = 1.03, P = 0.45). The multifactor analysis of
variance (ANOVA) showed that the single factors (treat-
ment, plant tissue, collection time), and the combined
factor treatment x sample influences detection of Bacil-
lus (P < 0.001). Tukey’s post hoc test of the combined fac-
tors (treatment x sample) showed that Bacillus-treated
samples differed in microbial concentrations within the
leaf and stem tissue samples from those of untreated
plants (Figure 3). Although the levels of B. amylolique-
faciens detected in stem tissues were greater than in leaf
tissues, there were no statistically significant population
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changes (P > 0.05) during 21 d post inoculation in either
the leaf or stem tissue samples.

Culture-dependent detection of Trichoderma asperellum
and Trichoderma gamsii in leaf and stem tissues

Trichoderma was isolated from stem tissue samples
using direct plating (Figures 4 and 5), but no Trichoder-
ma-like colonies were obtained from leaves using plate
dilution or direct plating. Two distinct Trichoderma-
like colonies were consistently obtained from the stems
of treated plants, so representative isolates were col-
lected for each of the two Trichoderma morphotypes
(named TA and TG), which were distinguishable by
colony morphology. Comparisons of the rpb2 sequences
of one representative isolate per morphotype, TA1 (Acc.
No. PX597589) and TG1 (Acc. No. PX597590), with
those present in the NCBI nucleotide database, showed
99.61% similarity of TA1 with T. asperellum isolate ICC
012 (Acc. No. MU868004.1), and 98.97% similarity of
TGI1 with T. gamsii isolate T065 (Acc. No. OK813898.1).
The overall IFs of the two Trichoderma morphotypes
from wood fragments of treated plants were 8.5% after
7 d, 10.6% at 14 d, and 55.6% at 21 d after treatment.
Although both morphotypes were recovered, TG was
consistently less frequently recovered than TA. No col-
onies were recorded from the untreated control treat-
ments. The assumption of homogeneity of variances for
IFs was confirmed by Levene’s test (F = 2.91, P = 0.06).
The two-way analysis of variance (ANOVA) showed that
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Figure 3. Mean numbers (+ standard errors) of Bacillus
amyloliquefaciens (expressed as copies Log CFU g of tissue)
detected in citrus leaf or stem tissues detected at 7, 14 or 21 d after
treatment using a culture-indipendent method. Results were from
Bacillus-treated (open symbols) and control plants (close symbols)
using the qPCR assay. Different letters accompanying symbols indi-
cate differences (o = 0.05) among combined factors (treatment x
sample), according to Tukey’s HSD tests.
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Figure 4. Mean numbers (+ standard errors) of Trichoderma
asperellum + Trichoderma gamsii (expressed as isolation frequency,
IF) detected in citrus stem tissues, detected at 7, 14 or 21 d after
treatment using a culture-dependent method. Results were from
Trichoderma-treated (square symbols) and control plants (circle
symbols). Different letters accompanying symbols indicate dif-
ferences (o = 0.05) among combined factors (treatment x time),
according to Tukey’s HSD tests performed on arcsine square-root
transformed data (av).

the single factors, treatment (F = 223.60, P < 0.001) and
collection time (F = 85.23, P < 0.001), and the com-
bined factors (treatment x collection time) (F = 85.23,
P < 0.001), all influenced detection of Trichoderma
(angular-transformed value). Tukey’s post hoc test of the
combined factors showed that Trichoderma from treat-
ed plants differed significantly in IFs from those from
untreated plants at each of the three collection times.
Incidence of the two Trichoderma species was greater
after 21 d than that recorded at 7 or 14 d (P < 0.001)
(Figures 4 and 5).

Culture-independent detection of Trichoderma asperellum
and Trichoderma gamsii in leaf and stem tissues

The culture-independent approach was used to
determine trends of Trichoderma spp. in leaf and stem
samples. Detection thresholds were calculated from
standard curves, and ranged from a maximum of 10 log
CFU g! (Ct = 16.29) to a minimum of 3 log CFU g7,
(Ct = 34.68). The slope was -2.87841 and the coeflicient
of determination (R?) was 99.2%. The negative experi-
mental control gave Ct values of 39 to 40, with no DNA
copies detected. Trichoderma spp. were detected in leave
tissues at concentrations of 5.33 copies log CFU g after
7 d culture, 5.69 copies log CFU g! after 14 d, and 4.87
copies log CFU gt after 21 d, and in stem tissues at 5.72
copies log CFU g! after 7 d, 5.70 copies log CFU g after
14 d, and 5.66 copies log CFU g! after 21 d. The Ct val-
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Figure 5. Representative isolation plates of the two Trichoderma
morphotypes (red arrows) from plants treated with Trichoderma
asperellum ICC 012 + Trichoderma gamsii ICC 080 at different col-
lection times (T7, T14, or T21 d after treatments) on Rose Bengal-
chloramphenicol Agar (RBA) medium.

ues for leaf samples were 32.01 after 7 d, 32.09 after 14
d, and 34.14 after 21 d, and for stem samples were 31.97
after 7 d, 31.16 after 14 d, and 31.83 after 21 d (Supple-
mentary Table II). No amplification was detected from
the control samples. Homogeneity of variances of data
was confirmed by Levene’s test (F = 1.70, P = 0.13).
The ANOVA showed that only treatment influenced the
survivability of Trichoderma in leaf and stem tissues
(F = 1442.1, P < 0.001). Tukey’s post hoc test (o = 0.05)
showed differences in detection of Trichoderma spp. at
each collection time in treated and control leaf and stem
tissue samples (P < 0.001). However, the qPCR assays
did not detect statistically significant differences in T.
asperellum and T. gamsii populations between the leaf
and stem samples (Figure 6), with no statistically signifi-
cant decreases up to 21 d after treatment.

Culture-dependent detection of Trichoderma asperellum
and Trichoderma gamsii from roots and soil-rhizospheres

Culture-based methods (dilution and direct plating
techniques) did not detect T. asperellum and T. gamsii
from vascular root tissues. For rhizospheres, Trichoder-
ma colonies were isolated from treated plants using the
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Figure 6. Mean numbers (+ standard errors) of Trichoderma
asperellum + Trichoderma gamsii (expressed as copies Log CFU
g of tissue) detected in citrus stem and leaf tissues, detected at 7,
14 or 21 d after treatment using a qQPCR assay. Results were from
Trichoderma-treated (square symbols) and control plants (circle
symbols). Different letters accompanying symbols indicate differ-
ences (a = 0.05) according to Tukey’s HSD tests.

dilution plating (Figures 7A and 8A). However, some
Trichoderma-like colonies were isolated from the rhizo-
spheres of untreated plants (Figures 7 B and 8 B). Some
of these colonies were morphologically different from
those collected from treated plants (Figure 8 B). Based
on the rpb2 gene region, the representative Trichoderma
isolates S-TA (Acc. No. PX597587) and S-TG (Acc. No.
PX597588) collected from rhizospheres of treated plants
gave 100% of identity with T. asperellum ICC 012 (Acc.
No. MU868004.1) and 100% identity with several T.
gamsii isolates, including T. gamsii strain PPRI 14668
(Acc. No. MF043068.1). In contrast, the four repre-
sentative isolates obtained from experimental controls
were identified, based on their rpb2 gene regions, as T.
virens for S1 (Acc. No. PX571116) and for S3 (Acc. No.
PX571117), with 99.72% similarity and 99.91% of identity
with T. virens strain TRA1-50 (Acc. No. MW325767.1),
for S4 T. harzianum (Acc. No. PX597586) having 98.93%
similarity with T. harzianum strain Vimi-17.0073 (Acc.
No. MZ675885.1), and for S2 Trichoderma asperellum
(S2 Acc. No. PX597585), which showed 99.91% of iden-
tity with T. asperellum strain CGMCC 6422 (Acc. No.
KF425755.1), but only 97.34% similarity with T. asperel-
lum ICC 012 (Acc. No. MU868004.1). Trichoderma
asperellum and T. gamsii were isolated from treated sam-
ples at concentrations of 4.73 log CFU g!after 7 d, 4.63
log CFU g after 14 d, and 4.37 log CFU g after 21 d
(Figure 7 A). Since control plates yielded colonies of dif-
ferent Trichoderma species, only colonies resembling T.
asperellum were included in the plate count data. These
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Figure 7. Mean numbers (+ standard errors) of Trichoderma
asperellum + Trichoderma gamsii (expressed as Log CFU g of tis-
sue) detected in the soil rhizosphere, detected at 7, 14 or 21 d after
treatment using the agar dilution technique. Results were from
Trichoderma-treated (square symbols) and control plants (circle
symbols). Different letters accompanying symbols indicate differ-
ences (a = 0.05) according to Tukey’s HSD tests.

showed overall concentrations of T. asperellum colonies
in the control plates as 1.12 log CFU g* after 7 d, 1.02
log CFU gt after 14 d, and 0.61 log CFU g! after 21 d.
Homogeneity of variances was confirmed by Levene’s
test (F = 0.62, P = 0.68), and ANOVA showed that only
the treatment significantly influenced the survivability
of Trichoderma spp. in soil rhizospheres (F = 65.68, P <
0.001). A one-way ANOVA showed differences (F = 67.32,
P < 0.001) in the amounts of T. gamsii + T. asperellum in
the soil rhizospheres of the treated and untreated plants.
Although not statistically significant, small decreases,
over time, in populations of these fungi were detected in
the control and treated samples (Figure 7).

Culture-independent detection of Trichoderma asperellum
and Trichoderma gamsii in roots and rhizosphere soil

The same qPCR reaction protocol used for leaf and
stem samples was applied for the detection of Tricho-
derma spp. in the endospheres of roots and rhizosphere
samples. The qPCR assay did not detect T. asperellum or
T. gamsii from root vascular tissues. For rhizospheres,
the qPCR assay detected these fungi at concentrations of
5.79 log CFU g' (Ct = 31.92) after 7 d, 5.93 log CFU g
(Ct = 31.47) after 14 d, and 6.01 log CFU g (Ct = 31.21)
after 21 d (Figure 9). Homogeneity of variances was con-
firmed by Levene’s test (F = 1.76, P = 0.19), and the two-
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Figure 8. Representative isolation plates of Trichoderma spp. from rhizosphere treated with Trichoderma asperellum ICC 012 + Tricho-
derma gamsii ICC 080 (A) (red arrows) and controls (B) at different collection times (T7, T14, or T21 d after treatments), showing colony
growth across serial dilution (from 10 to 10*) on Rose Bengal-chloramphenicol Agar (RBA) medium.
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Figure 9. Mean numbers (+ standard errors) of Trichoderma
asperellum + Trichoderma gamsii (expressed as copies Log CFU g!
of tissue) detected in the soil rhizosphere, detected at 7, 14 or 21
d after treatment using the qPCR assay. Results were from Tricho-
derma-treated (square symbols) and control plants (circle symbols).
Different letters accompanying symbols indicate differences (a =
0.05) according to Tukey’s HSD tests.

way ANOVA showed that the treatment affected popula-
tion dynamics of T. asperellum and T. gamsii in the soil
rhizospheres (F =15.37, P < 0.001) (Figure 9). The Tukey
post hoc analysis (o = 0.05) showed differences in popu-
lation levels detected through the qPCR assays among
the treated and control samples (P < 0.01). However, no

statistically significant differences were detected due to
collection time.

DISCUSSION

Bacillus amyloliquefaciens isolate QST 713 and T.
asperellum ICC 012 + T. gamsii ICC 080 are beneficial
microorganisms that can have important roles in man-
agement of citrus Mal secco disease (Aiello et al., 2022;
Leonardi et al.,, 2023b; Leonardi et al, 2026). Accurate
quantification of BCAs over time, within plant vascu-
lar tissues and in soil rhizospheres, is important for
improving effectiveness these agents, and for improved
rating and scheduling their applications (Mathre et al.,
1999; McGuire, 2000; Whipps, 2001; Ojiambo and Sch-
erm, 2006). The levels of colonization and persistence of
BCAs in niches of pathogens are key factors underlying
their biocontrol activity (Mohandoss and Suryanaray-
anan, 2009; Rodriguez et al., 2009; Lahlali et al., 2022),
and to be effective BCAs must also densely colonize the
host sites where pathogens are likely to infect (Card et
al., 2016). The present study assessed, using culture-
dependent and culture -independent methods, quantita-
tive differences in the endophytic colonization by Bacil-
lus and Trichoderma in different citrus tissues. A qPCR
methodology was developed and validated for the quan-



144

titative and specific detection of the biocontrol agents
B. amyloliquefaciens and T. asperellum + T. gamsii on
grapevine berries, wood and associated soil (Rotolo et
al., 2016 Gerin et al., 2018). The present used qPCR to
investigate the population dynamics of the same BCAs
within vascular tissues of C. volkameriana. This citrus
species, previously used to assess the efficacy of BCAs
against P. tracheiphilus (Aiello et al., 2022; Leonardi et
al., 2023b; Leonardi et al.,, 2026), is a widely used root-
stock in citrus-producing countries, including Italy
(Bowman and Joubert, 2020).

Results from the present study confirmed that B.
amyloliquefaciens persisted in grapevine stem vascu-
lar tissues. Good agreement was usually found between
culture-dependent detection methods and qPCR results
for stationary trends over time, except for leaf sam-
ples. From these, detections of Bacillus decreased after
14 d post-treatment. Endophytic colonization ability
of Bacillus in vascular tissues of plants has been previ-
ously reported (Gagne et al., 1987), and attributed to
the large gene cluster responsible for the secretion of
antibiotics and siderophores that promote Bacillus com-
petitive ability in the root environments, and coloniza-
tion of host plants (Chen et al., 2020; Compant et al.,
2010). Kalai-Grami et al. (2014a) recovered endophytic
B. amyloliquefacies TEB1 from treated Citrus auran-
tium seedlings after 30 d, reporting greater levels of
endophytic colonization in stem and root samples than
leaves. In a preliminary study, Aiello et al. (2022) iso-
lated B. amyloliquefaciens QST 713 at 10° to 10* CFU
g! (3 to 4 log CFU g") from internal woody tissues of
Volkamer lemon, 50 d after two treatments. Although
Aiello et al. (2022) used a similar isolation protocol
from stem tissue for detecting B. amyloliquefaciens, dif-
ferences in number of treatments and the stem wounds
could have influenced bacterial colonization and per-
sistence. In the present study B. amyloliquefaciens was
detected in leaf and stem samples from untreated citrus
plants only using qPCR, while no cells were isolated on
nutrient media, confirming the high sensitivity of gQPCR
and allowing detection of low bacterial populations in
non-treated experimental control leaves.

The greater persistence of B. amyloliquefaciens
recorded with qPCR assays than determined from cul-
ture-dependent methods in all the samples analyzed
(stem, leaf, and soil), could have been because qPCR
detects total DNA, including that from non-viable or
viable but non-culturable (VBNC) cells, while culture-
dependent methods only detect actively growing popu-
lations (Postollec et al., 2011; Gorsuch et al., 2019). Iso-
lation methods could show false negative detections of
VBNC bacteria which remain metabolically active but
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below detection levels (Morawska and Kuipers, 2022;
Pinto et al.,, 2015). Different stress factors for bacteria,
such as microbial competition, nutrient-limited condi-
tions, high salt or low pH environments, may lead to
bacterial dormancy, which make these organisms unde-
tectable by isolation on nutrient media (Foster, 1999;
Xu et al., 2008a, 2008b; Wang et al., 2011; Guo et al.,
2019). Therefore, consistent with the literature (Chen et
al., 2020; Kalai-Grami et al., 2014a), Bacillus may be a
natural endophyte in citrus plants, although in the pre-
sent study it was below the culturing detection limit.
Similarly, Aiello et al. (2022) reported that no cells were
isolated from untreated plants using a culture-depend-
ent method.

Although different strains of Trichoderma spp. have
been reported to be endophytes (Jaklitsch et al., 2006;
Gazis et al., 2011; Munoz-Guerrero et al., 2021), and
some have shown promising activity against patho-
gens of citrus (de Lima et al., 2017; Ferreira et al., 2020;
Choudhary et al.,, 2021; Mufoz-Guerrero et al., 2021;
Garzén et al., 2022; Leonardi et al., 2023b, 2026; Phal
et al.,, 2023), colonization and survival of these fungi in
citrus plants and in soil has been little investigated (Ohr
et al., 1972; Camprubi et al., 1995; Nemec et al., 1996).
In the present study, T. asperellum was recovered from
wounded stem tissues at 21 d post-treatment only with
direct plating, whereas no growth was observed from
leaf or root tissues using two culture-dependent tech-
niques. However, from the molecular data, Trichoderma
was detected from citrus leaves and stems, so for Tricho-
derma-treated leaf samples, there was no agreement
between isolation and qPCR results. For root samples,
however, the qPCR accurately reflected the results from
culturing methods, showing that Trichoderma did not
colonize the citrus internal vascular tissues. Compari-
son of results from qPCR and culturing also highlight-
ed a discrepancy in the population dynamics observed
over time. While qPCR results showed that DNA levels
of Trichoderma in stem tissues remained stable across
all collection times, culture isolations showed increases
in colony IFs 21 d post-inoculation. Greater PCR detec-
tion of Trichoderma in leaves qPCR than from culturing
could be attributed to several factors, including different
sensitivities of the two methods, presence of non-viable
cells, the types of plant tissue, and presence of stem
wounds that permit internal colonization by fungi (Car-
ro-Huerga et al,, 2022; Brettrager et al., 2022).

The qPCR assay can detect nucleic acid from dam-
aged, stressed, or non-viable cells, whereas the tradi-
tional isolations rely on recovery of actively viable prop-
agules above minimum detection thresholds. Xu et al.,
(2025) reported that DNA quantification of T. asperellum
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strain T34 from live strawberry leaf, flower or root cells
using the PMA-qPCR was, in some cases, less than the
total DNA quantified using the qPCR. This indicated
that normal qPCR possibly leads to over-estimation of
viable population sizes of specific microorganisms. How-
ever, Xu et al.,, (2025) found that dynamics of total DNA
and PMA-qPCR DNA did not differ over time, suggest-
ing that conventional qPCR techniques can be used to
estimate changes in viable population sizes.

Plant tissues can contain different levels of phe-
nolics, flavonoids, or terpenes, with defense functions
that can reduce Trichoderma viability, allowing DNA to
remain detectable without corresponding in vitro isola-
tions. Scott ef al. (2023) found that endophytic Tricho-
derma isolates had greater diversity of biosynthetic gene
clusters (BGC) and degradative gene clusters (DGC)
than non-endophytic isolates, allowing colonization of
plant rhizospheres or phyllospheres. Plant metabolites in
these habitats may be toxic or restrictive for colonization
of non-endophytic Trichoderma. Several studies have
highlighted ability of Trichoderma to colonize roots and
rhizospheres, but presence of these fungi within phyl-
lospheres is little understood (Guzman-Guzmaén et al.,
2025). Genes with potential roles in endophytic coloni-
zation by the Trichoderma isolates used in the present
study have not been identified, but this study has indi-
cated that they can be detected within citrus stem vas-
cular tissues, but not in these tissues of leaves or roots.
These results indicate that T. asperellum and T. gamsii
may only be able to superficially colonize these plant
tissues, as has been reported elsewhere for other crop
plants (Sarrocco ef al, 2021). For rhizospheres, the
detection level of T. asperellum + T. gamsii assessed using
qPCR gave similar patterns to those from the culture-
dependent method. The rhizosphere samples showed
persistence of the fungi after 21 d, through plate counts
and qPCR assays, confirming rhizosphere competence of
Trichoderma (Woo et al., 2023).

Although the present study did not track individual
BCA isolates within citrus tissues, it provides the first
insights into the endophytic ability of B. amylolique-
faciens, and of T. asperellum + T. gamsii in these plants
after foliar and root applications. The study was based
on species-level identifications, indicating that the qPCR
primers and probe assessed can be used for monitoring
these BCAs in citrus orchards, without appreciable inter-
ference from closely related microorganisms. Although
the culture-dependent approach is laborious, time-con-
suming and requires well-trained personnel, combina-
tion of QPCR and culturing methods is important for
detection and quantification of BCAs within plant tis-
sues. This will facilitate improved scheduling of BCA
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field applications. The present study results also indicate
that high colonization rates by Trichoderma spp. and
Bacillus sp. could be achieved after long periods, and
that application of these BCAs after pruning or damage
could protect citrus plants from pathogen infections, as
has been reported for other host crops (John et al., 2005;
Halleen et al., 2010; Mutawila et al., 2011; Kotze et al.,
2011). Results from the present study showed that the
recovered isolates (identified at species level) from treat-
ed plants matched with the applied BCAs, supporting
the inference of their persistence within plant tissues.
Endophytic colonization allows microorganisms
to remain protected from environmental influences
and fluctuations that could threaten their survival and
reduce biocontrol efficacy (Card et al.,, 2016). This ena-
bles Bacillus and Trichoderma to provide more stable
biocontrol effects, and are also ideal for biological con-
trol. Nevertheless, as the present study used particular
experimental conditions, deeper insights are required
into endophyte functioning under varied experimental
conditions and with different plant genotypes. The endo-
phytic behaviour of these BCAs in healthy plants may
change when host plants are grown under unfavour-
able or stress conditions (Hardoim et al., 2015). Further
research should assess BCA applicability in the field,
since it is well-known that UV light, lack of nutrients,
and other environmental factors can reduce colonization
of above-ground plant surfaces, and that only adapted
microorganisms can survive and enter host plants via
stomata, wounds, and hydathodes (Hallmann 2001;
Compant et al., 2010; Carro-Huerga et al., 2022).
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Summary. Citrus is an economically important crop in subtropical regions including
Jahrom, Iran. Productivity of these fruit crops can severely decline due to biotic and
abiotic stresses. Interactions were investigated between Hop Stunt Viroid (HSVd) infec-
tions and abiotic stress factors (drought and soil salinity) for effects on orchard decline.
HSVAd infection, a key biotic factor causing citrus cachexia, along with abiotic stresses
of drought, high temperatures, and poor orchard management, compromise tree health
by disrupting water balance and causing stunting and bark damage. Combined effects
of HSVA infection and environmental stresses on citrus decline were assessed. Experi-
mental treatments of healthy (experimental control), HSVd infected, abiotic decline-
affected, and HSVd + abiotic decline was assessed in three citrus orchards. Compared
with controls, trees from the other three treatments had reduced yields, plant heights,
crown sizes, and fruit diameters. Plant heights varied among orchards, while fruit diam-
eters did not. Healthy (control) plants grew and yielded best, while yields from plants
infected with HSVd and subjected to climate change yielded least. Trees under climate-
induced decline had increased fruit diameters, likely due to reduced fruit set under
drought stress and redirected assimilates to reduced numbers of developing fruits.
Similar responses have been reported in citrus under water stress conditions. Molecular
diagnostics (RT-PCR and dot-blot hybridization) confirmed HSVd presence exclusively
in symptomatic trees (samples of 10 trees per orchard), while assays for citrus Tristeza
Virus (CTV) were negative. These results are consistent with HSVd being the primary
biotic agent associated with the observed citrus decline, although causal confirmation
requires controlled inoculation studies. Stresses negatively impacted citrus productivity
in 85 orchards in Jahrom. Given the observed associations between HSVd presence, abi-
otic decline indicators, and reduced productivity, integrated citrus crop management is
recommended. This should include reductions of drought (through optimized irrigation
scheduling), and soil salinity (mitigation of sodium adsorption ratio), and appropri-
ate phytosanitary measures. Phytosanitation should include use of certified viroid-free
planting material, and targeted molecular surveillance for viroid infections. Implemen-
tation of these strategies should be guided by follow-up studies that verify absence/pres-
ence of other graft-transmissible pathogens, quantify rootstock effects, and test mitiga-
tion strategies in controlled and replicated field trials.

Keywords. Abiotic stresses, HSVd infections, citrus decline, Lisbon lemon.
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INTRODUCTION

Citrus includes a diverse group of fruit plant spe-
cies and cultivars, that produce oranges, limes, grape-
fruit, and sour oranges (Wu et al., 2018). These fruits
are internationally valued for their distinctive flavours,
vibrant colours, and nutritional content (Lv et al.,
2015). These fruits are native to subtropical and tropical
regions, typically found between latitudes 40°N and 40°S
(Raju et al., 2024). Citrus is one of the most economi-
cally important fruit crops cultivated in these regions,
including the Jahrom area in Fars Province, Iran.

The Jahrom region (28°30'N, 53°33'E), in the semi-
arid Fars Province of Iran, exemplifies the environmen-
tal challenges facing citrus production in the era of cli-
mate change. This region has average annual rainfall
of less than 170 mm, occurring almost entirely outside
the winter-spring growing season, necessitating heavy
reliance on groundwater irrigation for fruit production.
These aquifers are increasingly stressed and often salin-
ized, with reported sodium adsorption ratios (SAR)
exceeding 13 in some agricultural wells (Bagherian et
al., 2021). Summertime temperatures regularly sur-
pass 40°C, accompanied by low relative humidity (often
<25%) and high evapotranspiration rates (>8 mm d™).
These common conditions of water scarcity, endemic
soil salinity, and high temperatures challenge citrus cul-
tivation; and create persistent abiotic stress that pre-dis-
poses trees to secondary pathogens. Consequently, Jah-
rom region offers a representative case study for inves-
tigating how orchard decline may be affected a synergy
between abiotic factors (drought, salinity, high tempera-
ture) and the biotic agent Citrus hop stunt viroid (HSVd).

HSVd interferes with host plant regulatory and met-
abolic networks (Marquez-Molins et al., 2021; Di Serio
et al., 2024). Although not typically lethal, HSVd causes
chronic damage to citrus plants, that includes stunted
growth, reduced fruit size and quality, stem pitting, bark
gummoses, and overall decline. While HSVd infections
may remain asymptomatic or produce mild symptoms
under normal conditions, their effects are intensified
under environmental stress (Hadidi et al., 2024).

Citrus orchards internationally, including those in
Jahrom, Iran, have experienced significant declines in
productivity and vitality, which have been due to a com-
plex interplay of biotic and abiotic factors. A key biotic
constraint are infections by HSVd, the causal agent of
citrus cachexia (Vamenani et al.,, 2019). Concurrently,
several abiotic stressors, including extreme temperature
fluctuations, prolonged drought, flooding, and elevated
soil and water salinity, have been exacerbated by climate
change, posing severe threats for citrus cultivation (Dah-
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ro et al., 2023). Notably, the HLB-associated bacterium
‘Candidatus Liberibacter asiaticus’ has been detected in
citrus trees in Fars Province, Iran, including the Jahrom
region (Rahimpour et al., 2025; Faghihi et al., 2025),
adding another potential biotic stressor to the complex
decline syndrome affecting local orchards.

In Jahrom, additional challenges including use of
substandard planting materials, degraded soil quality,
inconsistent rainfall patterns, and suboptimal orchard
management practices, further contribute to citrus
decline. Among abiotic stressors, drought remains the
most pressing issue, driven by high temperatures, inad-
equate rainfall, poor irrigation management, and soil
water deficits. Physical constraints, including soil com-
paction, poor drainage, and excessive salinity, also lim-
it root access to water and nutrients, intensifying the
effects of drought stress.

High temperatures, particularly when accompa-
nied by elevated evaporation losses, severely affect cit-
rus physiology by disrupting the balance between water
absorption and transpiration (Moore et al., 2021; Chen
et al., 2025). In the Jahrom region, this imbalance is a
key contributor to physiological decline observed in cit-
rus trees. The optimal temperature range for citrus plant
growth is between 22 and 34°C; temperatures exceed-
ing this range cause fruit drop, reduced fruit size, and
impaired overall tree productivity. Although some cit-
rus varieties can tolerate temperatures above 40°C with-
out showing immediate visible symptoms, the long-term
physiological stress incurred leads to reduced growth
and low fruit yields.

Infections by viroids, which are circular, single-
stranded RNA molecules ranging from 246 to 401 nucle-
otides, are another important factor in citrus decline.
They are classified into two families, the Pospiviroidae
and Avsunviroidae (Di Serio et al., 2014). Citrus trees
are natural hosts to several viroid species, all belong-
ing to Pospiviroidae. Among these, pathogenic variants
of HSVA are responsible for citrus cachexia, a disease
that prevails in most citrus-producing regions, includ-
ing Jahrom (Belabess et al., 2021). HSVd is mechanically
transmissible via sap and contaminated tools. Infected
trees typically exhibit symptoms of stunting, leaf chlo-
roses, bark gummoses, stem pitting, and general decline,
although leaf and fruit symptoms may be absent in
HSVd-infected plants (Marquez-Molins et al., 2021).

The present study aimed to evaluate the combined
effects of abiotic stresses and HSVd infection on cit-
rus trees in the Jahrom region. Disease severity was
assessed in the context of local climatic conditions, and
the interactive roles were assessed of environmental and
pathogen factors in citrus orchard decline. This knowl-
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edge could support development of integrated manage-
ment strategies to enhance citrus resilience and sus-
tainability under changing environmental conditions.
The study controlled for potential confounding factors,
by focusing on one citrus rootstock across the sampled
orchards, and also made assessments for other major
pathogens.

MATERIALS AND METHODS

This study was carried out during 2022 and 2023,
across multiple commercial citrus orchards in the Jah-
rom region, Fars Province, Iran. Hereafter, ‘growth con-
dition’ refers to pre-existing orchard health categories
(healthy, HSVd-affected, abiotic decline, or HSVD/abi-
otic decline combined) used for comparative analyses,
but that were not experimentally imposed treatments.
Specifically, the treatments corresponded to orchard
health/status categories, which were: (A) Healthy con-
trol orchards (no visual decline symptoms, no molecu-
lar evidence of HSVd); (B) HSVd-affected orchards
(trees exhibiting stem-pitting/shaqqaq symptoms, and
HSVd detection confirmed by molecular assays); (C) abi-
otic decline orchards (trees meeting predefined abiotic
decline criteria described below); or (D) orchards show-
ing both HSVd-associated symptoms and abiotic decline
indicators. Each “treatment” thus represented a natural
orchard category used for observational comparisons.

The following abiotic stress factors were quantified
in this study:

- Soil salinity: Measured as sodium adsorption ratio
(SAR), using ICP-OES, with SAR > 13 classified as
severe salinity stress.

- Drought stress: Assessed by actual irrigation volume
applied (L per tree per day) compared to recom-
mended rates (80-100 L per tree per day in summer;
40-50 L per tree per day in winter).

- Heat stress: Recorded as number of days per grow-
ing season with maximum temperatures exceeding
40°C.

- Soil structural degradation: Evaluated using assess-
ments of soil organic matter content and texture
(hydrometer method), with low organic matter (<
1%) considered a contributing factor.

- Canopy light limitation: Measured as percentage
light interception using a ceptometer (AccuPAR
LP-80), with < 60% interception indicating poor
canopy development.

- Evaporative water loss: Assessed indirectly by pres-
ence/absence of organic mulch (target: 10-15 cm
depth under canopy).

Trees were classified as experiencing “abiotic
decline” (treatment category 3) if they exhibited SAR
> 13, light interception < 60%, and at least two visual
decline symptoms (leaf chlorosis score 2 3, canopy thin-
ning > 30%, or terminal branch dieback).

All sampled trees had the same scion cultivar, root-
stock, age, and phenological stage, to minimize vari-
ability unrelated to the factors under study. Specifically,
the study focused on ‘Lisbon’ lemon (Citrus limon L.
‘Lisbon’) grafted onto sour orange (Citrus aurantium
L.) rootstock. All selected trees were 12 to 15 years old,
at full commercial maturity, and had been consistently
fruit-bearing for at least 6 years prior to the study. Trees
exhibiting obvious signs of juvenility or senescence were
excluded from samplings. This uniformity ensured that
observed differences in decline severity could be attrib-
uted primarily to treatment effects (HSVd infection, abi-
otic stress, or their combination) rather than to genetic
or developmental variation.

Healthy orchards (control group) were selected
based on optimal tree growth, high fruit quality, and
the absence of significant pests and diseases. HSVd
infections were diagnosed by symptomatology and con-
firmed molecularly. Leaf and symptomatic bark samples
were tested by RT-PCR with the HSVd-specific primers
described by Bagherian and Izadpanah (2010). Repre-
sentative RT-PCR amplicons (n = 6) were gel-purified
and Sanger-sequenced; BLASTn comparison of these
sequences against NCBI nt confirmed HSVd identi-
ties with > 99% nucleotide similarity to reference HSVd
sequences (Bagherian and Izadpanah, 2010). Amplifi-
cation controls included a positive control (RNA from
HSVd-infected sweet lime), and a negative control (RNA
from viroid-free seedlings). Dot-blot hybridization using
DIG-labelled HSVd probes corroborated RT-PCR results.
Young, fully expanded leaves and symptomatic bark tis-
sues were collected from ten randomly selected trees per
orchard, including symptomatic and asymptomatic trees.
The samples were promptly placed in sterile polyethyl-
ene bags, stored on ice, and transported to the labora-
tory within 6 h, before being assessed using RT-PCR.
Total nucleic acids were extracted using the optimized
high titer viroid extraction method described by Seman-
cik et al. (1975). For RNA extraction and viroid enrich-
ment, citrus tissues were homogenized in extraction
buffer containing 0.1 M Tris-HCI, 0.1 M NaCl, 0.01 M
EDTA, and 1% SDS, pH 8.0. After centrifugation, nucleic
acids were fractionated by adding 2 M LiCl, selectively
precipitating high-molecular-weight RNA and DNA.
The viroid-enriched supernatant was then precipitated
using ethanol. The resulting RNA pellets were resus-
pended in TKM buffer (10 mM Tris-HCI, 10 mM KCl,
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0.1 mM MgCl,, pH 7.4), and were then stored at —80°C
until used. Reverse transcription-polymerase chain reac-
tion (RT-PCR) detection of HSVd, was carried out using
HSVd-specific primers targeting the full-length viroid
genome (Bernad and Durdn-Vila 2006):

Forward primer: 5-GGGGCAACTCTTCTCA-
GAATCC-3

Reverse primer: 5-GGGGCTCCTTTCTCAGGTAA-
GTC-3'

Complementary DNA (cDNA) syntheses were car-
ried out using RevertAid M-MuLV reverse transcriptase
(Thermo Scientific), followed by PCR amplification with
Taq DNA polymerase (Invitrogen). Thermal cycling con-
ditions were as follows: initial denaturation at 94°C for 3
min; 35 cycles, each of denaturation at 94°C for 30 sec,
annealing at 55°C for 30 sec, and extension at 72°C for
45 sec; then a final extension at 72°C for 7 min. PCR
products (~300 bp) were separated on 1% agarose gels,
were stained with SYBR Safe DNA gel stain, and were
visualized under UV illumination.

To rule out co-infections with other prevalent patho-
gens, all sampled trees were also tested for citrus tristeza
virus (CTV) using CTV-specific primers (Ayllon et al.,
2001). Each CTV-specific RT-PCR run included a posi-
tive control (RNA from CTV-infected citrus tissue) and
a negative control (RNA from viroid- and virus-free cit-
rus seedlings). All sampled trees tested negative for CTV.
To confirm RT-PCR results, dot-blot hybridization assays
were carried out, following the method of Li et al. (1995).
Full-length HSVd ¢DNA probes were labelled with
digoxigenin (DIG) using the PCR DIG Probe Synthesis
Kit (Roche). Nucleic acid extracts were applied to posi-
tively charged nylon membranes, and were hybridized
with DIG-labelled probes at 50°C. Detection was car-
ried out using anti-DIG alkaline phosphatase-conjugated
antibodies, followed by chromogenic development with
NBT/BCIP substrate.

Abiotic citrus decline was diagnosed based on a
combination of field symptoms and environmental stress
indicators, following the protocol of Bagherian et al.
(2021). Citrus trees were classified as experiencing only
abiotic decline if they met all the following criteria:

- Soil sodium adsorption ratio (SAR) > 13 (deter-
mined by ICP-OES)

- Canopy light interception < 60% (measured by cep-
tometer at midday)

- At least two of the following visual decline symp-
toms: persistent leaf chlorosis (score > 3); canopy
thinning > 30%; annual terminal branch dieback.

Seyed Ali Akbar Bagherian et alii

Soil analyses

Composite soil samples (0-30 cm depth) were col-
lected and analyzed for texture using the hydrometer
method (Mwendwa, 2022), and sodium adsorption ratios
(SAR) were calculated from Na’, Ca*", and Mg** concen-
trations (Pansu and Gautheyrou, 2006) determined by
inductively coupled plasma optical emission spectrom-
etry (ICP-OES).

Canopy shading

Light interception was measured using a ceptometer
(AccuPAR LP-80, Decagon Devices), at midday on clear
days. Ten readings were taken under each assessed can-
opy, and ten outside (open sky), in each tree quadrant,
and percentage light interception was calculated.

Tree vigour assessments

Tree trunk circumferences, shoot growth rates, and
incidence of branch dieback were assessed as indicators
of tree vigour. Trees were classified as experiencing abi-
otic decline only if they met all of the following criteria:
(@) Soil SAR > 2 (determined by ICP-OES),

(b) Canopy light interception < 60% (based on ceptom-
eter readings), and
(c) At least two visual symptoms of decline, including:

Persistent leaf chlorosis (chlorosis score > 3), Canopy

thinning > 30% or Annual terminal branch dieback.

The experimental groups represented distinct phy-
tosanitary and edaphic conditions found in the region.
To minimize variability unrelated to the factors under
study, all sampled trees were of the same cultivar and
age, grafted on a common rootstock, and managed
under similar horticultural practices prior to the onset
of decline symptoms. For consistency, all sampled trees
belonged to one citrus cultivar, were of similar age, and
exhibited uniform pre-treatment health conditions. To
reduce variability, the trees were at 6 m spacings and
were managed under identical cultural practices, apart
from the treatment-specific interventions.

Three orchards were selected based on similar cul-
tivar, age, and general management practices. Although
irrigation systems and soil types varied slightly, these
were accounted for as random effects in the statisti-
cal model to minimize confounding variability between
orchards. At the fruit ripening stage, data were collected
using systematic random sampling. Each selected tree
was divided into four quadrants (north, south, east, or
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west), and samples were taken from three canopy levels

(upper, middle, or lower) to account for intra-canopy

variations.

The experimental design was a Repeated Measures
Completely Randomized Design (RM-CRD). Treatments
were randomly assigned to experimental units. The fol-
lowing morphological and yield-related traits were meas-
ured for each tree:

- Fruit yield (kg per tree): All harvested fruits were
weighed using a high-precision digital scale.

- Tree height (m): Measured from the tree base to the
canopy apex using a telescopic measuring pole.

- Canopy diameter (m): Calculated by averaging two
measuring tape measurements at right angle to each
other.

- Fruit diameter (cm): Measured from a random sam-
ple of 100 fruits per tree, collected from various can-
opy positions. A digital caliper with 0.1 mm accu-
racy was used, and all measurements were carried
out in triplicate.

Data obtained were assessed for normality prior
to analyses. Statistical analyses were carried out using
Minitab software. A one-way analysis of variance (ANO-
VA) was conducted to examine effects of treatments on
tree growth and fruit production. Where statistically sig-
nificant effects were detected, Tukey’s post hoc test was
used to identify pairwise differences among treatment
means. Results were expressed as means + standard
errors (SE), with statistical significance set at P < 0.05.

Although citrus greening (HLB) caused by ‘Candi-
datus Liberibacter asiaticus’ has been reported in Fars
Province (Faghihi et al., 2025), the sampled trees in the
present study did not exhibit characteristic HLB symp-
toms, such as asymmetrical chloroses, blotchy mottle, or
lopsided fruit with aborted seeds. Therefore, HLB was
not considered an important biotic factor in the pre-
sent study, although its potential presence in the region
underscores the complexity of citrus decline etiology.

RESULTS

RT-PCR assays successfully amplified approx. 300
bp fragments specific to HSVd in all leaf and bark sam-
ples collected from trees showing stem pitting symptoms
(Groups B and D). In contrast, samples from asympto-
matic trees (Groups A and C) did not show any ampli-
fications. Positive (infected sweet lime) and negative
(virus-free seedlings) controls confirmed specificity of
the assay. Dot-blot hybridization further confirmed these
results. All RT-PCR-positive samples exhibited strong
hybridization signals with DIG-labeled HSVd probes,

while RT-PCR-negative samples did not give detectable
signals. These molecular results indicated direct asso-
ciation between HSVd infections and the stem pitting
symptoms observed in the field. Nevertheless, given
the limited sample size (ten trees per orchard) and the
observational design, these data demonstrate HSVd asso-
ciation rather than causation.

The ANOVA results showed significant differences
in fruit yields across the treatments (P = 0.001). This
indicates that the treatments affected yield, and at least
one treatment produced a significantly different result
compared to the others. This indicates that the applied
treatment type influenced yield in comparison to the
control (Table 1). Combined HSVd + abiotic-decline
trees experienced the greatest yield losses (=85% rela-
tive to controls). To evaluate whether this reduction rep-
resented synergy rather than independent effects, the
observed combined loss (85%) was compared with the
expected combined loss under an independent (multipli-
cative) model: expected combined loss =1 — (1 — 0.38)
x (1 = 0.60) = 75.2%. Because the observed loss (85%)
exceeded the expected independent effect (75.2%) and
the interaction term in the mixed-effects model was sta-
tistically significant (x*> = 12.7, P < 0.001), these results
are consistent with a synergistic interaction between
HSVd infection and abiotic decline.

The post hoc Tukey’s test analysis grouped the treat-
ments into four distinct four groups. Group A: the con-
trol (greatest yield), Group B: Hop Stunt Viroid-infected
trees, Group C: climate change threatened decline, and
Group D: combined effect of HSVd and decline (least
yield). Healthy plants yielded more than plants in the
other three treatments. The combined HSVd and decline
treatment yielded the least (Figure 1). The ANOVA for
plant height data showed statistically significant differ-
ences between the treatments (P = 0.001), and between
the orchards (P = 0.035), indicating that treatments and
orchards affected plant height (Table 2).

Plant height was the most affected of the growth
parameters assessed. and the orchards also affected

Table 1. Analysis of Variance (ANOVA) for fruit yield data
obtained in this study.

Source DF AdjSS AdjMS F-Value P-Value
Treatment 3 3924427 1308142 634.15 < 0.001
Orchard 2 5008 2504 1.21 0.297
Error 2258 4657836 2063
Lack-of-Fit 6 18300 3050 1.48 0.181
Pure Error 2252 4639536 2060
Total 2263 8587484
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Figure 1. Mean Citrus plant yields (kg) from “healthy” plants
(Treatment 1) or plants with Hop Stunt Viroid (HSVd) infections
(Treatment 2), climate change-induced decline (Treatment 3), or
combined HSVd plus climate-induced stress (Treatment 4). Means
accompanied by different letters are (P < 0.05; Tukey’s HSD tests).

Table 2. Analysis of Variance (ANOVA) for plant height data
obtained in this study.
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Figure 2. Effects of Hop Stunt Viroid Infection, climate change-
induced decline, and their interaction on citrus tree height (m). (1)
healthy control, (2) HSVd-infected trees, (3) trees exhibiting decline
due to climate-related stressors, and (4) trees exposed to both
HSVA infection and climate-induced decline. Means with different
letters are significantly different at P < 0.05 (Tukey’s HSD).

Table 3. The Analysis of Variance (ANOVA) for plant crown diam-
eter data obtained in this study.

Source DF AdjSS AdjMS  F-Value P-Value Source DF AdjSS AdjMS  F-Value P-Value
Treatment 3 598.215 199.405 1199.67 0.001 Treatment 3 207.31  69.1049 88.67 0.001
Orchard 2 1.120 0.560 3.37 0.035 Orchard 2 0.47 0.2358 0.30 0.739
Error 2258 375.317 0.166 Error 2258 1759.77 0.7793
Lack-of-Fit 6 0.493 0.082 0.49 0.814 Lack-of-Fit 6 4.60 0.7663 0.98 0.435
Pure Error 2252 374.824 0.166 Pure Error 2252 1755.17 0.7794
Total 2263 974.571 Total 2263 1967.54

this parameter. However, the primary source of plant
height differences was due to the treatments. Post-hoc
Tukey’s test results showed the following growth con-
dition grouping: Group A: the control (tallest plants),
Group B: climate changes threatened decline, Group C:
HSVd infected trees, and Group D: HSVd infected and
decline (shortest plants). The healthy plants were the
tallest plants, which were taller than the climate changes
threatened decline, the Hop Stunt Viroid-infected trees,
and for the trees in the HSVd plus decline treatment.
Although HSVd-infected trees were shorter than the cli-
mate plus decline trees, the overall growth suppression
(including canopy densities and yields) was more severe
in the climate plus decline trees, indicating the broader
physiological limitation of these two factors. The com-
bined effect of HSVd plus decline resulted in the shortest
plants, indicating that the treatment interaction caused
greatest growth reduction (Figure 2). The ANOVA for
tree crown diameter indicated significant differences

between the treatments (P = 0.001). Growth condition
was also associated with crown diameter (Table 3).

Post hoc, the Tukey tests showed that the con-
trol plants had the largest crown diameters. The mean
crown diameters in HSVd-infected trees, climate change
threatened trees, and the combined effects of HSVd and
decline were all less than for the controls. This indicat-
ed that the combined effect HSVd plus decline had the
greatest impact on crown diameter, which could impede
overall plant growth and development (Figure 3). For
fruit diameter, there were significant differences between
the treatments (P = 0.001), differences between the three
orchards were not significant (P = 0.125) (Table 4).

Post hoc analyses grouped the treatments as fol-
lows: Group A: climate changes threatened decline
(greatest fruit diameter), Group B: the control, Group
C: HSVd infected trees, and Group D: combined
HSVd and decline (least fruit diameter). Although
fruit diameter was greater in climate stressed trees,
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Figure 3. Effects of Hop Stunt Viroid Infection, climate change-
induced decline, and their combination on crown diameter of
citrus trees (m). (1) healthy control, (2) HSVd-infected trees, (3)
trees exhibiting decline due to climate-related stressors, and (4)
trees exposed to both HSVd infection and climate-induced decline.
Means with different letters are significantly different at P < 0.05
(Tukey’s HSD).

Table 4. Analysis of Variance (ANOVA) of fruit diameter data
obtained in this study.

Source DF AdjSS AdjMS F-Value P-Value
Treatment 3 3831.25 1277.08 482.97 0.001
Orchard 2 10.99 5.49 2.08 0.125
Error 2258 5970.62 2.64
Lack-of-Fit 6 18.99 3.17 1.20 0.304
Pure Error 2252 5951.63 2.64
Total 2263 9813.23

this should be interpreted with caution due to the con-
current yield reductions, which would undermine the
practical value of increased fruit size. However, the
combined effect of HSVd plus decline produced the
smallest fruits (Figure 4). A strong negative correla-
tion was observed between leaf chlorosis index and
fruit yields (r = -0.79, P < 0.001), confirming that leaf
chlorosis is an indicator of reduced citrus productiv-
ity. There was also a negative correlation between SAR
and fruit yields (r = -0.72, P < 0.01).

Overall, healthy plants gave the greatest fruit yields,
were the tallest, and had the greatest crown diameters
compared with the other three treatments applied in
this study. Climate change threatened decline was the
best for enhancing fruit diameter, suggesting it might
be more suitable for improving fruit size. The combined
effect of HSVd plus decline consistently resulted in the
greatest negative effects on plant growth and fruit pro-
ductivity.
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95% CI for the Mean
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Figure 4. Effects of Hop Stunt Viroid Infection, climate change-
induced decline, and Their Interaction on Fruit Diameter in Cit-
rus Trees (cm). (1) healthy control, (2) HSVd-infected trees, (3)
trees exhibiting decline due to climate-related stressors, and (4)
trees exposed to both HSVd infection and climate-induced decline.
Means with different letters are significantly different at P < 0.05
(Tukey’s HSD).

DISCUSSION

This study has provided field-based evidence for
synergistic interaction between HSVd infections and
abiotic stress as causes of decline of Lisbon lemon
trees grafted on sour orange rootstock in Jahrom. The
study has also demonstrated a direct link between the
observed biotic stress to HSVd, by confirming HSVd
infections molecularly and excluding CTV co-infections.
Citrus decline is an increasing concern for international
citrus production, and is particularly severe in Jahrom,
a region recognized for its vibrant and productive cit-
rus industry. Once a hallmark of agricultural success
in southern Iran, Jahrom now faces a serious threats to
citrus sustainability. While numerous factors contrib-
ute to this decline, the two interrelated stressors of cli-
mate change and HSVd infections have emerged as the
most detrimental and complex challenges facing cit-
rus growers in this region (Kovalskaya and Hammond,
2014; Belabess et al., 2021). Furthermore, while HLB has
been detected elsewhere in Fars Province (Faghihi et
al., 2025), the absence of characteristic HLB symptoms
in the trees sampled in the present study indicate that
decline in Jahrom is primarily caused by HSVd and abi-
otic stresses rather than by Liberibacter infections.

The present study has provided field-based evi-
dence of individual and combined effects of HSVd
infection, manifesting as stem pitting (“shaqqaq”; Bage-
rian and Izadpanah, 2010), and abiotic stress-induced
reductions on growth, productivity, and survival of
Lisbon lemon (Citrus limon L. ‘Lisbon’) trees in a
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semi-arid environment. These results provide valuable
insights into the pathophysiological mechanisms affect-
ing citrus tree degeneration under complex, multifacto-
rial stress conditions.

The correlation between stem pitting symptoms
and molecular detection of HSVd (and absence of CTV)
strengthens evidence that HSVd was the biotic compo-
nent in tree decline, which is consistent with the report
of Bagherian et al. (2021). HSVd-infected trees were
also smaller than the healthy trees (~30% compared to
healthy trees) and had moderate canopy contractions,
results that are similar to those of Bagherian and Izad-
panah (2010). Viroid-induced disruption of phloem
function, characterized by callose deposition and col-
lapse of vascular tissues, has been previously reported,
and may play a central role in symptom development,
particularly growth stunting and impaired assimilate
transport (Di Serio et al., 2023). Phloem disruption It
likely causes the stunted growth phenotype by impairing
assimilate transport and meristem activity. Shaqqaq-only
trees had yield losses of approx. 38%, consistent with
previous results for HSVd-infected citrus (Navarro ef
al., 2012), highlighting potential economic, though sub-
lethal, effects of these infections. The mild to moderate
chloroses indicate impaired nutrient transport or water
relations rather than complete systemic failure. The
genetic diversity of HSVd populations in Mediterranean
regions (Alaxin et al., 2023) could explain the variability
in symptom expression.

Over the past decade, climate patterns in Jahrom
have shifted, with increasing average temperatures, pro-
longed drought periods, erratic rainfall, and increased
evapotranspiration. These abiotic stressors impose
adverse physiological effects on citrus trees, disrupt-
ing water and nutrient uptake, impairing photosynthe-
sis, and causing hormonal imbalances (Kumari et al.,
2022; de Souza Junior et al., 2025). Direct consequences
include reduced size, yield and quality of fruit, stunted
vegetative growth, and general plant vigour decline.

Abiotic decline independently exerted adverse effects
on tree performance, including yield reductions exceed-
ing 60%, reductions in crown diameters (~11%), and
moderate foliar chlorosis. These results are consist-
ent with multi-year studies conducted in comparable
semi-arid citrus-growing regions, where factors such
as soil compaction, elevated sodium adsorption ratio
(SAR), and excessive shading have been identified as
key contributors to citrus decline (Navarro et al., 2012;
Di Serio et al., 2023). Salt stress disrupts plant osmotic
balance, induces ion toxicity, and promotes oxidative
damage, while poor soil aeration impairs root respira-
tion and nutrient uptake (Tian et al., 2022; Ahmed et al.,
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2023). Trees with abiotic decline showed minimal height
reductions, indicating that root-zone stressors primar-
ily limited canopy development and fruit production,
rather than plant height. In the decline-only orchards,
the moderate plant death (~15%) reflected the progres-
sive nature of abiotic decline, where tree vigour gradu-
ally weakens over several growing seasons before tree
death. In addition, a significant negative correlation was
detected between leaf chlorosis and yield, emphasiz-
ing the importance of monitoring chlorosis as a reliable
indicator of citrus decline. Negative correlation was also
detected between SAR and fruit yields, indicating that
salinity stress adversely affected tree productivity.

Drought stress, in particular, exacerbated by sub-
optimal irrigation practices and water scarcity, further
weakens tree health and compromises defense systems
(Seleiman et al., 2021). Reduced fruit set under drought
stress may lead to the accumulation of photosynthates in
the remaining fruits, resulting in increased fruit diame-
ters (Liu et al., 2023). Under these conditions, citrus trees
become more vulnerable to opportunistic pathogens such
as HSVd. This abiotic-biotic interaction creates a com-
pounding effect, where climate stress amplifies the host
susceptibility and the impacts of viroid infections. This
effect was particularly evident in Jahrom, where stressed
trees exhibited severe viroid-induced symptoms and
failed to recover or maintain productivity.

The symptoms caused by HSVd, including leaf chlo-
rosis, reduced vigour, and fruit deformation, can be
mistaken for, or masked by, drought-related damage.
This overlap complicates early diagnoses, delays disease
management interventions, and facilitates the spread of
HSVd, often through contaminated tools and inadequate
sanitation protocols.

The results of the present study reinforce the impacts
of the HSVd-climate stress interaction. Growth condi-
tion type was found to influence all the measured plant
performance indicators, including fruit yield, tree height,
canopy diameter, and fruit size. Healthy control trees
consistently outperformed all the other growth condition
groups, highlighting the importance of maintaining plant
health for optimal growth and productivity.

The observed 85% yield loss under combined stress
conditions exceeded the theoretical additive effect of
HSVd infection and abiotic decline (38% + 60% = 98%;
P < 0.001), indicating a synergistic rather than additive
effect. The increasing incidence of HSVd in Mediter-
ranean citrus orchards further emphasizes the impor-
tance of stress interactions and their impacts on orchard
sustainability. In the present study, trees with infected
by HSVd and affected by abiotic stress had yield reduc-
tions (> 85%), severe chlorosis (mean index = 4.2), mor-
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tality rates (> 40% within 2 years), and reductions in
tree height and crown diameter. These results provide
strong evidence for the synergistic interaction between
biotic and abiotic stressors. Several mechanisms may
underlie this interaction. Compromised vascular func-
tion may result from HSVd-induced stem pitting which
disrupts phloem integrity, compounding the effects of
water stress associated with salinity and impaired root
function. Enhanced oxidative stress can result from
simultaneous presence of biotic and abiotic stressors to
synergistically increase reactive oxygen species (ROS)
accumulation, overwhelming antioxidant systems and
triggering programmed cell death. Suppression of host
defense mechanisms occurs when viroid infections
modulate host gene expression, downregulating path-
ways involved in abiotic stress resistance and increasing
the host plant vulnerability to environmental challenges.
Synergistic interactions between viral pathogens and
drought or salinity stress have been documented in oth-
er perennial crops (Prasad et al., 2022). However, quan-
titative characterization of these interactions involv-
ing viroids in citrus under commercial field conditions
remains scarce, highlighting the novelty and importance
of the present study results. Abiotic stresses probably
exacerbate viroid replication by disrupting the host RNA
silencing mechanisms.

The combined HSVd + climate-induced decline
resulted in the most pronounced reduction in all the key
measured plant performance traits. These results empha-
size the urgent need to revise and improve orchard man-
agement strategies, especially in regions facing viroid
infections and climate-related pressures. This interac-
tion has socio-economic implications. Citrus production
is a key source of income and employment in Jahrom,
and the observed decline threatens economic stability
of local farming communities. Sustaining citrus cultiva-
tion requires an integrated management approach that
addresses viroid control and climate adaptation.

The present study had several limitations. Firstly,
while CTV was confirmed as absent, potential interac-
tions with other non-assessed or soil-borne pathogens
cannot be ruled out. Secondly, the rootstock used (sour
orange) is known to be sensitive to abiotic stresses; so
the observed synergy might also be rootstock-influenced,
and studies on different rootstocks are needed. Thirdly,
the term “treatment” in our experimental design refers
to pre-existing field conditions rather than actively
applied treatments, which is a constraint of observa-
tional field studies. Fouthly, the mechanistic basis of the
observed synergy requires molecular physiological inves-
tigations to confirm hypotheses involving vascular dys-
function or oxidative stress.

The present study results have implications for the
development of effective orchard management strategies.
These include:

- Enhanced viroid surveillance. Systematic molecular
monitoring (e.g., RT-PCR, dot-blot hybridization) for
HSVd should be prioritized, particularly in regions
where shagqaq symptoms are prevalent. Early detec-
tion of HSVd is important for minimizing viroid-
related losses in productivity and citrus tree lifes-
pans.

- Systematic molecular monitoring for HSVd is essen-
tial. When detected, infected trees should be imme-
diately removed, as this is the only effective manage-
ment strategy, as no known cure exists. For infec-
tion rates less than 5%, only positive trees should
be removed; for rates of 5 to 20%, positive trees
plus a two tree buffer should be removed; for infec-
tion rates greater than 20%, whole-orchard removal
should be undertaken, followed by a fallow period
before replanting with certified viroid-free stock.

- Improved soil and water management, to maintain
citrus plant vigour and productivity. Drip irrigation
systems should be used, to apply 80 to 100 L per tree
per day in summer, or 40 to 50 L per tree per day
in winter. Irrigate every 2 to 3 d during heat waves
(>40°C). Soil salinity management should be used
where SAR values exceed 13, and should include
application of gypsum (2 to 5 tons ha'! annually).
For the 5 to 20% soil leaching fraction, 10 to 20 tons
ha' of manure should be added each year. Organic
mulch (10 to 15 cm depth) should be maintained
under crop canopies to reduce evaporation and salt
accumulation. Every 6 months, soil tests should be
carried out to monitor SAR, EC, and pH.

- Integrated stress management. An holistic approach
is essential, that simultaneously addresses biotic
and abiotic stressors. Specific integrated practices
include: (i) combine HSVd testing with soil SAR/EC
monitoring in each citrus orchard; (ii) coordinated
tree removal (rogueing) with irrigation upgrades
and gypsum applications; (iii) planting of viroid-
free scions on salt- and viroid-tolerant rootstocks
(e.g., Rangpur’ lime) instead of sour orange; and (iv)
training for growers emphasizing that solving abiotic
stress alone does not eliminate HSVd decline.

- Sanitation and use of clean planting material. This
should rely on RT-PCR certified viroid-free nursery
stock. Five percent of each shipment should be test-
ed, and all plants should be rejected if viroid infec-
tions are detected. Disinfect pruning tools with 10%
bleach or 2% NaOH for 30 seconds between trees.
Rinse after bleach treatment, but not required for
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NaOH. Immediately remove HSVd-positive trees.
For 5 to 20% infections, remove a 2-tree buffer
around each infected tree. After whole-orchard
removals, leave fallow for 6-12 months before re-
planting. Carry out annual workshops on citrus crop
sanitation, emphasizing that non-certified budwood
is the most common route for HSVd introductions.

To prevent the spread of HSVd, prioritize remov-

ing severely affected trees and using only certified

viroid-free propagation material in orchards.

In conclusion, the interplay between climate change
and pathogens such as HSVd is a major cause of citrus
decline in the Jahrom region. Field observations and
molecular assays have shown that orchard health catego-
ry (growth condition type), particularly concurrence of
HSVd-associated symptoms and diagnostic evidence plus
abiotic decline indicators, is associated with reduced tree
performance (height, crown diameter, yield). However,
because this study was observational, and because poten-
tial confounders (rootstock variation, undetected co-
infections) were not ruled out across all the surveyed cit-
rus orchards, these results are evidence of association and
synergistic interactions between HSVd and abiotic fac-
tors, rather than definitive causal proof. Controlled inoc-
ulation experiments and complete pathogen assessments
are required to conclusively attribute causality. Without
timely interventions, these dual threats pose a serious
risk to the long-term viability of citrus orchards. To miti-
gate their impacts, a comprehensive management strat-
egy is essential. This should include improved irrigation
systems, the use of drought-tolerant and disease-resistant
rootstocks, optimized nutrient and pruning practices,
and robust viroid surveillance and control measures.
Long-term solutions may also involve the development of
HSVd-resistant citrus cultivars and adoption of climate-
integrated agricultural technologies. Survival of produc-
tive citrus farming in Jahrom requires proactive, science-
based, and locally tailored interventions that address
environmental and pathological dimensions.
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Summary. Field surveys were conducted in the northeastern and northwestern regions
of Tunisia between 2013/2014 and 2018/2019 growing seasons to identify viruses that
infect faba bean and chickpea crops. Field observations showed that 18.8% of the
faba bean and 21.0% of the chickpea fields surveyed had virus-like symptoms. These
rates exceeded 20% during the growing seasons from 2013/2014 to 2018/2019, and
were most common in the 2014/2015 growing season (28.6% of surveyed faba bean
fields and 37.5% of chickpea fields showed virus-like symptoms in more than 20%).
Totals of 1,538 faba bean and 1,511 chickpea plant samples showing yellowing and
stunting symptoms were collected from 144 faba bean and 124 chickpea fields, . All
collected samples were tested by tissue blot immunoassay (TBIA) using six mono-
clonal antibodies. These results showed that chickpea chlorotic stunt virus (CpCSV;
Polerovirus CPCSV) was the most prevalent in faba bean and chickpea, with incidenc-
es of 20.2% and 37.6%, respectively, followed by beet western yellows virus (BWYV;
Polerovirus BWYV) (13.5 and 9.7%), bean leafroll virus (BLRV; Luteovirus phaseoli)
(3.7 and 3.3%), and faba bean necrotic yellows virus (FBNYV; Nanovirus necrofla-
viviciae) detected only in faba bean (6.6% of faba bean samples tested). In addition,
TBIA results indicated that single virus infections were more prevalent than mixed
infections in both crops. Mixed infections were predominantly co-infections involving
viruses in Polerovirus (Solemoviridae), particularly CpCSV and BWYV (93% in faba
bean and 69% in chickpea). Twenty-six samples that reacted positively with differ-
ent monoclonal antibodies were assessed with reverse transcription-polymerase chain
reaction (RT-PCR) using generic and specific primers followed by sequencing of the
partial coat protein (CP) gene. The sequence analyses confirmed presence of CpCSV,
BWYV, BLRY, brassica yellows virus (BrYV; Polerovirus TUYV), and turnip yellows
virus (TuYV; Polerovirus TUYV). Comparative sequence analyses of the Tunisian iso-
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lates indicated that 13 CpCSV sequences had nucleotide sequence similarities of 95 to 99% with the reference isolate (EU541266)
belonging to serotype I, and six BLRV isolates had similarities of 96 to 99% with BLRV reference isolate (PP333098). One sam-
ple (TuCp265-19) had a mixed infection with CpCSV and BLRV. Six isolates initially detected using BWYV-specific primers were
sequenced and analyzed. BLASTn results showed that only three isolates were closely related (98 to 100%) to BWYV (OM419176),
while the remaining four isolates were identified as Polerovirus TUYV and showed greatest similarity to BrYV (LC428361) and
TuYV (OP699039), indicating co-occurrence of two distinct Polerovirus species within the analyzed samples. There is no informa-
tion on the genetic variability of legume viruses in Tunisia, so this study shows that these viruses should be considered when devel-
oping disease management strategies to improve faba bean and chickpea production in Tunisia.

Keywords. CpCSV, BWYV, BLRV, Polerovirus, mixed infections, sequencing, phylogenetic analyses.

INTRODUCTION

Chickpea (Cicer arietinum L.) and faba bean (Vicia
faba L.) are the two major pulse crops grown in West
Asia and North Africa (WANA) (Makkouk, 2020). In
Tunisia, faba bean and chickpea are among the most
widely cultivated legumes, grown in northern Tunisia. In
2024, faba bean covered 55,212 ha, with an average yield
of 1.34 ton ha!, while chickpea covered 6,743 ha with an
average yield of 1.43 ton' (FAOSTAT, 2026). These two
crops are key components of the Tunisian cereal-based
production system, and their productivity is affected by
parasitic weeds, diseases and insect pests. Viruses and
their vectors are among the most important obstacles to
production of these two key crops, and the disease man-
agement practices available to farmers are limited.

Several viruses associated with yellowing and stunt-
ing symptoms in cool-season food legumes are among
the most internationally important diseases (Makkouk
et al., 2003; Makkouk, 2020). These viruses are predomi-
nantly transmitted by aphid vectors, either persistently
circulative, as reported for the viruses investigated in the
present study, or less commonly those that are non-per-
sistently transmitted (Makkouk ef al., 2003; Kumar et al.,
2008; Kumari ef al., 2009; Makkouk et al., 2014). Some of
these viruses have been reported in Tunisia, include: faba
bean necrotic yellows virus (FBNYV; Nanovirus necrofla-
viviciae, Nanoviridae), bean leafroll virus (BLRV; Luteo-
virus phaseoli, Luteovirus, Tombusviridae), soybean dwarf
virus (SbDV; Luteovirus glycinis, Luteovirus, Tombus-
viridae), beet western yellows virus (BWYV; Polerovirus
BWYYV, Polerovirus, Solemoviridae), and chickpea chloro-
tic stunt virus (CpCSV; Polerovirus CPCSV, Polerovirus,
Solemoviridae) (Najar et al., 2000a; 2003; 2011; Kumari
et al., 2015). The main aphids transmitting legume virus-
es are Aphis craccivora and Acyrthosiphon pisum (Asaad
et al., 2009; Abraham and Vetten, 2022).

Serological differentiation of closely related virus spe-
cies within Solemoviridae, particularly Polerovirus spe-
cies, may be limited by cross-reactivity when antibodies

are raised against conserved epitopes, highlighting the
importance of sequence-based approaches for accurate
virus identification (Moukahel et al., 2021; Ademe et al.,
2025). Uses of molecular techniques for chickpea show-
ing yellowing/stunting symptoms that showed cross-reac-
tivity between the specific monoclonal antibodies have
led to identification of four new viruses in Polerovirus
that infect chickpea in Sudan (Moukahel et al., 2021).

Accurate identification of viruses affecting leg-
ume crops is crucial for breeding for resistance to these
diseases they cause and for developing crop disease
management methods. Viruses infecting food legume
crops can be identified using serology, but molecular
approaches have not been widely used to identify addi-
tional viruses that may cause economic losses in Tunisia.
To address this knowledge gap, field surveys were con-
ducted in major chickpea and faba bean production are-
as to determine whether new viruses are associated with
yellowing/stunting symptoms. Results of these surveys
are reported in this paper.

MATERIALS AND METHODS

Field surveys, visual disease assessments, and sample col-
lection

Field surveys were carried out each growing season
from 2013/2014 to 2018/2019, in the main faba bean and
chickpea growing areas of Tunisia during the flower-
ing and pod setting stages of crop growth. The surveys
were carried out in the northeastern regions (Bizerte,
and Cap Bon) and northwestern regions (Kef, Jendouba,
and Béja) of Tunisia (Figure 1). Totals of 1,538 faba bean
and 1,511 chickpea samples, showing symptoms includ-
ing yellowing, stunting, leaf rolling, and/or reddening,
were collected from 144 faba bean and 124 chickpea
fields (Table 1). In each field, plants were inspected using
a standardized survey format, that recorded crop condi-
tion, growth stage, disease symptoms, disease incidence,
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Figure 1. A map showing the location of fields surveyed in the
northeastern (Bizerte, Cap Bon) and the northwestern (Kef, Jen-
douba, Béja) regions of Tunisia between 2013-2019.

and aphid populations. Virus incidence was estimated in
each field as the percentage of plants exhibiting virus-
like symptoms per square meter at different randomly
selected locations within the field. Incidence values were
then classified into five categories: <1%, 1 to 5%, 6 to
20%, 21 to 50%, and >50%. All samples were placed in
labelled plastic bags and transported to the ICARDA
Virology Laboratory in Tunis for virus testing. For these,
fresh stems from each plant sample were blotted onto
nitrocellulose membrane (NCM, 0.45 pm, Bio-Rad, Cat
No. 1620115) in ten replicates. Leaves from each sample
were freeze-dried for subsequent molecular analysis.

Serological assays

All samples blotted onto NCM were tested by tissue-
blot immunoassay (TBIA) using the method of Makkouk
and Kumari (1996). A monoclonal antibody (MAb) spe-
cific for FBNYV (3-2E9; Franz et al., 1996), and a broad-
spectrum legume MADb (5G4; Katul, 1992) that detects
legume virus species in Solemoviridae and Tombusviri-
dae, were used for the assessments. Samples that reacted
positively with 5G4 MADb were subsequently tested with
specific MAbs for BWYV (A5977; Agdia), BLRV (4B10;
Katul, 1992), SbDV (PVAS-650, ATCC, United States of
America) and a mixture of three MAbs (5-2B8, 5-3D5
and 5-5B8) produced against a Syrian isolate of CpCSV
(Abraham et al., 2006; 2009).

Virus molecular characterizations, genetic diversity and
phylogenetic analyses

Based on serological reactions with different MAbs,
26 samples (four from faba bean and 22 from chickpea)

(Table 2), representing all the surveyed regions, were
selected for further molecular characterizations (seven
of these samples only reacted with 5G4 Mab, ten sam-
ples reacted positively with 5G4 and CpCSV MAbs, six
samples reacted positively with 5G4 and BWYV MAbs,
and three samples reacted positively with 5G4 and
BLRV MADs (Table 2). Total RNA was extracted from
plant samples, and cDNA syntheses were carried out as
described by Moukahel et al. (2021).

Virus detections were carried out using reverse
transcription-polymerase chain reactions (RT-PCR)
that included a pair of generic primers (AS3/Pol3870F)
to amplify 370 bp of the partial coat protein (CP) gene
of several Luteo- and polero-viruses. Samples amplified
using a pair of generic primers were reprocessed by mul-
tiplex RT-PCR (MP-PCR) (Moukahel et al., 2021), using
the generic reverse primer AS3 with species-specific
primers for CpCSV, BWYV, SbDV, BLRYV, phasey bean
mild yellows virus (PBMYV; Polerovirus PBMYV; Polero-
virus; Solemoviridae), and cucurbit aphid-borne yellows
virus (CAbYV; Polerovirus CABYV, Polerovirus, Solemov-
iridae). Each MP-PCR amplification mixture was divid-
ed in two multiplex master mixes due to the proximity
in product sizes for some primers: master mix-I include
AS3 with primers BLRV3589F, BWYV3969F, SbDV3731F,
and PBMYV3396F (amplify, respectively, 551, 276, 418
and 838 bp of the partial CP); and master mix-II consist-
ed of AS3 with primers CpCSV3705F and CABYV3635F
(amplify, respectively, 566 and 474 bp). Primers, PCR
amplification conditions and electrophoresis analyses
were carried out using the protocol described by Mouka-
hel et al. (2021).

High-quality PCR products were directly sequenced
in both directions using the Sanger method by Macro-
gen, South Korea. The sequences were compared with
available database sequences (Table 3), using the basic
local alignment search tool BLAST program (Altschul
et al., 1997; 2005). Sequences were analyzed to esti-
mate nucleotide polymorphism parameters with DnaSP
software version 6.0 (Rozas et al., 2017). Virus genetic
diversity was quantified using haplotype diversity (Hd),
numbers of haplotype (h) (Tajima, 1989), numbers of
segregating sites (S), and nucleotide diversity (Pi) (Jukes
and Cantor, 1969). Pairwise sequence identities were
calculated using the Sequence Demarcation Tool (SDT)
v1.2 (Muhire et al., 2014). Phylogenetic relationships
were inferred using the Maximum Likelihood method
based on Jukes-Cantor model with 1,000 bootstrap repli-
cates. Evolutionary analyses were conducted in MEGA X
(Kumar et al., 2018).
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Table 1. Results of serological tests (tissue blot immunoassay, TBIA) for faba bean and chickpea symptomatic samples collected from differ-
ent regions of Tunisia during 2013-2019.

Number of samples reacted positively with MAbs?

Crop / . Number  Number : : % of virus infection
Season Region of fields  of samples 1st test 2nd test for samples, which reacted with 5G4  based on the TBIA
surveyed tested results of the 1st test
FBNYV 5G4 CpCSV  BWYV BLRV  Unidentified
Faba bean
Bizerte 10 141 0 34 17 11 4 0 24.1
Cap Bon 6 75 0 24 14 8 0 6 32.0
2013/2014 Kef 5 79 0 15 15 0 0 0 19.0
Béja 2 32 0 6 6 0 0 0 18.8
Jendouba 5 81 0 21 15 5 0 2 259
Bizerte 17 268 0 68 32 19 0 18 254
Cap Bon 16 172 0 64 5 30 0 30 37.2
2014/2015
Kef 2 19 0 6 0 2 0 4 31.6
Béja 14 140 0 48 12 18 0 12 34.3
Bizerte 4 36 23 18 5 0 11 2 100.0
Cap Bon 3 25 8 11 2 0 5 76.0
2016/2017 Kef 6 49 29 10 0 4 7 0 79.6
Béja 7 50 10 17 1 0 6 10 54.0
Jendouba 2 12 1 0 0 0 0 0 8.3
Bizerte 7 86 10 63 33 47 3 0 84.9
Cap Bon 8 114 0 105 98 43 1 2 92.1
2017/2018 Kef 3 17 0 13 12 1 0 4 76.5
Béja 4 38 5 28 27 16 0 0 86.8
Jendouba 2 12 0 12 12 1 0 0 100.0
Bizerte 8 32 11 14 3 0 9 1 78.1
Cap Bon 5 22 3 0 0 0 0 0 13.6
2018/2019 Kef 2 12 2 3 1 0 1 0 41.7
Béja 3 18 0 6 0 0 4 2 33.3
Jendouba 3 8 0 8 0 2 6 0 100.0
Subtotal faba bean 144 1538 102 594 310 207 57 97 453
Chickpea
Bizerte 29 504 0 342 262 26 0 54 67.9
Cap Bon 4 73 0 6 3 4 0 1 8.2
2014/2015 _ .
Béja 7 148 0 61 59 15 0 0 41.2
Jendouba 8 158 0 71 55 16 0 4 449
Bizerte 4 32 0 22 13 6 0 3 68.8
Cap Bon 9 78 0 34 30 9 0 0 43.6
2015/2016 Kef 3 21 0 16 4 11 0 1 76.2
Béja 3 28 0 7 2 1 0 4 25.0
Jendouba 6 78 0 69 42 28 0 0 88.5
Bizerte 6 56 0 22 10 6 19 0 39.2
Cap Bon 7 63 0 42 36 12 13 0 66.7
2016/2017 Kef 3 18 0 13 12 0 0 1 72.2
Béja 5 41 0 21 9 4 0 8 51.2
Jendouba 4 30 0 2 0 0 4 20.0
Bizerte 3 12 0 4 1 1 0 2 33.3
Cap Bon 12 91 0 38 6 4 16 12 41.8
2018/2019 Kef 4 21 0 19 15 0 0 4 90.5
Béja 6 47 0 14 6 3 1 4 29.8
Jendouba 1 12 0 1 1 0 0 10 8.3
Subtotal chickpea 124 1511 0 808 568 146 49 112 53.5
Total 268 3049 102 1402 878 353 106 209 49.3

2FBNYV: faba bean necrotic yellows virus (3-2E9 MADb); 5G4: broad-spectrum legume luteovirid monoclonal antibody; CpCSV: chickpea
chlorotic stunt virus (mixture of 5-2B8, 5-3D5 and 5-5B8 MAbs); BWYV: beet western yellows virus (A5977 MAD from Agdia); BLRV:
bean leafroll virus (4B10 MAD).

All samples were negative for Soybean dwarf virus (PVAS-650 MAb from ATCC, USA).
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RESULTS
Assessments of virus-like symptoms in the field

During field visits, colonies of the potential virus-
transmitting aphids Aphis fabae, Aphis craccivora,
Acyrthosiphon pisum and Myzus persicae were observed
congregating on the stems, leaves and shoots of young
faba bean plants. Faba bean plants exhibiting symptoms
commonly associated with virus diseases were collected,
including yellowing, chlorosis, stunting and leaf roll-
ing. Virus-like symptom incidence was estimated based
on these observable field symptoms. Symptom incidence
varied among seasons, crop types, and surveyed regions.
Approximately 18.8% of faba bean and 21.8% of chickpea
fields had more 20% of plants with virus-like symptoms
during the 2013/2014 to 2018/2019 growing seasons, with
the 2014/2015 growing season having the most severe
diseases (28.6% of faba bean and 37.5% chickpea fields
had more than 20% of plants with virus-like symptoms)
(Figure 2). Not all symptomatic plants were confirmed to
be virus-infected; as similar symptoms may also result
from other factors, such as abiotic stresses.

Virus identifications based on serological tests

Serological results (TBIA) from 1,538 faba bean and
1,511 chickpea symptomatic samples showed that over-
all incidence of the detected viruses in chickpea samples
was 53.5%, whereas in faba bean this was 45.3% (Table
1). Greatest incidence was recorded for luteoviruses,
where 808 chickpea (53.5%) and 594 faba bean samples
(38.6%) reacted positively with the broad-spectrum leg-
ume virus MAb (5G4). In contrast, FBNYV was detected
in 102 (6.6%) of the faba bean samples (Table 1). Based
on serological tests with the MAbs used in this study,
54.7% of the faba bean samples and 46.5% of the chick-
pea samples were virus-free (Table 1).

When samples that had reacted positively to the
5G4 MAb were retested with the specific MAbs, CpCSV,
BWYYV, and BLRV were detected, respectively, in 310, 207
and 57 faba bean samples, and in 568, 146 and 46 chick-
pea samples. SbDV was not detected in any of the assessed
samples. In addition, 209 samples (97 from faba bean and
112 from chickpea) reacted only with 5G4 MADb, but not
with the specific MAbs used in the study (Table 1).

Mixed virus infections

Mixed virus infections were less frequent than sin-
gle infections in both crop types. In faba bean, 123 out

of 594 (20.7%) 5G4-positive samples showed mixed
infections, whereas in chickpea, 71 out of 808 (8.8%)
5G4-positive samples had mixed infections (Table 4).
These infections were mostly CpCSV + BWYV co-
infections, which accounted 114 of 123 mixed infections
(92.7%) in faba bean and 50 of the 71 mixed infections
(69%) in chickpea. Other combinations were less fre-
quent, including CpCSV + BLRV (detected in one faba
bean and 13 chickpea samples), while triple infections
were rare, occurring in two faba bean and three chick-
pea samples (CpCSV + BWYV + BLRV) and in one faba
bean sample (CpCSV + BWYV + FBNYV) (Table 4).

Regionally, CpCSV and BWYV co-infections were
most prevalent in Bizerte, representing 59% of mixed
infections in faba bean and 52% in chickpea, followed by
Cap Bon where they accounted for 37% of mixed infec-
tions in faba bean and 26% of those in chickpea (Figure
3). Overall, CpCSV was the most frequently detected
virus in mixed infections affecting the chickpea and faba
bean crops.

Molecular characterizations of viruses

The generic primer pair AS3/Pol3870F amplified a
fragment of approx. 370 bp, corresponding to a partial
CP gene of luteo- and polero-viruses. MP-PCR using
specific primers detected CpCSV, BWYV and BLRV in,
respectively, four, six and two samples, with the expect-
ed amplicon size of each virus (566 bp for CpCSV, 276
bp for BWYV, and 551 bp for BLRV). In addition, two
mixed infections were detected: isolate TuCp265-19
(CpCSV + BLRV) and isolate TuCp275-19 (CpCSV +
BWYYV) (Table 2). Eleven samples were amplified by the
generic primer pair AS3/Pol3870F, but not by the spe-
cific primers used. Therefore, these together, in addition
to those amplified with specific primers, were subjected
to Sanger sequencing (Table 2). No sample was amplified
with the primers for SbDV, PBMYV, or CAbYV.

Analysis of 26 partial CP genes (one amplicon
from 24 samples, and two amplicons from one sample
TuCp265-19) confirmed presence of CpCSV (in 13 sam-
ples), BLRV (in six samples), BWYV (in three samples),
brassica yellows virus (BrYV; Polerovirus TUYV; Polero-
virus; Solemoviridae) (two samples) and turnip yellows
virus (TuYV; Polerovirus TUYV) (two samples) (Table 2).
BLASTn analyses showed that Tunisian CpCSV isolates
shared 95%-99% nucleotide similarity with the Moroc-
can faba bean CpCSV-serotype I isolate (EU541266)
(Table 2, Figure 4).

Among the 13 CpCSV isolates, five isolates (Gen-
Bank accession numbers MT739413, MT739414,
MT739415, MT739416, and MT739418) were 100% iden-



170

Samia Mghandef et alii

Table 2. Geographic origins, comparison and identity with reference GenBank accessions of chickpea and faba bean isolates collected from

Tunisia in 2016, 2018, and 2019.

Genbank

Virus sequences Blastn

. . TBIA reaction ~ RT-PCR reaction with Blastn
Isolate code? Crop Region accession . . b reference GenBank . "
number with MAbs primers accessions similarity %
TuCp08-19 Chickpea Cap Bon PQ526601 5G4, CpCSV  Generic only CpCSV; EU541266 98
TuCp15-19 Chickpea Cap Bon PQ526602 5G4, CpCSV  Generic only CpCSV; EU541266 98
TuCp37-19 Chickpea Cap Bon PQ526603 5G4, CpCSV  Generic only CpCSV; EU541266 98
TuCp98-19 Chickpea Bizerte PQ526604 5G4, CpCSV  Generic, CpCSV CpCSV; EU541266 98
TuCp100-19 Chickpea Bizerte PQ526605 5G4, CpCSV  Generic only CpCSV; EU541266 98
TuCp108-19 Chickpea Bizerte PQ526606 5G4, BLRV  Generic only CpCSV; EU541266 98
TuCp160-19 Chickpea Jendouba PQ526607 5G4, CpCSV  Generic, CpCSV CpCSV; EU541266 95
TuCp195-19 Chickpea Beja PQ526608 5G4 Generic, CpCSV CpCSV; EU541266 99
TuCp207-19 Chickpea Beja PQ526609 5G4, CpCSV  Generic only CpCSV; EU541266 98
TuCp261-19 Chickpea Beja PQ526610 5G4 Generic only CpCSV; EU541266 98
TuCp265-19 Chickpea Beja PQ526611 5G4, CpCSV  Generic, CpCSV, BLRV CpCSV; EU541266 98
TuCp290-19 Chickpea Cap Bon PQ526612 5G4, BLRV  Generic only CpCSV; EU541266 99
TuFal09-18 Faba bean  Cap Bon MT739415 5G4, CpCSV  Generic, CpCSV CpCSV; EU541266 98
TuFa62-16 Faba bean Bizerte PQ526614 5G4, BWYV  Generic, BWYV BWYV; OM419176 100
TuFa72-16 Faba bean  Bizerte PQ526615 5G4, BWYV  Generic, BWYV BWYV; OM419176 98
TuCp58-19 Chickpea Cap Bon PQ526617 5G4, BWYV  Generic, BWYV BWYV; OM419176 99
TuCp104-19 Chickpea Bizerte PQ526618 5G4 Generic, BWYV BrYV; LC428361 98
TuCp275-19 Chickpea Cap Bon PQ526620 5G4 Generic, CpCSV, BWYV  BrYV; LC428361 91
TuCpl6-19 Chickpea Cap Bon PQ526616 5G4, BWYV  Generic, BWYV TuYv; OP699039 96
TuCp229-19 Chickpea Beja PQ526619 5G4, BWYV  Generic, BWYV TuYV; OP699039 94
TuFal01-18 Faba bean Cap Bon PQ526622 5G4 Generic, BLRV BLRV; PP333098 98
TuCp36-19 Chickpea Cap Bon PQ526623 5G4, BLRV Generic, BLRV BLRV; PP333098 99
TuCp38-19 Chickpea Cap Bon PQ526624 5G4 Generic only BLRV; PP333098 96
TuCp172-19 Chickpea Jendouba  PQ526625 5G4 Generic only BLRV; PP333098 96
TuCp258-19 Chickpea Beja PQ526626 5G4, BWYV  Generic only BLRV; PP333098 98
TuCp265-19 Chickpea Beja PQ526627 5G4, CpCSV  Generic, CpCSV, BLRV  BLRV; PP333098 98

2The last two numbers refer to year of collection.

b Generic primers (AS3/Pol3870F); CpCSV: chickpea chlorotic stunt virus (CpCSV3705F primers); BWYV: beet western yellows virus
(BWYV3969F primers); BLRV: bean leafroll virus (BLRV3589F primers).

tical to each other, and therefore only isolate MT739415
was used as the representative sequence for the whole
set. Sequence analyses of seven isolates amplified with
BWYV-specific primers revealed that three isolates
shared 98 to 100% similarity with BWYV from cori-
ander in Cyprus (OM419176) (Table 2, Figure 5 A),
whereas four isolates showed 91 to 99% similarity with
TuYV. Among these, two isolates were closely related
(94 to 99%) to a TuYV isolate from the Czech Republic
(OP699039), while two clustered with a Japanese rape-
seed isolate (91 to 98%) previously described as BrYV
(LC428361), currently classified within the Polerovirus
TUYV species (Table 2, Figure 5 B). The CP of the five
Tunisian BLRV isolates shared 96 to 99% nucleotide
identity with a BLRV isolate originated from alfalfa in
Spain (PP333098) (Table 2, Figure 6). All 26 CP sequenc-

es generated in this study were deposited in GenBank
under the accession number listed in Table 2.

Genetic diversity

The CP sequences of 26 Tunisian virus isolates from
this study (Table 2) together with 47 references sequences
retrieved from GenBank (Table 3) were analysed using
DnaSP version 6.0 (Rozas et al., 2017). For CpCSV, analy-
sis of the complete dataset (24 sequences) revealed 16
polymorphic sites (S), ten haplotypes (hd), and high hap-
lotype diversity (Hd = 0.841), with nucleotide diversity
Pi (JC = 0.0266). However, Tunisian CpCSV showed no
variable sites, indicating very low local genetic variability.
For TuYV, analysis of the four Tunisian isolates revealed
three haplotypes (h = 3), with high haplotype diver-
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Figure 2. Fields of faba bean (A) and chickpea (B) showing virus-like symptoms during surveys conducted in Tunisia between 2013-2019.
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Figure 3. Distribution of mixed infection combinations involving chickpea chlorotic stunt virus (CpCSV), beet western yellows virus
(BWYV), bean leafroll virus (BLRV), and baba bean necrotic yellows virus (FBNYV) across five regions of Tunisia, based on serological
Tissue-Blot Immunoassay (TBIA) of surveys conducted in faba bean (A) and chickpea (B) crops (2013-2019). Bars indicate to the number
of plants co-infected by each virus combination per region, relative to the total mixed-infected plants.

sity (Hd = 0.833), 26 polymorphic sites, and nucleotide
diversity Pi (JC) = 0.058. When the complete dataset of

(h = 6) and high haplotype diversity (Hd = 0.889). Nucle-
otide diversity was high (Pi (JC) = 0.0586), with an aver-

14 sequences was analyzed, nine haplotypes were detect-
ed (Hd= 0.879) with the same 26 polymorphic sites and
Pi (JC) = 0.058. For BWYYV, analysis of nine sequences
revealed 35 polymorphic sites, resulting in six haplotypes

age 11.99 nucleotide differences, indicating substantial

genetic differentiation among the BWYV isolates.
Analysis restricted to the three Tunisian BWYV var-

iants identified five polymorphic sites, forming three dis-
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Figure 4. Maximum likelihood phylogenetic analysis of the par-
tial CP gene of 24 chickpea chlorotic stunt virus (CpCSV, species

Polerovirus CPCSV) isolates from chickpea and faba bean. Isolates
from this study are indicated by black circles.
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Figure 5. Maximum likelihood phylogenetic analysis of the partial
CP gene of 9 beet western yellows virus (BWYYV, species Polerovi-
rus BWYV) isolates from chickpea and faba bean. Isolates from this
study are indicated by black circles.
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Figure 6. Maximum likelihood phylogenetic analysis of the partial
CP gene of 14 TuYV/BrYV (species Polerovirus TUYV) isolates from
chickpea and faba bean. Isolates from this study are indicated by
black circles.
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Figure 7. Maximum likelihood phylogenetic analysis of the partial
CP gene of 26 bean leafroll virus (BLRYV, species Luteovirus phaseo-
li) isolates from chickpea and faba bean. Isolates from this study are
indicated by black circles.

tinct haplotypes (Hd = 1.0), suggesting clear genetic dif-
ferentiation among these isolates. For BLRV, analysis of
the complete dataset (26 isolates) revealed 18 haplotypes
with high haplotype diversity (Hd = 0.957) and nucleo-
tide diversity of approx. Pi (JC) = 0.1, based on 39 vari-
able sites detected among the CP sequences.
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Phylogenetic analyses for specific viruses

CpCSV - The Maximum Likelihood (ML) phyloge-
netically grouped CpCSV isolates (Figure 4), into three
well-defined groups (I, II, and III). Group I comprised
most of the new Tunisian isolates, which clustered close-
ly together, indicating high genetic relatedness and sug-
gesting local diversification of CpCSV within Tunisia.
All isolates within this subgroup originated only from
chickpea, and were collected during the survey conduct-
ed in 2019, which indicates existence of a temporally and
host-associated lineage. Group II included earlier report-
ed Tunisian isolates together with isolates from Azerbai-
jan, China, Ethiopia, or Sudan, reflecting a geographi-
cally mixed lineage and possible historical introductions.
The older Tunisian variants were recovered from two
different host plants (chickpea and faba bean), indicating
broad host adaptation. In contrast, Group III clustered
several Tunisian isolates with isolates from Morocco,
Syria, Egypt, and Iran, forming a distinct regional line-
age independent of sampling year or host, and indicat-
ing ongoing circulation of CpCSV across North Africa
and the Middle East. Overall, the phylogenetic structure
this virus highlights substantial genetic diversity within
CpCSYV, and indicates that Tunisian isolates are distrib-
uted across multiple evolutionary lineages.

BWYV - The ML phylogenetic analysis resolved
BWYYV isolates into three clades (I, II, and III) (Figure
5). Clade I encompassed all Tunisian isolates, together
with isolates from Cyprus, Turkey, and the United States
of America, showing high nucleotide sequence simi-
larity with the Cypriot coriander isolate from Cyprus
(OM419176). Clade II was monophyletic and contained
only the French sugar beet isolate (EU022496), high-
lighting the distinct evolutionary lineage of Clade II.
Clade IIT grouped with chickpea isolates from Ethio-
pia (MZ043725) and Uzbekistan (MW929617). Overall,
Clades II and III exhibited host-associated structur-
ing (sugar beet for Clade II and chickpea for Clade III),
whereas Calades I showed low host specify, including
Citrus (MZ330108), Capsicum annuum (MZ197861),
chickpea (PQ526617), faba bean (PQ526615, PQ526614),
or coriander (OM419176) (Figure 5).

BrYV/TuYV (Polerovirus TUYV) - Phylogenetic
analysis of Polerovirus TUYV resolved the dataset into
two main groups (labeled I and II), largely structured
by geographic origins (Figure 6). Group I comprised iso-
lates closely related to European isolates, whereas group
IT clustered with isolates associated with Asian lineages.
Despite the recent taxonomic revision unifying TuYV
and BrYV into a single species (Polerovirus TUYV), iso-
lates previously designated as TuYV remained separated

into their respective lineages. This pattern indicates that
the taxonomic unification did not take consideration of
underlying genetic structure, and that geographic ori-
gin remains a key factor shaping the genetic diversity of
Polerovirus TUYV (Figure 6).

BLRV - The ML phylogenetic analysis of BLRV
isolates showed limited but detectable genetic varia-
tion. The Tunisian isolates (TuCp38-19, TuCpl72-19,
TuFal01-18, TuCp258-19, TuCp36-19, and TuCp265-19)
were interspersed among sequences from different geo-
graphic origins, rather than forming well-supported, dis-
tinct clusters (Figure 7). Most Tunisian isolates showed
close relationships with European isolates (from Spain,
France, Germany, and Greece) as well as isolates from
Saudi Arabia, Australia, or the United States of America,
indicating high genetic similarity across these regions.
One isolate (TuCp265-19) showed a more divergent posi-
tion, clustering closer to isolates from Libya, Ethiopia,
and China. Overall, these results indicate low genetic
diversity among Tunisian BLRV isolates and weak geo-
graphic structuring, consistent with the broad interna-
tional distribution of BLRV (Figure 7).

Pairwise identity

A pairwise identity matrix of partial CP sequences
was calculated using the Sequences Demarcation Tool
(SDT) (Mubhire et al., 2014) to evaluate genetic relation-
ships among the analyzed isolates.

CpCSV - Similarity values ranged from 91 to 100%
among CpCSV isolates (Figure 8). The 13 Tunisian iso-
lates showed high intra-grouped similarities (95 to
100%), indicating a genetically homogeneous local popu-
lation. The closest sequences corresponded to previously
reported Tunisian isolates from faba bean, chickpea, or
pea, sharing 93 to 97% nucleotide similarity. In contrast,
comparisons with international CpCSV isolates showed
slightly lower similarity values (90 to 98%), indicating
moderate genetic divergence at the international level.
These results support the phylogenetic relationships
inferred from the ML analysis, confirming the presence
of two main CpCSV lineages, despite their occurrence in
different host plants (Figure 8).

BWYV - Pairwise nucleotide similarity analysis
revealed values ranging from 98 to 99% among BWYV
isolates. The three Tunisian BWYYV isolates (PQ526614,
PQ526615, and PQ526617) showed high similarity
among themselves (98 to 99%), indicating a closely relat-
ed local lineage. The closest sequences corresponded to
the coriander isolate from Cyprus, with high nucleo-
tide similarity. In contrast, lower similarity values were
observed with sugar beet-derived BWYV isolates from
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Table 3. Lists of GenBank sequences used for phylogenetic analysis
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No. Isolate Geographical origin Virus® Host GenBank accession No.
Isolates used in phylogenetic analysis of CpCSV
1 12Mo-fb-19 Morocco CpCSV Faba bean EU541266
2 16Sy-tb1-03 Syria CpCSV Faba bean EU541270
3 15Eg-fb-p6 Egypt CpCSV  Faba bean EU541269
4 Ir-ch-Ker-31 Iran CpCSV Chickpea GU930838
5 CHN China CpCSV Pea JE507725
6 Et-cp-am Ethiopia CpCSV Chickpea AY956385
7 EtLel3-19 Ethiopia CpCSV Lentil 0Q867260
8 9Sudan-cp-31 Sudan CpCSV Chickpea EU541263
9 TuV258-2010 Tunisia CpCSV Faba bean HQ199310
10 TuC35-06 Tunisia CpCSV Chickpea HQ324137
11 Az Cp50-07 Azerbaijan CpCSV Chickpea HQ180354
Isolates used in phylogenetic analysis of BWYV
1 21506527b Cyprus BWYV Coriander OM419176
2 866 Turkey BWYV Bell pepper MZ197861
3 1V400 USA BWYV Citrus medica MZ330108
4 W1403a_2009 United Kingdom TuYV Brassica napus 0Q474522
5 MK107 Australia TuyVv Brassica napus MT586590
6 DSMZ PV-1209 Germany TuYV Physalis pubescens MW854285
7 No8agrosCZ Czech Republic TuyVv Papaver rhoeas OP699039
8 NAP Japan BrYV Rapeseed LC428361
9 BrYV-Inc China BrYV Rapeseed ON804808
10 FL1 France TuYV lettuce NC_003743
11 ITA1 Italy TuYV Phytolacca americana 0Q632303
12 UzCp100-13 Uzbekistan BrYV Chickpea MW929616
13 EthCp16-18 Ethiopia BWYV Chickpea MZ043725
14 UzCp76-13 Uzbekistan BWYV Chickpea MW929617
15 N20 France BWYV Sugar beet EU022496
16 G43 France BChV Sugar beet EU022495
Isolates used in phylogenetic analysis of BLRV
1 SIN4 Spain BLRV Alfalfa PP333098
2 ALF1067 USA BLRV Alfalfa ON669091
3 Manfredi Argentina BLRV Alfalfa KR261610
4 SA-11 Australia BLRV Alfalfa MF075256
5 Salzlandkreis-2_17 Germany BLRV Field pea MN412735
6 12835-Norfolk-BFS-consensus UK BLRV Field pea PP744500
7 SA-49 Australia BLRV Alfalfa MF075258
8 Restinclieres/2015 France BLRV Alfalfa MW676129
9 DSMZ PV-0331 Germany BLRV Field pea MW961159
10 MS16 Tunisia BLRV Chickpea HQ840723
11 Gr-7 Greece BLRV Lentil KT382811
12 UzCp84-13 Uzbekistan BLRV Chickpea MW929604
13 MS28 Libya BLRV Faba bean HQ840724
14 MS31 Ethiopia BLRV Lentil HQ840725
15 BLRV-43 Spain BLRV Faba bean AY616761
16 Chickpea-Sierra-NCIS-21-Bozeman-MT USA BLRV Chickpea MKO070175
17 AKM-1 Uzbekistan BLRV Chickpea 0Q123402
18 Vf-khuzestan Iran BLRV Faba bean MF780974
19 ZM1_NX3 China BLRV Alfalfa OL521667
20 BLRV-Hotah KSA BLRV Alfalfa KJ847770

2 CpCSV: chickpea chlorotic stunt virus, BWYV: beet western yellows virus, TuYV: turnip yellows virus, BrYV: brassica yellows virus,

BLRV: bean leafroll virus, BChV: beet chlorosis virus.
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Figure 8. Pairwise nucleotide identity matrix of 24 chickpea chlorotic stunt virus (CpCSV, species Polerovirus CPCSV) sequences generated
using SDTv1.3. Isolates characterized in this study are highlighted.
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Figure 11. Pairwise nucleotide identity matrix of 26 bean leafroll virus (BLRV, species Luteovirus phaseoli) sequences generated using
SDTv1.3. Isolates characterized in this study are highlighted

revealed values ranging from 50 to 98% among BLRV  gent variant, although additional genomic regions would
isolates. Most isolates showed high similarity (92 to  be required to clarify its precise taxonomic position.
98%), consistent with the limited genetic diversity

observed in the phylogenetic analysis. However, isolate

TuCp265-19 displayed a markedly lower similarity (50 DISCUSSION
to 57%) compared with other isolates, indicating sub-
stantial sequence divergence within the analyzed region. This study has shown that CpCSV and BWYV

The closest reference sequence to the main BLRV cluster ~ (Polerovirus) were the most frequently detected viruses
was the Spanish isolate SIN4 (PP333098; from Medicago  in faba bean and chickpea samples exhibiting yellowing
sativa), sharing 95 to 99% similarities with most isolates, —and stunting symptoms. The survey was geographically
but only 77% similarity with TuCp265-19 (Figure 11).  extensive and was carried out during multiple growing
These results suggest that TuCp265-19 is a highly diver-  seasons for these legumes. The field surveys also showed
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Table 4. Tissue blot immunoassay (TBIA) reaction with Luteo- and polerovirus monoclonal antibodies (MAbs) of faba bean and chickpea
samples collected from Tunisia between 2013-2019. All the plants tested were selected on the basis of reaction with broad-spectrum legume

luteovirus MAb 5G4

No. of samples reacted positively to MAbs?

s?r?l.pi)efs No. of plants Total of
Year Crop reacted with \A{lt? st1.ng1e CpCSV + BWYV + CpCSV + %PCSV : %pCSV : . r?lxte:d
infection WYV WYV infection
5G4 MAb BWYV BLRV BLRV BLRV FBNYV
2013/2014  Faba bean 100 77 21 1 0 1 0 23
Faba bean 186 174 12 0 0 0 0 12
2014/2015 R
Chickpea 480 455 25 0 0 0 0 25
2015/2016  Chickpea 148 142 0 0 0 0 6
Faba bean 56 51 3 1 1 0 0 5
2016/2017 R
Chickpea 104 72 13 5 11 3 0 32
2017/2018  Faba bean 221 140 78 1 1 1 81
Faba bean 31 29 0 2 0 0 2
2018/2019 .
Chickpea 76 68 6 0 2 0 0 8
Faba bean 594 471 114 5 1 2 1 123
Total .
Chickpea 808 737 50 5 13 3 0 71

@ CpCSV: chickpea chlorotic stunt virus (mixture of 5-2B8, 5-3D5 and 5-5B8 MAbs); BWYV: beet western yellows virus (A5977 MAb from
Agdia); BLRV: bean leafroll virus (4B10 MAb); FBNYV: faba bean necrotic yellows virus (3-2E9 MADb).

the frequent presence of aphid colonies, particularly
Aphis craccivora and Acyrthosiphon pisum, on faba bean
plants. These aphid species are recognized as efficient
vectors of CpCSV (Abraham ef al., 2006; Asaad et al.,
2009), and their abundance in the surveyed fields likely
contributed to the high incidence of CpCSV detected in
this study.

CpCSV has previously been reported on faba bean
and chickpea in Tunisia, based on molecular charac-
terization (Najar et al., 2011), whereas BWYV has been
reported on faba bean using serological analyses (Najar
el al., 2000b). Since first reported in Ethiopia (Abraham
et al., 2006), CpCSV has been identified in several food
legume crops, including chickpea, faba bean, lentil and
pea, across many countries of the WANA region (Abra-
ham et al., 2006; Kumari et al., 2008; Abraham et al.,
2009; Asaad et al., 2009, Kumari et al., 2018). The virus
has also been reported infecting several leguminous
weeds and four non-legume wild plant species (Asaad
et al., 2009). Although epidemics of CpCSV have been
documented in Syria, Tunisia, and Ethiopia (Abraham et
al., 2006; Kumari et al., 2007; Asaad et al., 2009; Kumari
et al., 2009; Najar et al., 2011), quantitative data on yield
losses due to this virus remain limited (Abraham and
Vetten, 2022). This highlights the need for further stud-
ies to better assess the impacts of CpCSV on legume
crop productivity.

FBNYV was detected only in faba bean during the
2016/17, 2017/18, and 2018/19 growing seasons, and
at low incidence. This virus was previously reported in

Tunisia by Najar et al. (2000a), and is considered one of
the most damaging viruses of faba bean in the WANA
region, where it has reached epidemic levels and caused
substantial yield losses in several countries (Makkouk
et al., 2003; Kumari and Makkouk, 2007). Such severe
outbreaks of FBNYV were repeated in Egypt during the
1992/1993 and 1997/1998 growing seasons, resulting in a
complete of the faba bean crop productivity (Makkouket
al.,1998).

Environmental conditions in the Cap Bon region
of northeastern Tunisia are particularly favourable for
establishment and spread of aphid-borne viruses. This
coastal area is characterized by a sub-humid Mediterra-
nean climate with mild temperatures and frequent winds
(Hlaoui et al., 2019), factors known to strongly influ-
ence aphid survival, reproduction, and dispersal (Irwin
and Thresh, 1988; Ng and Perry, 2004; Puthanveed et
al., 2023; Roonjha et al., 2025). The polyphagous aphid
Myzus persicae, which feeds on more than 400 plant spe-
cies (Blackman and Eastop, 2000), is an economically
important pest in Tunisia, and is an efficient vector of
numerous plant viruses (Boukhris-Bouhachem et al.,
2007; Guesmi et al., 2010; Boukhris-Bouhachem et al.,
2011; Mdellel and Kamel, 2014; Charaabi et al., 2016).

The complex life cycle of M. persicae, involving host
alternation between primary woody and herbaceous
plants and prolonged parthenogenetic reproduction, ena-
bles aphid populations to persist year-round and move
readily among crops (Simon ef al., 2002; Mdellel and Ben
Halima, 2012). In the Cap Bon region, the close proxim-
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ity of peach orchards, potato fields, brassica crops, cucur-
bit and pepper crops, and legume fields further facilitates
movement of winged aphids (Stevens et al., 2005; Hlaoui
et al., 2019, 2022; Roonjha et al., 2025), and favours the
spread of persistently transmitted viruses such as BWYV.
In contrast, BLRV has a more restricted host range main-
ly limited to legumes, so vectoring of BLRV may be less
favoured under these ecological conditions.

Weeds and invasive plants may also contribute to
virus epidemiology by acting as reservoir hosts (“Green
Bridge”) for viruses and their aphid vectors (Wisler
and Norris, 2005; Kazinczi et al., 2007). Because many
aphid-transmitted viruses infect cultivated and wild
plants, they can persist in alternative hosts between
cropping seasons, increasing infection pressure on near-
by crops (Aguiar et al., 2018; Hussein Aliyu et al., 2021;
Yazdkhasti et al., 2021). Poleroviruses such as BWYV
and CpCSV have been reported as infecting numer-
ous cultivated plants and weeds (Abraham et al., 2006;
Kumari et al., 2008; Venkataravanappa et al., 2023),
highlighting the roles of reservoir hosts in virus persis-
tence and spread.

Serological analysis using TBIA showed that 54.7%
of faba bean and 46.5% of chickpea symptomatic sam-
ples tested negative for the antibodies used, suggest-
ing the presence of additional viruses not detected in
the present study. These results highlight the need for
expanded diagnostic approaches using additional anti-
sera and molecular assays for detecting an increased
spectrum of virus pathogens.

The results of this study have shown clear predomi-
nance of single virus infections in chickpea and faba
bean crops in Tunisia, as determined by TBIA. Chick-
pea crops had the greatest proportion of singly infected
plants (77%), whereas faba bean crops had a relatively
greater proportion of mixed virus infections (21%). This
difference may be related to host plant traits influenc-
ing aphid feeding behaviour and virus transmission.
Faba bean plants have large canopies and soft tissues,
that attract aphid vectors and promote repeated feeding
events, increasing the likelihood of acquiring and trans-
mitting multiple viruses. In contrast, chickpea plants
generally have small and rigid leaves, that may reduce
aphid settling and feeding duration, favouring single
virus infections. Similar patterns have been reported in
other legume cropping systems where plant morphol-
ogy and nutritional traits influence aphid colonization
and dynamics of virus transmission (Ghorbani et al.,
2010; Chiquito Almanza et al., 2017; Mulenga et al.,
2022; Ademe et al., 2025). These results underscore the
importance of considering vector-mediated processes
alongside host susceptibility when developing strategies
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to manage virus spread in legume cropping systems (Lei
et al., 2025).

Mixed infections were predominantly associated
with Polerovirus (Solemoviridae) viruses, particularly
CpCSV and BWYYV, accounting for 95% of mixed infec-
tions in faba bean and 69% in chickpea. Virus-virus
interactions in mixed infections may influence virus
accumulation, host range, symptom severity, and vec-
tor transmission efficiency (Moreno and Lépez-Moya,
2020; Sédnchez-Tovar et al., 2025). The frequent associa-
tion of CpCSV and BWYV has been previously reported
in legume crops (Abraham et al., 2009; Moukahel et al.,
2021; Maina and Jones, 2023), although the nature of the
interaction between these two viruses remains unclear.

While serological assays (TBIA) frequently sug-
gested co-infections by CpCSV and BWYV, molecular
analyses detected only single Polerovirus species per
sample. This discrepancy probably reflects the limita-
tions of serological diagnostics for closely related virus-
es, as CpCSV and BWYV share conserved coat protein
epitopes that may lead to antibody cross-reactivity (Mar-
tin and D’Arcy, 1990; Oshima et al., 1990; Fortass et al.,
1997; Kidanemariam and Abraham, 2023). Consequent-
ly, molecular analyses occasionally reveal mixed infec-
tions not detected by TBIA, highlighting the comple-
mentary nature of serological and molecular diagnostic
approaches. While TBIA remains a rapid and cost-effec-
tive tool for large-scale virus surveillance (Makkouk and
Kumari, 1996), molecular techniques such as MP-PCR
provide increased sensitivity and specificity for detect-
ing closely related viruses and mixed infections (Abra-
ham et al, 2008; Deb and Anderson, 2008; Abraham
and Vetten, 2022). The present study results also showed
that CpCSV was the most prevalent virus involved in
mixed infections in chickpea and faba bean crops. This
predominance may be explained by the broader host
range of CpCSV than of BWYV host range, and efficient
persistent transmission by A. craccivora, which was fre-
quently observed during field surveys (Abraham et al.,
2006; Asaad et al., 2009; Abraham and Vetten, 2022). In
the Bizerte region where winters are mild, CpCSV and
BWYV co-infections were particularly common, repre-
senting 59% of mixed infections in faba bean crops and
52% in chickpea. A similar pattern was observed in Cap
Bon, where these co-infections accounted for 37% of
mixed infections in faba bean and 26% of mixed infec-
tions in chickpea. These results highlight the ecological
adaptability and transmission efficiency of CpCSV in
cool-season legume cropping systems.

The present study observations are consistent with
previous studies demonstrating that climate change, agri-
cultural history, and the invasion or persistence of alter-
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native host plants strongly influence vector dynamics and
virus emergence at regional scales (Robert and Lemire,
1999; Jones and Barbetti, 2012; Jones, 2016; Trebicki,
2020). They also emphasize the importance of weed and
reservoir host management as key components of inte-
grated strategies aimed at reducing virus inoculum and
limiting epidemic development (Wisler and Norris, 2005).

The use of the partial CP gene in the present study
was a strategic choice to combine practical feasibility
with phylogenetic relevance. Virus CP remains a reliable
and accessible molecular marker for initial identification
and diagnosis, because of its structural role and its con-
servation among related viruses. Despite its conserved
nature, the partial CP gene has also been shown to con-
tain sufficient variability to discriminate between iso-
lates, and to reveal phylogeographic structuring in sev-
eral Polerovirus species, including CpCSV.

Previous studies have demonstrated clear phylogeo-
graphic structuring in CpCSV populations. Abraham et
al. (2009) identified two major strains associated with
geographic origins, Strain I (from Ethiopia and Sudan)
and Strain II (from Morocco, Syria, and Egypt), sepa-
rated by approx. 8 to 10% nucleotide divergence in the
CP. Similarly, Najar et al. (2011) reported that Tunisian
isolates of CpCSV clustered into these two groups. Con-
sistent with these findings, the present study phylogenet-
ic analysis showed that ten newly characterized Tunisian
isolates clustered with Ethiopian and Sudanese isolates
(Strain I), whereas three isolates grouped with isolates
from Morocco, Egypt, Syria, and Iran (Strain II). These
results confirm the coexistence of at least two CpCSV
lineages in Tunisia, and indicate that geographic origin
rather than host species drives CpCSV genetic difteren-
tiation. Presence of distinct strains may also have epi-
demiological and host resistance breeding implications,
as different isolates may vary in symptom severity and
resistance-breaking potential (Abraham et al., 2009).

BWYV is widely distributed and infects chickpea
and numerous other plant species, with reported yield
losses due to BWYV infections ranging from 8 to 90%
(Abraham, 2025). Despite this broad host range, previ-
ous studies have reported limited sequence variability
among BWYYV isolates (Yoshiba and Tamada, 2019). In
agreement with these observations, SDT pairwise simi-
larity analysis revealed high nucleotide conservation
among the Tunisian BWYV isolates (98 to 99%), indi-
cating circulation of a genetically homogeneous lineage.
However, these isolates were clearly differentiated from
sugar beet derived BWYV variants (89 to 90%), and from
chickpea isolates from Ethiopia and Uzbekistan (89 to
92%), suggesting existence of host- or geography-associ-
ated lineages.

Sequencing of amplicons obtained with BWYV-
specific primers also showed presence of TuYV/BrYV in
addition to BWYV. This is consistent with recent stud-
ies showing that many poleroviruses previously identi-
fied as BWYV by serology correspond to TuYV or related
species (Abraham, 2025). The discrepancy between PCR
detection and sequencing probably results from primer
annealing in conserved genomic regions shared among
poleroviruses, which may result in cross-detection of
closely related species (Hauser et al., 2000; 2002; D’Arcy
and Domier, 2005). These results highlight the limita-
tions of PCR targeting conserved regions, and emphasize
the need for additional genomic markers for accurate
species identification.

TuYV, formerly known as BWYYV, belongs to Polero-
virus within Solemoviridae. BrYV shares approx. 80%
nucleotide similarity with TuYV and has been subdi-
vided into several strains associated with different bras-
sica hosts. Phylogenetic analyses indicate that TuYV and
BrYV share a common evolutionary origin, and recom-
bination has been recognized as an important driver
of their diversification (Filardo et al., 2021; Peng et al.,
2023). In some cases, whole-genome analyses have indi-
cated that BrYV may represent a divergent lineage within
the TuYV species complex, rather than being a distinct
species (Filardo et al., 2021). These findings highlight the
taxonomic complexity within the TuYV/BrYV group, and
the importance of highly specific molecular diagnostic
tools. More recently, high-throughput sequencing studies
detected BWY V-related sequences in Citrus, including an
isolate associated with citrus yellow vein-associated virus
and “fatal yellows” disease (Keremane et al., 2024). Con-
sistent with these observations, Pierre et al. (2026) devel-
oped and validated a real-time RT-PCR assay for specific
detection of BWYV and related poleroviruses, which
demonstrated improved sensitivity and specificity com-
pared with generic ELISA and RT-PCR assays.

Phylogenetic and SDT analysis further showed that
Tunisian TuYV isolates form a genetically homogeneous
cluster closely related to international TuYV populations,
with clustering largely associated with geographic ori-
gin. In contrast, BLRV isolates showed both high con-
servation and notable divergence. Most Tunisian isolates
clustered with sequences from Europe, the United States,
Australia, and Spain, sharing 95 to 99% nucleotide simi-
larity, suggesting a cosmopolitan lineage. However, one
isolate (TuCp265-19) exhibited marked divergence (50 to
57% similarity) compared with other Tunisian isolates,
indicating the possible presence of a highly divergent
variant or distinct lineage. Similar patterns of divergence
within BLRV populations have been reported previous-
ly; for example, Hajiyusef et al. (2017) showed that an
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Iranian BLRV isolate formed two subgroups with other
international isolates, while maintaining high similarity
within each subgroup.

The present study has highlighted the diversity of
viruses infecting chickpea and faba bean in Tunisia,
with poleroviruses (CpCSV and BWYYV) as the pre-
dominant pathogens. Phylogenetic analyses revealed two
CpCSV strains, and high conservation among BWYV
and TuYV isolates. The detection of TuYV/BrYV among
BWYV-positive samples underscores the importance of
molecular diagnostics for virus pathogens. These results
provide essential baseline data for improving virus sur-
veillance and management in Tunisian legume crops.
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Summary. Magnolia grandiflora is an important ornamental tree in urban areas. In
2025, leaf spot symptoms were observed on M. grandiflora leaves in Viterbo, Italy.
The causal agents were isolated and identified through morphological characterization
and multilocus phylogenetic analysis of EF1-a, RPB1 and RPB2 gene sequences, and
were identified as Fusarium venenatum and F. clavum. Pathogenicity tests on healthy
M. grandiflora leaves produced characteristic brown leaf spots within 3 d post-inoc-
ulation. Re-isolations of the inoculated fungi confirmed Koch’s postulates. This study
demonstrated that F. venenatum and F. clavum caused the leaf spot symptoms on Mag-
nolia, and is the first report of this disease in Italy. These results provide the basis for
developing targeted disease management strategies for emerging diseases caused by
these fungi in urban areas.

Keywords. Emerging disease, Nectriaceae, urban trees.

INTRODUCTION

Magnolia (Magnolia grandiflora L.) is a popular ornamental species that
is widely planted in both public and private green areas for its evergreen
foliage, large and fragrant flowers, and high aesthetic value. Beyond its
ornamental significance, M. grandiflora contributes to the ecological balance
of urban ecosystems, providing shade, improving air quality and support-
ing urban biodiversity (Sjoman et al., 2018; Novak et al., 2023). Among the
approx. 200 species within Magnolia, M. grandiflora is particularly valued
for its notable tolerance to drought conditions (Vastag et al., 2020). None-
theless, like other urban trees species, magnolias planted in cities are fre-
quently subjected to multiple stress factors, including soil compaction, air
pollution and restricted rooting space (Balraju et al., 2023; Vettraino et al.,
2025a, b). Such conditions can weaken tree vitality and increase their sus-
ceptibility to biotic agents.
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Global warming and changes in temperature and
humidity can influence the development, survival and
spread of pests and pathogens, as well as the spread and
survival of natural enemies, competitors and vectors.
Consequently, abiotic stress, together with the impacts
of climate change and high risks of introducing infect-
ed plant material from nurseries into urban environ-
ments, creates a complex and potentially dangerous sce-
nario (Garrett et al., 2021; Antonelli et al., 2023; Raum
et al., 2023;Antonelli et al., 2024; Lahlali et al., 2024; ).
In recent years, foliar diseases have become increasingly
prevalent in urban trees, posing dual threats by compro-
mising their aesthetic values and physiological functions,
including photosynthesis, nutrient transport and over-
all plant health (Knox ef al., 2012; Esmaeilzadeh et al.,
2020; Hu et al., 2023; Huang et al., 2025;).

Leaf diseases of magnolia plants commonly mani-
fest as brown spots that impair the visual quality of the
foliage, and substantially reduce photosynthetic perfor-
mance, with negative consequences for tree growth, vig-
our and resilience.

During routine monitoring of urban trees in April
2025, brown leaf spots were observed on two mature mag-
nolia trees located in Viterbo (Central Italy). This study
aimed to determine the etiology of this disease, to provide
knowledge as the basis for effective disease management.

MATERIALS AND METHODS
Field observation and fungi identification

In April 2025, leaves of M. grandiflora exhibit-
ing leaf spot symptoms were collected in Viterbo, Italy
(42.4186°N; 12.1042°E). About 10% of the leaves exhibit-
ed brown- spots distributed on the leaf surface (Figure 1).

A total of ten leaves showing brown spots symptoms
were collected, transported to the laboratory in sterile
plastic bags, and processed within 24 h of collection.
Tissue samples were sterilized according to Vettraino et
al. (2021), with procedural adjustments. Specifically, the
leaves were immersed in 75% ethanol for 1 min, and
were then rinsed three times with sterile distilled water
to remove residual disinfectant. Tissue sections exhibit-
ing spots were aseptically cut into fragments. A total of
100 fragments were placed on PDS medium (39 g L™
Potato dextrose agar [PDA; Oxoid] supplemented with
0.06 g L™ streptomycin sulfate), and the culture plates
were incubated at 25 + 2°C. Each of the resulting dis-
tinct colonies was subcultured by transferring a hyphal
tip onto a fresh PDA plate for purification.

The isolates obtained (35) were grouped based on
colony morphology and pigment production observed

Michele Narduzzi et alii

Figure 1. Magnolia grandiflora leaves showing leaf spot symptoms.

after 7 d incubation. Conidium morphology was exam-
ined using a Zeiss Axio Imager A2m microscope.

Two isolates (R3 and R7) were selected as represent-
ative strains of the total isolates obtained, and their mor-
phological characterizations were confirmed by molecu-
lar analyses. Genomic DNA was extracted from fresh
mycelium using the NucleoSpin® Plant II kit (Macherey-
Nagel), according to the manufacturer’s instructions.
Molecular identification of cultures was achieved based
on the amplification and sequencing of the gene regions
translation elongation factor 1 alpha (EF-1a), RNA pol-
ymerase largest subunit (RPB1), and RNA polymerase
second largest subunit (RPB2) (O’Donnell et al., 2008;
Jiang et al., 2020). Phylogenetic trees were constructed
using the neighbour-joining (NJ) algorithm combined
with the Kimura 2-parameter model implemented in
MEGA 11 (Tamura et al., 2021). Bootstrap analysis was
conducted with 1,000 replicates. Sequences of related
Fusarium species were retrieved from GenBank for com-
parisons. The dataset consisted of sequences from iso-
lates characterized in this study and ten taxa from the
Fusarium species complex.

Pathogenicity tests

Pathogenicity tests were carried out on detached
healthy M. grandiflora leaves to confirm the etiologi-
cal roles of isolates R3 and R7. For each isolate, 5 mm
mycelium plugs collected from 7-d-old PDA cultures
were placed on leaf surfaces that had been previously
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wounded using a sterile scalpel (wound length 4mm).
Inoculation control leaves received sterile PDA plugs.
All leaves were then placed in plastic trays with moist
paper towels to maintain approx. 90% relative humid-
ity, and were incubated at 25 + 1°C. Petioles of the leaves
were wrapped in wet cotton to prevent desiccation. Each
treatment consisted of five replicates per isolate. Devel-
opment of symptoms was monitored daily, for 3 d after
inoculation. Fungal re-isolations were made from symp-
tomatic tissues assess fulfilment of Koch’s postulates.
The pathogenicity tests were repeated twice to confirm
reproducibility.

RESULTS

Isolation and characterization of fungal isolates

Isolates R3 and R7 both produced fast-growing, pale
to bright- coloured colonies with dense aerial mycelium.
Isolate R3 developed orange to pink aerial mycelium.

Fusarium venenatum strain CBS 127.95

100 Fusarium venenatum strain CBS 140911

Fusarium amblysporum strain NRRL 66929

91‘;J d L Fusarium amblysporum strain CBS 128.95
. L Fusarium sambucinum strain NRRL 22187
Fusarium poae voucher LC18712
Fusarium culmorum strain CBS 119869
gg [ Fusarium equiseti strain NRRL 20697
Fusarium equiseti strain NRRL 26419
100 Fusarium clavum isolate EeR24
H
0.01

Figure 2. Neighbour-Joining (NJ) phylogenetic tree based on con-
catenated sequences of TEF-1a, RPB1 and RPB2 genes, including
sequences of already known Fusarium species and of isolates R3
and R7 obtained in the present study. Bootstrap values greater than
50% (expressed as percentages of 1,000 replications) are shown at
the nodes. The isolates characterized in this study are each high-
lighted with a red-bordered rectangle.

Macroconidia were hyaline and two to five septate, of
lengths 35 to 50 pm, while microconidia were absent.
Chlamydospores were abundant, and were globose to
oval, and were intercalary and lateral, and measured
7 to 11 pm. Isolate R7 formed white aerial mycelium
and produced hyaline, non-septate, single-celled, ovoid
microconidia measuring 6 to 8 pm. This isolate also pro-
duced abundant globose to oval chlamydospores, meas-
uring 6 to 11 pm. Macroconidia of R7 were falcate, hya-
line, one to six-septate, and were 30 to 45 pm in length.

The two isolates were coded as Fusarium, and spe-
cies identity was verified through analysis of the EF1-a,
RPB1 and RPB2 sequences using BLAST searches
against the NCBI database. Isolate R3 corresponded to
F. venenatum, and isolate R7 corresponded to F. clavum.
The phylogenetic analysis based on the concatenated
sequences of TEF-1a, RPB1 and RPB2, using the NJ
method, was consistent with the result of the BLASTn
comparison (Figure 2).

Pathogenicity tests

Three days following inoculations, brown leaf spots
appeared on all leaves inoculated with isolates R3 and
R7, in both experimental repetitions. No symptoms were
observed on control leaves (Figure 3). The symptoms
were similar to those previously observed on M. gran-
diflora trees under field conditions. Fungi identical to
F. venenatum R3 were re-isolated from diseased tissues
inoculated with this isolate, and similarly for F. clavum
R7, confirming Koch’s postulates for both fungi.

| F clavum R7

' 6

Figure 3. Symptoms on Magnolia grandiflora leaves after inocula-
tions with Fusarium isolates R3 or R7, compared to an uninocu-
lated control leaf.
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DISCUSSION

Magnolia grandiflora is a widely valued ornamen-
tal tree in urban and peri-urban landscapes, providing
key ecosystem services such as air purification, shade,
aesthetic value, and habitats for biodiversity. However,
introductions of new pests and pathogens pose signifi-
cant risks to magnolia health and the benefits provided
by these trees. The fungi isolated from leaf spots on M.
grandiflora during the survey in Viterbo, Italy were iden-
tified as F. venenatum (isolate R3) and F. clavum (isolate
R7), based on morphological and molecular analyses.

Fusarium Link (Hypocreales, Nectriaceae) includes
several aggressive plant pathogens that cause root rot,
cankers and vascular wilt on a variety of urban trees
(Skarmoutsou & Skarmoutsos, 1999; Guo et al., 2021).
Fusarium venenatum has been previously reported in
association with dry rot in potato tubers (Stefancyzk et
al., 2016; De Jesus Diaz Aguilar et al., 2023), and root
and collar rot, damping-off, and foliar necroses in herba-
ceous crops (Ayoubi & Soleimani, 2016), citrus trees and
strawberry plants. Similarly, F. clavum has been associ-
ated with leaf spot and blight symptoms, appearing as
necrotic lesions that sometimes expand and lead to pre-
mature senescence (Sandoval-Denis et al., 2018; Matic et
al.,, 2020; Gilardi et al., 2021).

The present study has identified, for the first time,
natural infections of M. grandiflora by F. venenatum
and F. clavum. This is the first documented report of F.
venenatum and F. clavum associated with diseases of M.
grandiflora. Occurrence of these fungi in symptomatic
leaves collected from urban green spaces extends the
known host range of both species, and indicates their
adaptability to actively colonize foliar tissues, rather
than acting merely as secondary saprophytes, highlight-
ing the adaptability of Fusarium species to urban tree
environments.

These results emphasize the vulnerability of urban
trees to emerging fungal pathogens, and the importance
of regular disease surveillance in green city areas. To
mitigate the impacts of these pathogens, management
strategies should emphasize preventive cultural practices
that limit pathogen spread and establishment, including
minimal and well-timed pruning of dead or diseased
branches, rapid removal of symptomatic tissues, and
strict application of pruning hygiene methods.
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