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Summary. Agrobacterium tumefaciens causes crown gall, and economic losses in
important crops, including apple, pear, peach, and almond. Difficulties controlling
this disease with conventional pesticides require alternative antibacterial agents. A
novel lytic bacteriophage, Agrobacterium phage PAT1 (PAT1), with high lysis poten-
tial against A. tumefaciens, was isolated from wastewater. Interaction between PAT1
and A. tumefaciens cells was investigated using transmission electron microscopy.
PAT1 adsorbed, infected, and replicated on A. tumefaciens in <30 min. Turbidity
assays showed that PAT1 [Multiplicity of Infection (MOI) = 1] inhibited A. tumefa-
ciens growth by 82% for 48 hours. PAT1 was resistant to broad ranges of pH (4 to 10)
and temperatures (4 to 60°C). Bioinformatics analyses of the PAT1 genomic sequence
showed that the bacteriophage was closely related to Atuphduovirus (Autographi-
viridae) phages. The PAT1 genome size was 45,040 base pairs with a G+C content of
54.5%, consisting of 54 coding sequences (CDS), of which the functions of 23 CDS
were predicted, including an endolysin gene which could be used as an antimicrobial
against A. tumefaciens. No lysogenic mediated genes or genes encoding virulence fac-
tors, antibiotic resistance, or toxins were detected in PAT1 genome. The bacteriophage
showed potential as a biocontrol agent against A. tumefaciens infections, expanding the
limited catalogue of lytic A. tumefaciens phages, although efficacy for control of crown
gall in planta remains to be evaluated.

Keywords. Plant pathogenic bacteria, crown gall, phage therapy, biocontrol.

INTRODUCTION

Agrobacterium tumefaciens is a Gram-negative, non-spore-forming,
motile, rod-shaped plant pathogenic bacterium that causes crown gall many
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plant species (Etminani et al., 2022). Crown gall com-
promises commercialization of plants in more than 60
families, including dicotyledonous plants, ornamen-
tals brambles, and pome fruit, stone fruit, and nut trees
(Lee et al., 2009; Choi et al., 2019; Etminani et al., 2022).
Agrobacterium tumefaciens is commonly found in the
rhizospheres of many plants, where it survives on root
exudates (Eckardt, 2006). The bacterium infects host
plants through wounds roots, stems and crowns, which
often occur in orchards during pruning and in nurser-
ies through transplanting and grafting (Eckardt, 2006;
Etminani et al., 2022). The pathogen then becomes path-
ogenic by transforming plants with a fragment of the
tumor-inducing (Ti) plasmid, a transfer-DNA (T-DNA)
which induces abnormal proliferation of host plant cells
via synthesis of phytohormones, leading to the forma-
tion of tumours (galls) (Kawaguchi et al., 2019; Thomp-
son et al., 2020). Galls usually develop at plant crowns
but can also occur above ground on secondary or lateral
roots and main stems. These tumours restrict water and
nutrient flow causing yield losses and, in severe cases,
plant death (Eckardt, 2006; Asghari et al., 2020).

There are no synthetic chemical treatments for con-
trolling crown gall. Eco-friendly management of this
disease using biocontrol agents, such as the non-path-
ogenic Agrobacterium radiobacter isolate K84 and its
genetically modified isolate K1026, have been shown to
be effective in several locations (Penyalver et al., 2000).
However, K84 and K1026 are ineffective against some
strains of A. tumefaciens; thereby limiting their ability
to provide broad-spectrum control (Vicedo et al., 1993).
Therefore, there is a requirement to identify new effec-
tive biocontrol agents against A. tumefaciens.

Virulent (lytic) bacteriophages, which are viruses
that specifically infect and lyse bacteria, are potential
options for field scale biological control. These bacteri-
ophages are ubiquitous, recognized as safe agents, and
are potent antibacterial agents in agriculture (Svircev
et al., 2018; Alvarez et al., 2019; Sabri et al., 2022). Lyt-
ic phages have advantageous characteristics, includ-
ing ease of discovery, high host bacterium specific-
ity, self-replicating nature, harmlessness to eukaryotes,
low environmental impacts, low cost and simplicity for
preparation, high efficiency at low multiplicity of infec-
tion (MOI). Their post-application levels increase reduc-
ing bacterial host survival, in contrast with antimicro-
bial compounds (Loc-Carrillo and Abedon, 2011; Sabri
et al., 2024).

Seven lytic phages have been reported to infect
this bacterial plant pathogen. These are: 7-7-1 (Kropin-
ski et al., 2012), Atu_ph02 and Atu_ph03 (Attai et al.,
2017), Atu_ph07—a jumbo phage (Attai et al., 2018),
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Atu_ph04 and Atu_ph08 (Attai and Brown, 2019), and
Milano (Nittolo et al., 2019). The present study isolated
and characterized a novel lytic phage of A. tumefaciens,
named Agrobacterium phage PAT1 (PAT1), which dem-
onstrated in vitro antibacterial efficacy against A. tume-
faciens.

MATERIALS AND METHODS
Bacterial strains and culture conditions

Bacteria listed in Table 1 were grown either at 28°C
in liquid yeast extract peptone glucose broth (YPG) (5.0
g L1 yeast extract, 5.0 g L'! peptone, 10.0 g L' glucose)
or on yeast extract peptone glucose agar (YPGA, YPG
supplemented with 1.5% agar).

Bacteriophage isolation, purification, and titration

The phage described in the present study was isolat-
ed from a sewage water sample collected in April 2023 at
the untreated influx point of the wastewater processing
station in Bari (south of Italy; Latitude: 41.1081° N, Lon-
gitude: 16.2606° E). One L of sewage water was passed
through a 75 x 100 mm Grade 1 filter paper (Whatman)
to remove large particles, and the filtered through a 0.22
pum filter (Merck) to remove cellular debris. The result-
ing filtrate was centrifuged at 109,000 (Rotor J50.2 Ti,
Beckmann Coulter) for 1 h at 4°C to pellet phage parti-
cles. The pellet was resuspended in 2 mL of phage buft-
er [100 mM Tris-HCI (pH 7.6); 10 mM MgCl,; 100 mM
NaCl; and 10 mM MgSO,) and stored at 4°C. For phage
enrichment, A. tumefaciens strain CFBP 5770 was grown
at 28°C on YPG agar for 24 h and transferred to 2 mL
of YPG broth at optical density at 600 nm (OD 600) of
0.1, to which 100 pL of pre-treated sample were added.
The culture enrichment was incubated at 28°C for 24 h.
Phage was purified from filtrate using the double agar
overlay method (Kropinski et al., 2009). A single clear
plaque-forming unit was transferred into 1 mL of phage
buffer and this process was repeated three times to
ensure isolation of a single phage. To obtain high phage
titre, 1 mL of A. tumefaciens strain CFBP 5770 culture
at OD 600 of 0.2 was inoculated into 500 mL of YPG
broth, 1 mL of purified phage was added, and the mix
was incubated for up to 24 h at 28°C. Amplified phages
were filtered through 0.22 pm filters, concentrated by
high-speed centrifugation (108,800 g for 1 h), resuspend-
ed in 2 mL of phage buffer, and stored at 4°C for fur-
ther analysis. The phage titre was determined through a
double-layer assay.
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Species Isolate? Host plant Origin
Xanthomonas campestris pv. campestris CFBP 1710 Brassica oleracea var. botrytis France
Xanthomonas albilineans CFBP 1943 - Burkina Faso
Erwinia amylovora PGL Z1° Pyrus communis Italy
Pseudomonas syringae pv. syringae CFBP 311 Pyrus communis France
Dickeya chrysanthemi biovar chrysanthemi CFBP 1346 Chrysanthemum maximum Italy
Pseudomonas savastanoi pv. savastanoi CFBP 5050 Olea europaea Portugal
Agrobacterium larrymoorei CFBP 5473 Ficus benjamina USA
Agrobacterium rubi CFBP 5521 Rubus sp. Germany
Agrobacterium tumefaciens CFBP 5770 Prunus persica Australia
Agrobacterium tumefaciens YD 5156-2018 Prunus domestica Greece
Agrobacterium tumefaciens YD 5660-2007 Prunus dulcis Greece
Agrobacterium tumefaciens BPIC 139 Vitis vinifera Greece
Agrobacterium tumefaciens BPIC 284 Prunus dulcis Greece
Agrobacterium tumefaciens BPIC 310 Pyrus amygdaliformis Greece
Agrobacterium vitis CFBP 2738 Vitis vinifera Greece
Agrobacterium vitis BPIC 1009 Vitis vinifera Greece

2 CFBP: French Collection of Phytopathogenic Bacteria, Angers, France. YD: Collection of bacterial strains isolated in diagnostic work of
the bacteriology laboratory, Benaki Phytopathological Institute. BPIC: Benaki Phytopathological Institute collections.

b Collection of CIHEAM-IAM, Bari, Italy.

Spot assays of phage lytic activity

Lytic activity of PAT1 against A. tumefaciens was
assessed using a spot assay as follows: 200 uL of A.
tumefaciens strain CFBP 5770 suspension (108 CFU
mL!) were mixed with soft agar (YPG supplemented
with 0.7% agar), which was poured into a petri plates
(6 mL per plate) and allowed to dry. Drops (10 pL each)
of phage solution containing 108, 107, 106, 105, or 104
PFU mL"! were spotted onto the surfaces of the plates.
The spots were dried at room temperature and the plates
then cultured for 24 h at 28°C.

Transmission Electron Microscopy (TEM)

To assess the morphological and lytic properties
of the purified phage PATI, a culture of A. tumefaciens
strain CFBP 5770 was challenged with PAT1 (MOI = 1)
for 1 h at room temperature. Representative images of
the phage and bacterium cells were taken at 10-, 30-,
or 60-min intervals post-infection (pi) using a trans-
mission election microscope (FEI MORGAGNI 282D)
using the dip method. Carbon-coated copper/rhodium
grids underwent 2 min. incubation with either the phage
alone or with phage-treated cells, followed by rinsing
with 200 pL of distilled water. Negative staining was
obtained by immersing the grids in 200 pL of a 0.5%
w/v UA-Zero EM stain solution (Agar-Scientific Ltd).

The samples were viewed at microscope accelerating
voltage of 80 kV.

DNA extraction, whole-genome sequencing, and bioinfor-
matic analysis of PAT1

Genomic DNA of PAT1 was extracted from a high-
titre stock of phage particles at ~101° PFU mL" using
a DNeasy Plant Extraction Kkit, following the manu-
facturer’s protocol (Qiagen). The extracted DNA was
quantified using a NanoDrop™ One/OneC Microvolume
UV-Vis Spectrophotometer (ThermoFisher Scientific).
Subsequently, 500 ng of purified genomic DNA was sent
for Illumina sequencing (2 x 150 bp paired-end mode)
(Eurofins Genomics). The reads were quality checked
and trimmed using BBDuk Trimmer 1.0 and de novo
assembled using the Tadpole tool with different k-mers
(Geneious Prime 2024.0.7). The nucleotide sequence
similarity of the obtained phage with those reported in
GenBank was calculated based on a complete nucleo-
tide alignment of the genomic sequences of most PAT1-
related phages using Geneious. The functions of ORFs
were annotated with Geneious, using the complete
genomic sequences of the phages most closely related at
the molecular level to PAT1, i.e., Agrobacterium phage
Atu_ph02 (accession number NC_047845) and Agrobac-
terium phage Atu_ph03 (accession number NC_047846);
and the HHpred and HHblits of the Bioinformatics
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toolkit (https://toolkit.tuebingen.mpg.de/tools/hhpred).
A search for tRNA genes in the genome of PAT1 was
performed using Prokka 1.14.0 (https://Kbase.us).

The predictions of antibiotic resistance genes,
acquired virulence genes, and toxin-encoding genes were
assessed using, respectively, resFinder 4.5.0, Virulence-
Finder 2.0.5 and ToxFinder 1.0 softwares, in the CGE tool
(http://www.genomicepidemiology.org/). The complete
genome sequence of PAT1 was deposited at GenBank and
a circular map of the genome and phylogenetic tree were
constructed using g ViPTree (Nishimura et al., 2017).

Optimal multiplicity of infection (MOI) of phage PAT1

To investigate the phage’s ability to inhibit growth of
A. tumefaciens in liquid medium, a “killing assay” was
carried out; thus phage PAT1 and host bacterial strain
CFBP 5770 were mixed at MOIs of 1, 0.1, 0.01, 0.001, or
0.0001. Each mixture was then inoculated into 2 mL of
YPG broth and incubated at 28°C for 48 h. During incu-
bation, four optical density (OD) measurements (at 0
min, 6 h, 24 h, and 48 h) and at OD600 were taken using
a NanoDrop™ One/OneC Microvolume UV-Vis Spectro-
photometer.

Host range analysis

The host range of PAT1 was assessed using the
phage sensitivity spot test described above. Bacterial
strains listed in Table 1 were cultured at 28°C on YPGA
plates for up to 2 d. The cultures were then each sus-
pended in sterile distilled water, and 200 puL of bacte-
rial suspension (OD600 = 0.2) were mixed with 6 mL
volumes of YPG soft agar, which were then poured into
Petri plates, and allowed to dry. Drops (10 pL each) of
phage solution at 108, 107, 105, 10°, or 10* PFU mL"! were
spotted onto the surfaces of the plates, which were then
dried at room temperature. The plates were then incu-
bated for up to 2 d at 28°C. Presence of clear zones was
recorded for the respective strains, indicating strain sus-
ceptibility to PAT1.

Temperature and pH effects on PAT1

Temperature effects on PAT1 were assessed by incu-
bating 100 uL of phage suspensions (~10 PFU mL?) for
1 h, at 4, 28, 40, 50, 60, or 70°C. Following incubation,
serial dilutions were made with phage buffer, and phage
titres were determined using the double agar overlay
method. To assess pH effects, phage suspensions (100
uL) were each to 900 pL of sterile-filtered YPG that was
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pH-adjusted using 1 M NaOH or 1 M HCI. The inocu-
lated cultures were then incubated at 28°C for 1 h. Sub-
sequently, serial dilutions were made with phage buffer,
and phage titres were determined using the double agar
overlay method.

RESULTS
Spot assays

PAT1 produced clear lysis zones on the A. tumefa-
ciens lawns (Figure 1) at all assessed titres, demonstrat-
ing the lysis potential of PAT1 against the bacterium.

Morphological and lytic properties of PAT1

PAT1 produced clear plaques, ranging from 2 to 5
mm diam. on lawn cultures of the A. tumefaciens strain
CFBP 5770 (Figure 2A). TEM analysis showed that PAT1
had morphological features typical of a podovirus mor-
photype C1, with icosahedral and Head-tail geometries.
The capsid diameter was approx. 60 (+ 3) nm (length/
width ratio = 1), and the non-contractile tails were 10
(£ 2) nm in length (Figure 2B). TEM was also used to
explore at the ultrastructural level the virulence of PAT1
against A. tumefaciens. Micrographs showed adsorption

y

V108 107 109
| o

7.

Figure 1. A YPGA plate showing antibacterial activity against Agro-
bacterium tumefaciens of PAT1 at different titres (10% to 10* PFU
mL, in triplicates).
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Figure 2. (A) Plaques caused by PAT1 on an Agrobacterium tumefaciens double layer agar plate. (B) Transmission electron microscope
image of PAT1 showing a particle each with an icosahedral capsid and a very short non-contractile tail. Scale bars: 50 nm and 25 nm
(inset).

of PAT1 on cell surfaces of A. tumefaciens at 10 min pi
(Figure 3B), while the lysed cells of A. tumefaciens and
release of progeny virions from infected bacteria were
visualized at 30 min pi (Figure 3, C and D). These obser-
vations demonstrated the ability of PAT1 to adsorb, rep-
licate and kill A. tumefaciens in less than 30 min for a
complete infection cycle, and indicate that the infection
cycle was lytic.

Temperature and pH effects on phage PAT1, and host range

The thermal and pH effects on PAT1 were estimated
by measuring variations in survival rates as functions of
the numbers of plaque-forming units (PFU). The phage
was generally stable at temperatures from 4°C to 60°C,
while it had approx. tenfold less infectivity at 60°C, and
incubation at 70°C for 1 h killed the phage (Figure 4 A).
PATI also had stable infectivity across the assessed pH
range of 4 to 10 (Figure 4 B).

Host range analysis of PAT1 carried out for 16 bac-
terial strains (Table 1) showed that strains CFBP 5770
and BPIC 284 of A. tumefaciens were equally suscepti-
ble to PAT1, with the phage producing clear lysis zones
at the different tested titres (data not shown). However,
PATI1 was inactive against other A. tumefaciens strains,
and the plant pathogenic bacteria examined, indicat-
ing that this phage is likely to be specific to strains of A.
tumefaciens.

Bacteriolytic effects of PAT1 on growth of Agrobacterium
tumefaciens

The ability of PATI to restrict the growth of A.
tumefaciens strain CFBP 5770 was determined at differ-
ent MOIs (1, 0.1, 0.01, 0.001, and 0.0001). All MOIs were
effective, and the phage restricted growth of A. tume-
faciens for 24 h (Figure 5). However, after 24 h, PATI-
infected bacteria displayed increased ODs, indicating
emergence of phage-resistant mutants. Additionally,
bacteria treated with the greatest MOI (1) showed slower
increase in OD readings after 24 h (Figure 5), so MOI
= 1 was determined as optimal MOI for PAT1. Despite
the resistance development, PAT1 (MOI = 1) gave con-
siderable antibacterial activity against A. tumefaciens
growth, achieving an 82% reduction in bacterial growth
at 48 h pi. At the end of the experiments, PAT1-resistant
mutants were isolated on YPGA agar plates, and resist-
ance to PAT1 was confirmed by spot assay. These results
show that PAT1 possesses effective inhibitory potency
against A. tumefaciens, indicating its potential for con-
trolling crown gall.

Genomic and phylogenetic analyses of PAT1

The whole genome sequencing and de novo assem-
bly of PAT1 revealed a double-stranded DNA genome
of length of 45,040 base pairs, with a G + C content of
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Figure 3. Transmission electron micrographs of Agrobacterium tumefaciens cells challenged with PAT1. A. untreated tumefaciens cell, used as
control. B. PAT1 attachment on an A. tumefaciens cell surface (inset shows the point of phage penetration). C and D. Lysis of PAT1-treated A.
tumefaciens cells with release of phage progeny (inset in C). Scale bars: A and C, 100 nm; B and D 50 nmy; insets, B = 25 nm and C = 50 nm.

54.5%. This is less than that of A. tumefaciens (average
58.5%) (Deschamps et al., 2016). The complete genome
of PAT1 consisted of 54 coding sequences (CDSs), of
which 31 (57.4%) encode for hypothetical proteins. The
functions of 23 CDSs (42.6%) were predicted. These 23
CDs encode proteins involved with DNA replication and
regulation, DNA packaging and structural proteins, and
cell lysis, as highlighted on the genomic map (Figure 6).
Prokka and Geneious analyses showed no tRNA encod-
ing genes were present in the genome of PAT1. CGE
analysis showed that the PAT1 genome did not contain
any known genes associated with antibiotic resistance,

lysogenicity, toxins, or other virulence factors. These
results indicate that PAT1 is suitable for use as a biocon-
trol agent.

Genome sequence analysis also showed that PAT1
shared maximum nucleotide similarities of 78.7% with
Agrobacterium phage Atu_ph02 (accession number
NC_047845) and 78.5% with Agrobacterium phage Atu_
ph03 (accession number NC_047846) (Figure 7). Both
phages are members of Atuphduovirus (Autographiviri-
dae) and are known to infect A. tumefaciens. Based on
the demarcation criteria of the “International Commit-
tee on Taxonomy of Viruses” (ICTV) for classification



Novel lytic bacteriophage PAT1 infecting Agrobacterium tumefaciens 329

(A)
108
107

~  10f
=
S U
=
™ 4
= w0
=
fa 10¢
=
T ow
[T 1]
E
a
0
4 28 40 50 60 70

Temperature (°C)

(B)
108
107

Ea
= 10f
=
- 10f
<9
&
E 108
% 10
I U5
-
B 10

pH

Figure 4. Histograms showing results of thermal and pH stability tests of PAT1. (A) Phage titre after being treated with different tem-
peratures for 60 min. (B) Phage infectivity after incubation at different pHs for 60 min. Phage titres were determined using the double agar
overlay method. Error bars indicate standard deviations of means, from three replicates.

16 —MOl=1
4 e MOIZ0.1
] ——MOI=001
12
[ e MOI=0.001
1 ——MOI=0.0001
0.8 l Untreated bacteria

Optical density at 600 nm

Time (h)
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treatments, up to 48 h pi. The bars indicate standard errors of the
means for three replicates.

of new bacteriophages species (sequence similarity <
95%), PAT1 is a putative new species, and is accordingly
named Agrobacterium phage PAT1.

The compete genome sequence of PAT1 was depos-
ited in GenBank under the accession number PQ082932.
The proteomic tree of the PAT1 genome sequence, along
with its close homologues and outliers based on genome-
wide sequence similarities computed by tBLASTX, allo-
cated PAT1 in a clade with Agrobacterium phage Atu_
ph02 and Agrobacterium phage Atu_pho03, in Atuphduo-
virus in Autographiviridae (Figure 8). Therefore, PAT1 is
considered as a tentative novel member of Atuphduovirus.

DISCUSSION

Phages are currently regarded as efficient biocontrol
agents, due to their characteristics of high selectivity in
targeting specific bacteria without disrupting beneficial

Agrobacterium phage PAT1
45,040 bp

P

Figure 6. Genomic map of PAT1, representing 54 coding sequenc-
es encoded by the genome. Hypothetical proteins are displayed in
grey, and predicted proteins are indicated with assigned functions
highlighted with different colours.

microbiota, hence maintaining environmental balance
(Federici et al., 2021). Additionally, phages self-replicate
at infection sites, minimizing the need for repeated appli-
cations and ensuring sustained antibacterial activity (Xu
et al., 2022). Unlike other biocontrol agents, where devel-
opment of resistance is often irreversible, bacteriophages
have the unique ability to adapt and evolve alongside
bacterial populations, by developing novel mechanisms
to counteract this resistance to ensure sustained effi-
cacy of biocontrol applications (Borges, 2021). However,
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Figure 7. Genomic alignment of PATI with its close homologues. The coloured vertical blocks between the genomes indicate levels of
nucleotide similarity. The genome alignment was generated using ViPTree.

the scarcity of effective lytic phages against A. tumefa-
ciens underscores a critical gap in the biocontrol arsenal
(Attai and Brown, 2019). Addressing this deficiency is
important, as A. tumefaciens poses threats to agricultural
productivity. The present study has described isolation
and characterization of a novel and potent lytic phage,
designated phage PAT1, thereby increasing the pool of
A. tumefaciens phages, and providing a potentially eco-
friendly solution for managing this plant pathogen.

Wastewater treatment stations normally collect sew-
age from many sources, such as farms, hospitals, indus-
try, and elsewhere. These stations could be sources of a
diverse range of bacterial communities, making them
ideal habitats for bacteriophage isolation. In this context,
a lytic phage against A. tumefaciens, named Agrobacteri-
um phage PAT1, was isolated and characterized from the
untreated influx point at the wastewater processing sta-
tion of Bari, Italy. TEM analysis showed that PAT1 had
morphological characteristics like those of podoviruses
in Caudoviricetes, while genomic and phylogenetic anal-
yses further identified PAT1 as a novel species within
Atuphduovirus (Autographiviridae). In assessing the suit-
ability of PAT1 as a biocontrol agent, prediction of genes
functions in the PAT1 genome showed the absence of
known genes associated with antibiotic resistance, lyso-
genicity, toxins or other virulence factors.

PAT1 was found to maintain stability of activity over
a wide range of pH (4 to 10) and temperature (4°C to
60°C). Host range analysis showed that PAT1 is host-spe-
cific, with the ability to lyse only two strains of A. tumefa-

ciens out of six examined. PAT1 was also inactive against
other bacterial species tested, indicating that PATI is
likely to be specific to strains of A. tumefaciens. This host
range is comparable to that of previously described A.
tumefaciens-infecting phages (i.e., Agrobacterium tume-
faciens phages Atu_ph04 and Atu_ph08), which were
shown to be unable to infect A. tumefaciens strains (Attai
and Brown, 2019). The narrow host range can be advanta-
geous in PAT1 applications, as the phage potentially can-
not infect non-target beneficial bacteria, likely to provide
precise disease control. However, the high specificity of
PAT1 for limited strains of A. tumefaciens can hinder its
effectiveness for use in biocontrol of crown gall disease.

To address this shortcoming, phage engineering
could host ranges of bacteriophages (Jia et al., 2023).
Gene editing techniques such as the CRISPR-Cas system
can replace or modify receptor binding proteins (RBPs)
to allow phages to recognize new hosts, thereby aug-
menting spectra of strains targeted by engineered phages
(Jia et al., 2023; Gencay et al., 2024). It is also possible
to strategically change the host range of bacteriophages,
using advanced high-throughput methods such as trans-
poson sequencing and iCRISPR technology, to iden-
tify specific bacteriophage receptor recognition genes,
and then introducing modifications or performing gene
swapping through in-host recombinations or out-of-host
syntheses (Jia et al., 2023).

The lytic activity of PATI against A. tumefaciens
was examined through a series of assays and microsco-
py analyses. The results of TEM analysis demonstrated
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the ability of PAT1 to complete its lytic life cycle in A.
tumefaciens cells within 30 min. Results from the MOI
assays showed that PAT1 inhibited growth of A. tumefa-
ciens for 24 h, with the greatest MOI giving the great-
est reductions. However, incubation to 48 h resulted in

increased ODs, both in control and phage treated sam-
ples, which reflect emergence of phage-resistant mutants.
At this time stage, however, growth of A. tumefaciens
treated with PAT1 (MOI = 1) was still reduced by 82%
compared to untreated bacteria.
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Phage resistance in bacteria is mediated through sev-
eral adaptive mechanisms, including alterations in surface
receptor structures that prevent phage adsorption, bacte-
rial capsule modifications, and activation of intrinsic bac-
terial defense systems such as CRISPR-Cas (Egido et al.,
2022). These resistance mechanisms have been detected
observed across several bacterial species (Hyman and
Abedon, 2010). To deal with this resistance, previous
studies demonstrated that combinations of phages with
other antimicrobial compounds (i.e., bacteriocins, anti-
microbial peptides, antagonistic bacteria) leverages spe-
cific targeting abilities of phages and the mechanisms of
other antimicrobial agents, leading to enhanced bacterial
control reactions and reduced risks of resistance devel-
opment (Knezevic and Aleksic Sabo, 2019). Therefore,
employing PAT1 in conjunction with other antimicro-
bial compounds may increase efficiency of anti-bacterial
activity, preserving the therapeutic potential of PAT1 and
reducing the risk of resistance development. Furthermore,
bacteriophage-derived endolysins, which are recognized
as powerful and broad-spectrum bactericidal agents that
can rapidly and precisely hydrolyze bacterial cell walls,
are potential alternatives to antibiotics (Wong et al., 2022;
Liu et al., 2023; Khan et al., 2024). These phage-encoded
enzymes exert bactericidal activity both individually, and
synergistically when combined with other antibacteri-
als, thereby enhancing their efficacy (Fischetti, 2018). For
example, the combination of the phage endolysin SAL200
with SOC anti-staphylococcal antibiotics gave synergis-
tic effects in vitro and in vivo on Staphylococcus aureus
infections (Kim et al., 2018). Endolysins have also been
employed successfully against plant pathogenic bacteria,
indicating their promise in sustainable agriculture (Vu
and Oh, 2020; Nazir et al., 2023). In the present study,
genomic analysis revealed the presence of an endolysin
within the PAT1 genome, which could also be exploited
against A. tumefaciens. This highlights the possible use of
endolysin from PAT1, alone or in conjunction with other
antimicrobials, to develop an integrated and effective bio-
control strategy against crown gall.

Phage PAT1 is a new biological agent in the list of
phages that have been reported to specifically target
Agrobacterium spp., particularly those responsible for
plant diseases. On a practical level, these phages have
shown potential for applications in agriculture. For
example, the OLIVRI phage has been successfully used
to disinfect hydroponic greenhouse nutrient solutions
from A. rhizogenes, the pathogen responsible for hairy
roots in greenhouse-grown plants (Fortuna et al., 2023).
The research in the present study was limited to the
identification and characterization of PAT1, as an initial
step towards evaluating its lysis potential and suitability

Miloud Sabri et alii

for combating A. tumefaciens. The results obtained posi-
tion PATI as a promising candidate for further evalu-
ation in combating A. tumefaciens infections, both in
greenhouse and in the field horticulture and agriculture.

CONCLUSIONS

The bacteriophage characterized in this study has
several advantageous properties, including high stability
over wide pH and temperature ranges, absence of toxins,
lysogenicity or antibiotic resistance genes, a rapid infec-
tions cycle, presence of two endolysins genes, and good
lysis potential against A. tumefaciens. These attributes
indicate that PAT1 has potential for controlling crown
gall, or as a component of integrated management of this
disease. However, further investigations are required to
explore the in-planta efficacy of PAT1, and its combina-
tion with other antibacterial agents.
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Summary. Bacterial pathogens, especially Xylella fastidiosa (Xf), are significant threats
to agricultural productivity, affecting economically important crops. The recent detec-
tion of Xf in Europe and the Middle East, including Iran, has emphasized the urgency
for comprehensive surveillance to assess and understand the genetic diversity and dis-
tribution of this pathogen. A comprehensive survey from 2019 to 2022 was carried out
in Iran to investigate Xf occurrence. A total of 403 samples were collected from alfalfa,
almond, citrus, cherry, grapevine, olive, and pistachio plantations. Using serological
(DAS-ELISA) and molecular (PCR) techniques, Xf was detected in nine samples from
grapevine, five from almond, and 18 from alfalfa, and these include the first records Xf
infections in alfalfa in Iran. Multiprimer-PCR assays carried out on Xf-infected plants,
using ALM1/ALM?2, XF2542-L/XF2542-R, and XF1968-L/XF1968-R primers for sub-
species and strain differentiation, showed that the isolates from almond were Xf sub-
sp. multiplex, and those from alfalfa were Xf subsp. fastidiosa. The Xf subsp. multiplex
infecting almonds belonged to Xf genotype II. Pathogenicity tests carried out using Xf
subsp. multiplex and fastidiosa isolates showed that the pathogen caused symptoms on
Nicotiana benthamiana plants within 20 d post-inoculation. This study emphasizes the
requirement for continuous monitoring, to mitigate the impacts of Xf on Iranian agri-
culture, and to prevent widespread outbreaks of this pathogen in multiple crop types.

Keywords. Detection, isolation, pathogenicity test, symptomatology.

INTRODUCTION

Plant diseases, particularly those caused by bacterial pathogens, con-
tinue to pose significant challenges to agricultural productivity (Nazarov
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et al., 2020). Among these pathogens, Xylella fastidi-
osa (Xf) is an important vascular pathogen, affecting a
wide range of economically important crops including
grapevine, olive, citrus, coffee, and stone fruits, as well
as numerous ornamental and forest species (Loureiro
et al., 2023). The pathogen is primarily vectored by sap-
feeding insects, including sharpshooters and spittlebugs
(Avosani et al., 2024). Originating in South America,
Xf has been responsible for several important plant dis-
eases, including Pierce’s disease (PD), olive quick decline
syndrome (OQDS), almond leaf scorch (ALS), and citrus
variegated chlorosis (CVC) (Picciotti et al., 2023). Recent
emergence of Xf in Europe has raised concerns regard-
ing the presence of multiple genotypes of the pathogen,
and the vulnerability of diverse plant species to infec-
tions. Detection of the pathogen in the Middle East and
western Asia has underscored requirements for compre-
hensive investigations and surveillance to understand its
distribution, genetic diversity, and potential impacts on
agriculture in these regions (Loureiro et al., 2023).

The first report on the presence of Xf in the Mid-
dle East and western Asia was in 2014 in Iran, where the
pathogen was reported from symptomatic grapevines,
almond and pistachio trees, with identification based on
graft transmission, isolation on culture media, patho-
genicity tests, and positive reactions in DAS-ELISA and
PCR assays specific for the bacterium (Amanifar et al.,
2014; 2016).

In Iran, Xf was found in commercial almond
orchards in Chaharmahal va Bakhtiari, West Azerbai-
jan and Semnan provinces (Amanifar et al., 2014). At the
same time, in the Razavi-Khorassan province, a severe
apricot decline syndrome was observed, which had
been previously associated with phytoplasmas, but some
plants also tested positive for Xf (Karimishahri et al.,
2016). According to Amanifar et al. (2019), there are two
subspecies of Xf in Iran, determined after gene sequenc-
ing and observations of differences in biological and
morphological characteristics of bacterial colonies. These
were subsp. fastidiosa isolated from grapes, and subsp.
multiplex isolated from pistachios and almonds (Amani-
far et al., 2016; 2014). Xylella fastidiosa can increase host
range through horizontal gene transfer (HGT), ena-
bling the bacterium to acquire genetic material from
other organisms, potentially including genes associated
with infection of new host plants (D’Attoma et al., 2020;
Pierry et al., 2020, Woods et al., 2020). Genetic varia-
tion can also occur within Xf populations, from muta-
tions and recombination, which give rise to variants
with altered characteristics, potentially enhancing their
ability to infect increased host ranges. These mecha-
nisms, together with selective environmental pressures,
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can result in adaptation and expansion of Xf host range
(O’Leary and Burbank, 2023).

Instances of leaf scorch and dieback symptoms, like
those caused by Xf on several crop, have been reported
in numerous alfalfa fields across regions of Iran.

Upon confirmation of the bacterium’s presence
within this country, it became important that routine
surveillance efforts were initiated, aiming to mitigate
occurrence and dissemination of Xf in previously unaf-
fected areas, while also monitoring spread of the patho-
gen. Despite these observations, no investigations on the
possible presence of Xf in these crops had been carried
out. Therefore, the objective of the present study was to
conduct an extensive survey to evaluate the presence of
Xf in almond, grape, citrus, and alfalfa plants across dif-
ferent regions of Iran, to update knowledge of the distri-
bution of Xf in this country.

MATERIALS AND METHODS
Study areas and collection of samples

A systematic sampling campaign was carried out in
crops of different Iranian regions over the summer sea-
sons from 2019 to 2022, in the regions of Qazvin, Isfahan,
Chaharmahal Bakhtiari, Gilan, Zanjan, Tehran, and the
central regions of Hormozgan and Kerman. In total, 403
samples were collected from different crop types, includ-
ing alfalfa, almonds, cherry, citrus, grapevine, olive, and
pistachio, showing symptoms recalling those caused by
Xf (Figure 1). Each sample, which consisted of 4 to 6 cut-
tings/trees (up to 20 cm each), was kept in a closed plas-
tic bag, labelled with relevant information (date, location,
presence/absence of symptoms) (Table 1), and then kept in
a cooling box during transport, brought to the laboratory
and was conserved at 4°C before being analysed.

Serological detection (DAS-ELISA)

All samples underwent the double-antibody sand-
wich-enzyme linked immunosorbent assays (DAS-ELI-
SA), using a polyclonal antibody kit (Agritest, Bari, Ita-
ly), according to the manufacturer’s instructions. ELISA
plates were coated with anti Xf-IgG and incubated at
37°C for 4 h. After washing, samples were loaded and
incubated overnight at 4°C. Alkaline-phosphatase con-
jugated-anti Xf-IgG was added, and incubated at 37°C
for 4 h. Absorbance was measured using a Multiskan FC
microplate reader (ThermoFisher Scientific) at 405 nm.
Positive reactions were identified if absorbance was three
times greater than controls after 120 min.
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Figure 1. Grapevine (a), alfalfa (b), and almond (c) plants infected with Xylella fastidiosa and showing symptoms of marginal leaf scorch,
wilting of foliage, and withering of branches.

Table 1. Hosts, locations, sampling dates, and numbers of samples
collected, for plants showing disease symptoms.

Host Sampling province Sampling date N;Iar:lntl’:izsd
Alfalfa g:;ﬁ;::ilahal v September 2021 3
September 2022
Isfahan September 2021 3
September 2022
Almond Alborz September 2022 12
gillz}}llgzrrrilahal va August\September 2021 11
September 2022 35
Isfahan August\September 2021 8
September 2022 54
Cherry Isfahan September 2022 15
Citrus gﬁ;?izfi?a’n September 2020 40
Grapevine  Alborz August\September 2021 3
Qazvin August\September 2019 50
September 2020 32
August 2021 41
August 2022 53
Olive Gilan, Zanjan December 2021 17
Pistachio Tehran, Markazi September 2021 14
Total 403

Molecular detection (PCR)

DNA extraction was carried out using CTAB buffer
(Hendson et al., 2001). For each sample 1 mL of homog-
enized extract was placed in a 2 mL microcentrifuge
tube and heated at 65°C for 30 min, followed by cen-
trifugation at 16,000x g for 5 min. Subsequently, 1 mL
of the supernatant was carefully transferred into a fresh
2 mL capacity micro-centrifuge tube, and 1 mL of chlo-

roform-isoamyl-alcohol (24:1) was added, mixed thor-
oughly, and centrifuged at 16,000x g for 10 min. Super-
natant (700 pL) was then transferred to a 1.5 mL micro-
centrifuge tube, and approx. 0.7 volume of cold 2-pro-
panol (490 uL) was added. After gentle mixing twice
by inversion, the tubes were incubated at —20°C for 20
min. Subsequent centrifugation at 16,000x g for 20 min
allowed for recovery of a pellet from each tube, which
was washed with 1 mL of 70% ethanol and centrifuged
again at 16,000x g for 10 min. The sample was then vac-
uum dried, and the pellet was resuspended in 100 puL of
DNase/RNase-free water.

PCR assays were carried out using Xf-specific prim-
ers, i.e.,, RST31 (5-GCGTTAATTTTCGAAGTGATTC-
GA-3’) and RST33 (5-CACCATTCGTATCCCGGTG-3’)
(Minsavage et al., 1994). PCR reactions were carried out
in 20 pL final volumes each containing 4 uL of Bioline
buffer [(5 mM dNTPs and 15 mM MgCl,), 0.5 uL (10
pmoL pL?) of each primer, 0.2 pL Tag DNA polymer-
ase (Lifetechnologies), 3 pL of total DNA template]. The
cycle program used was 95°C for 5 min, followed by 40
cycles each at 95°C for 30 sec, 55°C for 1 min, and 72°C
for 1 min, and a final extension at 72°C for 5 min. The
assays were electrophoresed on 1.2% TBE agarose gel
and were visualized under UV light after staining with
GelRed dye (Biotium).

Biological detection (isolation)

Upon the confirmation of Xf DNA presence through
one of the diagnostic techniques, isolations of Xf were
carried out from positive almond and alfalfa plant sam-
ples. These were achieved through direct printing of
twigs on buffered charcoal yeast extract (BCYE) agar
plates (Wells et al., 1981). Twigs of length 8 to-10 cm
were surface sterilized with 2% sodium hypochlorite
for 2 min, were then rinsed in 70% ethanol for 2 min
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followed by three rinses with sterile water. Each twig
was then cut in half and pressed at one end with a pli-
er, while the other end was gently pressed onto BCYE
plates to make imprints. The plates were then closed and
sealed with parafilm, incubated at 28°C for 4 weeks and
regularly checked for the appearance of Xf-like colonies,
which typically appeared as small, circular, and whitish
yellow in colour.

Pathogenicity tests

The virulence potential of newly isolated Xf strains
was assessed using a pathogenicity test. This involved
Xf inoculations into stems of Nicotiana benthamiana
plants, which are widely used as an experimental host
for Xf (Lopes et al., 2000). One-month-old N. benthami-
ana plants were each inoculated with 50 uL of Xf sus-
pension (ODg, = 0.32) prepared in phosphate buffered
saline (PBS; pH 7.4, 0.01 M), using a 0.1 mL capacity
insulin syringe. The plants were then maintained in a
controlled environment at 28°C for 2 months and were
visually inspected for development of characteristic
symptoms of Xf (i.e., leaf scorch). The presence of Xf in
the symptomatic N. benthamiana plants was confirmed
through PCR assays using the RST31/33 primers.

Multiprimer-PCR specific detection of Xylella fastidiosa
subspecies

The colonies presumed to be Xf were purified on
BCYE plates, and the isolates were then subjected to PCR
assays to verify their Xf nature, using Xf-specific primers
RST31/RST33 as described above. Subsequently, all newly
identified Xf strains, i.e., those found in infected plants
and those identified from plates, were subjected to a
multiprimer-PCR assays, using ALM1/ALM2, XF2542-L/

5 6 7 8 9 10
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XF2542-R, and XF1968-L/XF1968-R primers to differen-
tiate the strains into the three Xf subsp., fastidiosa, multi-
plex, or sandyi (Hernandez-Martinez et al., 2006).

RESULTS

Serological and molecular detection of Xylella fastidiosa

The ELISA assay results yielded insights into the
presence of Xf within the tested samples. Among the 176
grapevine samples tested, nine samples from Qazvin and
Takistan provinces were positive for Xf infections. Of the
123 almond and 18 alfalfa samples tested, five from each
plant type were found to be infected, with all the host
plants originating from the provinces of Isfahan, Cha-
harmahal va Bakhtiari. These results were then verified
through PCR assays using the Xf-specific RST31/RST33
primers, which confirmed the presence of Xf in all ELI-
SA-positive samples, and its absence in the samples gave
negative reactions (Figure 2). All the assessed olive, cit-
rus, cherry and pistachio samples were found to be nega-
tive for Xf, based both on the ELISA and PCR assays.

Isolation of Xylella fastidiosa from infected samples

All almond and alfalfa samples that tested positive
for Xf in ELISA and PCR assays were utilized for isola-
tion of bacteria, using the printing method (Table 2).
Two Xf isolates from alfalfa and one from almond were
recovered on BCYE plates (Figure 3). All isolated bac-
terial colonies were further confirmed as Xf by PCR,
using RST31/RST33 primers, and each isolate was triple-
cloned before being stored in PBS supplemented with
glycerol (50%) and maintained at -80°C.

11 12 13 14

15 16 17 18 19 20

Figure 2. Agarose gel electrophoresis showing PCR amplified products using RST31/RST33 primers (733 bp). Representative samples from
grapevine (lanes 2 and 4), alfalfa (lanes 7 to 9), and almond (lanes 11, 12, 14, 15 and 16), producing the expected amplicon, indicate pres-
ence of Xf. Lanes 3, 5, 6, 10, 13, 17 and 19 are for plant samples that tested negative. Lane 18 is for gDNA of Xf used as the positive control
reaction. Lane 20 is for the negative control reaction. Lane 1 is the 1 Kbp DNA ladder.
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Figure 3. BYCE media plates (4 weeks after preparation) showing bacterial colonies of Xylella fastidiosa isolated from plants of alfalfa (Q7A

and Q257B) or almond (Q8B), infected with Xylella fastidiosa.

Table 2. Host plant species and geographical origins of the Xylella
fastidiosa isolates obtained in this study.

Host plant Region Isolates ELISA PCR oiu];tggge}]

Alfalfa Isfahan Q7A + + +
Isfahan Q23H + + -
Chaharmahal\Bakhtiari Q58Z + + -
Chaharmahal\Bakhtiari Q257B  + + +
Chaharmahal\Bakhtiari Q125P + + -

Almond  Isfahan Q55X + + -
Isfahan Q57S + + -
Isfahan Q25P + + -
Chaharmahal\Bakhtiari Q47F + + -
Chaharmahal\Bakhtiari Q8B + + +

Multiprimer-PCR assays

To differentiate the subsp. of the Xf-infected iso-
lates from almond and alfalfa plants, a multiprimer-PCR
assay was carried out, using the methods of Hernandez-
Martinez et al. (2006). PCRs were with primers XF1968-
L and XF1968-R amplifying a 638 bp fragment from
oleander leaf scorch (OLS) strains but not from Pierces’
Disease (PD) strains or almond leaf scorch (ALS) strains
that belong to Xf subsp. fastidiosa. PCR with primers
XF2542-L and XF2542-R amplify a 412 bp fragment
from PD strains, but not from OLS strains. PCR with
primers ALM1 and ALM2 produces a fragment of 521
bp from strains isolated from almond that belong to Xf
subsp. multiplex.

The multiprimer-PCR results showed that when
the Xf isolates from almond were tested, three bands of
412, 521, and 638 bp were obtained; whereas Xf alfalfa
isolates uniquely yielded a 412 bp band (Figure 4), indi-

Figure 4. Agarose gel electrophoresis showing multiprimer-PCR
amplified products. Amplification was achieved using ALM1/
ALM2, XF2542-L/XF2542-R, and XF1968-L/XF1968-R primer
pairs, with samples from almond (lanes 2 to 6) indicating infec-
tions by Xanthomonas fastidiosa subsp. multiplex, and samples from
alfalfa (lanes 7 to 11) indicating infections by -Xf subsp. Xf subsp.
fastidiosa. Lane 1: 1 Kbp DNA ladder.

demonstrating that they belonged to genotype II of Xf,
in contrast to the genotype I isolates, which produce
only two bands in the PCR.

Pathogenicity tests

The pathogenicity tests showed that all isolates
caused symptoms on N. benthamiana plants. At 20 days
post inoculation (dpi), the Xf-infected tobacco plants had
leaf margin and interveinal chloroses, and then scorch
symptoms at 4 to 6 weeks after inoculation (Figure 5).

DISCUSSION AND CONCLUSIONS

Early detection of Xf infections is essential for effec-
tive management of this harmful plant pathogen. Emer-
gence of Xf in new areas and failure to contain its spread
in previously affected regions have become severe inter-
national problems (El Handi et al., 2022). To date, sev-
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Figure 5. Nicotiana benthamiana plants inoculated with different
isolates of Xylella fastidiosa sub sp. alfalfa [(a) isolates Q7A and (b)
257B)], and isolates from almond [(c) isolate Q8B], showing typical
symptoms of Xf infections, including scorch of leaf margins, wilt-
ing of foliage, and withering of branches. (d) N. benthamiana plants
inoculated with sterile water and showing no symptoms.

eral Xf subspecies have been isolated and identified from
a wide variety of host plants (Loureiro et al., 2023). The
broad distribution of this pathogen from the American
continent to different parts of the world demonstrates
its adaptability to various environmental conditions. As
a result, the spectrum of host species vulnerable to this
potentially serious pathogen continues to increase (Cas-
tro et al., 2021).

In Iran, the detection of new Xf subspecies could
lead to important disease outbreaks, resulting in con-
siderable socio-economic and agricultural challenges
impacting local economies. To prevent these scenarios,
it is important to monitor and counter the spread of Xf,
and to accurately map its distribution, by identifying
infested zones and developing effective control strategies
to contain the pathogen (El Handi et al., 2022). This pro-
active approach is essential for limiting emergence of Xf,
thereby safeguarding agricultural sustainability and eco-
nomic stability. The present research extends previous

Davood Ghanbari et alii

studies conducted in Iran (Amanifar et al., 2019; 2016),
aiming to update and monitor the presence of Xf in dif-
ferent Iranian regions and different host species. This
study, which assessed 403 plant samples from several
crop types and carried out during 4 consecutive years,
detected, for the first time, Xf in alfalfa as a new host in
this country. The results showed incidence ALS and PD
in particular orchards, which occasionally resulted in
withering symptoms on affected trees. Almond trees, as
well vineyards Takestan City, in the Qazvin province,
are noteworthy examples. Takestan City has the larg-
est vineyards in Iran. Furthermore, isolation of Xf from
alfalfa and almond hosts is a first record of this patho-
gen in Iran.

The results of multiprimer-PCR analyses of Xf iso-
lates from alfalfa and almond in Iran, but not on those
from grapevine which were previously characterized by
Amanifar et al. (2016), demonstrated the presence of Xf
belonging to subsp. fastidiosa, which was associated with
alfalfa leaf scorch symptoms. The same method for iden-
tification of subspecies and strains was utilized by Her-
nandez-Martinez et al. (2006) for the differentiation of
strains of Xf infecting grape, almond, and oleander. Sim-
ilarly, in the present study, Xf subsp. multiplex isolates
from almond were genotype II of Xf. Normally, strains
of the Xf subsp. multiplex are less fastidious, can eas-
ily grow on artificial media, and produce mild ALS and
PD symptoms (Almeida and Purcell, 2003). Isolation of
Xf on artificial culture media, together with the results
obtained from the pathogenicity test on N. benthamiana,
are important for characterization of Xf strains in differ-
ent hosts and crop varieties in Iran. The presence of Xf
was observed in alfalfa fields located near almond trees
affected by Xf infections.

At field scales, proximity between alfalfa fields and
grapevine and almond plantations suggests a potential
mechanism of leathopper transfer between these plan-
tations. Therefore, it is important that intensive insect
surveys are carried out to identify potential vectors of Xf
within and outside affected areas.

In conclusion, the swift detection of novel subspecies
of Xf in Iran is important for effective outbreak man-
agement and mitigation of the diseases caused by this
pathogen. The severe OQDS outbreaks in Italy demon-
strate the necessity for proactive surveillance and rapid
reaction strategies for managing these diseases in Iran.
Implementing strict quarantine measures, deploying
targeted control strategies, and encouraging collabora-
tion among researchers, policymakers, and agricultural
stakeholders, are all important components of proactive
prevention of introduction and spread of new Xf subspe-
cies in this country.
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Summary. The disease “sharka’, caused by Potyvirus plumpoxi (plum pox virus), is
the most harmful viral disease affecting stone fruits. The virus spreads over long dis-
tances through illegal and insufficiently controlled exchange of infected propagative
plant material. Once established in an area, the virus spreads locally through vegetative
propagation of infected plant material, and naturally through aphid-vectors. Previously
considered a European problem, sharka has now been reported in 54 Prunus-growing
countries in all continents except Oceania, although the disease has been eradicated
from the United States of America. The economic cost of the disease in the 28 years
from 1995 to 2023 is estimated to be €2.4 x 10° equivalent to approx. 0.17% of the
stone fruit industry’s value. This includes more than over €2 x 10° in direct fruit losses,
€1.4 million from international rejection of symptomatic fruit, and over €100 million
in eradication and disease limitation costs. Indirect costs include €137 million, mainly
associated with ELISA analyses, and approx. €130 million in costs related to research
and science networks. Cumulative global losses from the sharka pandemic since the
decade 1910/20 probably surpass €13 x 10°. These outlays exclude indirect trade costs,
economic losses, genetic erosion of traditional cultivars, and the costs of developing
new cultivars tolerant or resistant to plum pox virus. The decline in these costs com-
pared to the previously evaluated €10 billion from the 1970s to 2006 is analyzed. Four
case studies (for Spain, Turkey, Chile, and Greece) illustrate different sharka scenarios
and management strategies.

Keywords. PPV, direct costs, indirect costs, losses, ELISA tests, eradication, subsidies,
quarantine, RNQP.
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INTRODUCTION

Plant pathogens causing crop diseases are threats to
global food security (Strange and Scott, 2005; Savary et
al., 2019), and economic losses caused by plant viruses
are important (Jones and Naidu, 2019). However, there
have been few studies on economic losses caused by
viruses in temperate stone-fruit trees (e.g., Paulus and
Ullstrup, 1978; Németh, 1994; Tresh et al., 1994; Water-
worth and Hadidi, 1998; Matthews and Hull, 2002;
Cambra et al., 2006a; Hadidi and Barba, 2011; Rao and
Reddy, 2020), while there has been more research evalu-
ating economic losses caused by phytophagous arthro-
pods, fungi (especially those causing foliar damage), or
oomycetes (e.g., Culliney, 2014; Simdes et al., 2023). Few
attempts have been made to establish stone fruit yield,
quality, and economic losses caused by the plant viruses.

Diseases can decrease plant productivity and pro-
duction of marketable fruit. Losses caused by virus dis-
eases depend on many factors, such as prevalence or
incidence of infections, severity of diseases, virulence
and host range of prevalent strains/variants of virus
pathogens, host cultivar susceptibility, duration of infec-
tions, and fluctuating prices for crop products. Plant
health is closely linked to international trade because
invasive pests and pathogens can be introduced through
the movement of plants and plant products across bor-
ders and continents, disrupting trade and causing eco-
nomic losses. Direct assessment of the costs of preven-
tion, management, and decrease in crop losses is com-
plex and often imprecise (Oerke et al., 1994; Savary et
al., 2019), primarily due to uncertainties surrounding
the proportions of non-marketable crop products. This
depends on factors such as intended uses of produce,
whether for export or local consumption, and the avail-
ability of published information and data.

Plum pox (“sharka”) is caused by plum pox virus-
PPV, and is the most harmful disease of stone fruits.
Several authors have reviewed the impacts of this dis-
ease on European stone fruit production, especially of
apricot and European plum (e.g. Németh (1994), Kegler
and Hartmann (1998), Nemchinov et al. (1998), Capote
et al. (2006) and Sochor et al. (2012). A broad estimate
of the international costs associated with plum pox man-
agement, excluding indirect trade losses, has been esti-
mated to exceed €10 x 10° (Cambra et al., 2006a) dur-
ing the 1970s to 2006, since the beginning of the sharka
pandemic until the 1970s. Additionally, limited technical
resources and a lack of experience in managing the dis-
ease led to considerable social and political implications
during the early decades of the spread of the disease.
The costs associated with the disease involve direct loss-
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es in stone fruit production, commercialization, eradi-
cation, compensatory measures, and lost revenue, along
with indirect costs including those for preventive meas-
ures such as quarantine, surveys, inspections, control
of nurseries, diagnostics, management measures, and
the impacts on foreign and domestic trade (Cambra et
al., 2006a; Barba et al., 2011). As well this disease cause
losses in national biodiversity and genetic erosion, par-
ticularly affecting traditional and well-adapted Prunus
species cultivated in areas where sharka is endemic, that
are very susceptible to PPV.

The plum pox virus and sharka disease: an overview

Plum pox virus (Potyviridae, Potyvirus plumpoxi),
the causal agent of sharka, is to date the only potyvi-
rus known to infect temperate fruit trees. PPV is a well-
characterized virus (Sochor et al., 2012; Garcia et al.,
2014; Rimbaud et al., 2015; Garcia et al., 2024), and is
considered one of the top ten viral pathogens (Scholthof
et al., 2011) of high scientific and biotechnological rel-
evance. PPV diversity is currently structured into ten
monophyletic strains, that in the chronological order of
discovery, are: Dideron (D), Marcus (M), El Amar (EA),
Cherry (C), Recombinant (Rec), Tirkiye (T), Winona
(W), Ancestor M (An), Cherry Russian (CR), and Cherry
Volga (CV) (EPPO, 2023). The different strains have spe-
cific genome sequences, and may vary in their spectra of
natural hosts, symptomatology, pathogenicity, epidemi-
ology, aphid transmissibility, and geographical distribu-
tions with some restricted to particular regions. Some
degree of within-strain variation has also been observed.

Three predominant strains have broad geographical
distributions. These are PPV-D, PPV-M, and PPV-Rec
(Garcia et al., 2014). PPV-D is widespread in Europe, and
is the cause of most PPV outbreaks in North and South
America and Asia. This virus is found in all Prunus spe-
cies except cherry. PPV-M has been reported mainly in
Central and Southern Europe and Japan, and affects all
Prunus species except cherry and causes rapid epidem-
ics in different peach cultivars. PPV-M generally causes
more severe symptoms than PPV-D. PPV-Rec has a simi-
lar epidemiology to PPV-D, but is less adapted to peach,
and has been reported mainly in several European coun-
tries. PPV-EA has only been reported in Egypt, in sev-
eral Prunus species except cherry and almond. PPV-C
is widespread in Russia, common in Moldova, and has
occasionally been reported in Belarus, Croatia, Hunga-
ry, Germany and Italy restricted to sour (P. cerasus) and
sweet (P. avium) cherries. PPV-T is common in Tirkiye,
found in several Prunus species except for cherry and
almond. PPV-W has been reported in Eastern Euro-
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pean countries and Canada, in several Prunus species
except for cherry and almond. PPV-An is found in East-
ern Albania in several Prunus species except for cherry
and almond. PPV-CR and PPV-CV are cherry adapted
strains that were discovered in Russia on sour cherry
(Glasa et al., 2013; Jelkmann et al., 2018; Oishi et al.,
2018; EPPO, 2023; Garcia et al., 2024).

The geographic distribution of PPV is increasing.
Since sharka was first reported in Bulgaria in 1917-1918
on Prunus domestica by Atanasoff (1932), and in 1993 in
apricot trees (Németh, 1994), the virus is now officially
present in most of continental Europe, with endemic sta-
tus in many central and Southern European countries.
The virus has progressively spread to many countries
(currently 54) in nearly all continents. Reported incidence
of emerging and re-emerging PPV is increasing in new
areas where Prunus stone fruit industries are important
(Garcia et al., 2024). Mexico is the most recent country
of reported PPV (Loera-Muro et al., 2017). As the virus is
efficiently transmitted through grafting and other vegeta-
tive propagation methods, the primary pathway for PPV
spread over long distances is illegal trafficking and insuf-
ficiently controlled exchange of infected, symptomless,
propagative plant materials (Cambra et al., 2006a; EPPO,
2024). Once PPV has become established in an orchard,
vector aphids naturally spread the virus locally, through a
nonpersistent stylet-borne inoculum mechanism.

PPV is the only stone fruit virus transmitted
by aphids over short distances within and between
orchards. The feasibility of experimental PPV transmis-
sion from infected fruit has also been reported (Labonne
and Quiot, 2001; Gildow et al., 2004), but PPV is a non-
persistent virus, which is acquired by insect vectors and
inoculated during short periods, without any latent peri-
od. This putative transmission method has had econom-
ic repercussions, evidenced by batches of infected fruits
from Chile being rejected in Brazil due to virus detec-
tion (Rezende et al., 2016). Madariaga et al. (2024) com-
pared relative accumulation of PPV load between freshly
harvested infected fruit and fruit subjected to cold stor-
age, simulating transit conditions to export markets over
two consecutive seasons. Their study showed reduction
in viral RNA in fruit exposed to cold storage compared
to freshly harvested fruit. The known aphid species colo-
nizing or visiting Prunus spp. and described as PPV-vec-
tors include 29 species (Labonne et al. 1995; Kimura et
al., 2016; Cambra and Vidal, 2017).

A statistical model for PPV prediction in Prunus
nursery blocks using vector and virus incidence data is
available (Vidal et al., 2020). Sharka epidemiology and
PPV dissemination have been addressed by Gottwald et
al. (2013), Rimbaud et al. (2015), and Gutiérrez-Jara et
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al. (2023). The woody host list (EPPO-Global Database,
2020; Chirkov et al., 2022) includes cultivated, wild, and
ornamental Prunus species and hybrids, among them
Prunus fruticose, the latest species described as a PPV
host, as well of non-rosaceous woody plants such as Spi-
raea sp. and Tilia spp. (Garcia et al. 2024).

PPV infections cause the most detrimental dis-
eases of stone fruit trees, as these can severely reduce
fruit quality and induce premature fruit drop in some
cultivars, especially in P. domestica (Figure 1, a and b).
Symptoms of sharka may appear on host leaves, shoots,
bark, petals, fruit, and fruit stones (Damsteegt, 2008;
Garcia et al., 2014; Rodoni et al., 2020). Because PPV is
easily transmitted by aphids and by vegetative multipli-
cation, production of PPV-free plants is difficult. Specific

Figure 1. Typical symptoms induced by plum pox virus (PPV): (a)
on a highly susceptible plum cultivar showing premature fruit drop;
(b), symptoms on a fruit from the same cultivar; (c) ‘Catherine’
peach fruit discarded in a packinghouse, showing sharka symptoms.
Photograph credits: a and b, Dr M. Glasa; ¢, Dr M.A. Cambra, (Cen-
tro de Proteccion Vegetal y Certificacion, DGA, Montafiana-Zarago-
za, Spain. Photograph c is part of the photograph gallery accessible
to members of GEDDI-Spanish Society of Phytopathology (SEF).
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regulatory and control strategies need to be implement-
ed to curb the disease in nurseries, requiring considera-
ble effort by nurserymen and frequent inspections. Foli-
ar treatments with horticultural mineral oil as a physical
barrier have been shown to reduce natural PPV infec-
tions in nursery blocks (Vidal et al., 2010). The disease
does not kill infected trees; but if they are not removed
from orchards, they become reservoirs of PPV (Cambra
et al., 2006a; EPPO PRA, 2012).

The presence of PPV in a country creates difficulties
for export of certified planting material and for fruit.
Visual inspections cannot guarantee the sanitary status
of individual plants, so the use of analytical methods
may be necessary for accurate diagnoses (Rimbaud et al.,
2015). A range of diagnostic tools are used for detect-
ing PPV. Diagnosis is currently based on integrated
approaches, which include biological indexing and sero-
logical and molecular amplification assays (EPPO, 2024).
Despite the development of many sensitive nucleic-acid-
based techniques, the ELISA technique remains the most
common for PPV detection (Cambra et al., 2011; Rim-
baud et al., 2015). Several PPV detection kits are availa-
ble, based on specific monoclonal or polyclonal antibod-
ies, and the ELISA method is appropriate for large-scale
testing and has low per sample cost.

Serological tests have been, and continue to be, key
for PPV management (detection and diagnosis), despite
the poor assessment of these methods provided by the
most recent EPPO (2023) standard for PPV diagnosis,
compared to previous EPPO standards and IPPC-FAO
(2018). This is likely due to the lack of experience in
serological methods of teams that carry out the EPPO
validations. Currently, the technique of choice for nucle-
ic acid-based PPV detection is reverse transcription
quantitative real-time PCR (RT-qPCR), with loop-medi-
ated isothermal amplification (LAMP) being another
option. Protocols are available for direct use of plant
crude extracts or immobilized tissue-prints of plant or
squashed vector samples feasible as PCR targets, instead
of purified RNA (Capote et al., 2009). This opens the
possibility of large-scale use RT-qPCR. Biological, sero-
logical and molecular amplification methods for PPV
detection and identification have been summarized by
Rimbaud et al. (2015) and IPPC-FAO (2018), and a num-
ber of novel molecular amplification methods are refer-
enced in EPPO (2023).

Research and innovation in plant breeding (includ-
ing search for cultivars resistant or tolerant to PPV, and
pathogen-derived resistance in transgenic Prunus spe-
cies), pest control, and orchard management all contrib-
ute to the continued advancement of stone fruit produc-
tion, which is threatened by PPV. The economic costs of

Mariano Cambra et alii

these innovations, representing an indirect cost associ-
ated with sharka, has been partially assessed as research
in the present paper. An example is the PPV-resistant,
genetically engineered P. domestica cultivar HoneySweet
(Ravelonandro et al., 2013; Scorza et al., 2016), which
was deregulated in 2007 in United States of America
(USA) (Scorza et al., 2007).

Recognition of plum pox virus as a pest by plant protection
organizations

PPV was included in the EPPO A2 list (version
2023-09) of quarantine pests recommended for regula-
tion in the EPPO countries since 2000. However, accord-
ing to European Union (EU) legislation in 2019, the
virus was reclassified as a regulated non-quarantine pest
(RNQP), defined as ‘a non-quarantine pest whose pres-
ence in plants for planting affects the intended use of
those plants with an economically unacceptable impact
and which is therefore regulated within the EU terri-
tory” (EU regulation 2016/2031). This transcendental
decision was primarily made due to PPV being already
present and widespread across most EU countries, with
difficulty or impossibility of PPV eradication from sev-
eral areas (Pedrelli et al., 2024). Therefore, pest infes-
tation may be tolerated (as plants for planting which
infected above a given threshold would result in unac-
ceptable economic impact). Consequently, farmers are
compelled to directly manage PPV in EU countries,
although private management of diseases such as sharka
is generally inefficient (Martinez et al., 2024). The con-
cept of RNQP has been implemented in the EU Plant
Health Law (EU Regulation 2016/2031), specifically for
professional operators. Currently, PPV is also of regula-
tory interest to other Regional Plant Protection Organi-
zations which recommend their member countries to
regulate PPV as a quarantine pest locally present in their
region (A2 list). These organizations include: i) APPPC-
Asia and Pacific Plant Protection Commission, which
includes 25 member countries; ii) the COSAVE-Comité
de Sanidad Vegetal of Cono Sur, including Argentina,
Bolivia, Brazil, Chile, Paraguay, Peru, and Uruguay;
iii), the -North American Plant Protection Organiza-
tion (NAPPO); and iv) the -Inter-African Phytosanitary
Council (IAPSC), which declares PPV as absent (list
Al) in African countries except Egypt, Morocco, and
Tunisia. In these organizations, except for the EU, quar-
antine measures (exclusion, eradication, containment)
aim to prevent unacceptable economic, environmental,
and social impacts resulting from the introduction and
spread of named pests (in this case PPV). These meas-
ures are mandatory and imply direct and indirect dis-
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ease management-associated costs. Furthermore, some
countries have regulated or prohibited the importation
of PPV-susceptible planting material from countries
where PPV is declared, or which have adopted strict reg-
ulations regarding the conditions of plant production in
the exporting countries (Rimbaud et al., 2015). NAPPO
and COSAVE member countries implement phytosani-
tary controls at entry, or indexing of imported plant
material confined in post-entry quarantine facilities (e.g.,
NAPPO, 2009). Similarly, this system was implemented
in countries free of PPV, such as Australia (Rodoni et al.,
2006) and New Zealand (Lebas et al., 2006). This strat-
egy and its legal framework entail significant costs asso-
ciated with preventing the entry of PPV, which are not
evaluated in the present study.

Relevance of stone fruit industries in countries where PPV
has been detected

Prunus stone fruit trees (excluding almond) are
important in food production. In 2019, stone fruit pro-
duction totaled approx. 49 million t, and was cultivated
across approx. 5 million ha (FAOSTAT, 2023). The aver-
age estimated value of stone fruit production for 1995 to
2023 is approx. €51 x 10° per year. This estimate is based
on generalized assumptions about production volumes,
market prices, and growth rates over time, according to
FAOSTAT data. This value includes production of: com-
mon and Japanese apricots, peaches (clingstone, free-
stone, semi-freestone, yellow fleshed, white fleshed, donut
or flat, nectarines, blood peaches), European, Japanese,
and green plums (Prunus cerasifera), and sour and sweet
cherries. Additionally, almonds (production of 3.2 mil-
lion t in 2019) are cultivated across numerous countries
where sharka is spreading. The significant economic val-
ue of stone fruit trees includes direct revenue generated
from fruit sales as well as income generated along supply
chains, including farming, processing, distribution, and
retail. These fruit products also offer nutritional benefits
and are part of different cultural traditions.

PPV has been detected in the main stone fruit-
producing countries, except in Australia, New Zealand
and the Republic of South Africa. China is the greatest
producer of stone fruits (Huang et al., 2008; Guillesky,
2018), and PPV infections have potential to cause major
economic damage to the stone-fruit industry in that
country (Xing et al., 2017). Nevertheless, despite the
presence of sharka, countries such as Italy, Spain, and
the USA remain prominent producers of stone fruit and
almonds, making substantial contributions to global
production (FAOSTAT, 2023). Chile (Retamales, 2011)
and Argentina have also emerged as key players in the
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Southern hemisphere, exporting substantial volumes of
stone fruit to international markets during their respec-
tive growing seasons. Tirkiye is an important country
for apricot, cherry, peach and plum production (Bolat
et al., 2017; TURKSTAT 2023), and significant are Iran
(Ghahremani et al. 2023) and Greece (Huang et al,
2008; OPEKEPE, 2023) as peach producers.

Overall, the period from 1995 to 2023 has seen
important increase in world cultivation and production
of stone fruit varieties, which has been driven by techno-
logical, economic, and environmental factors. The stone
fruit industry generates significant value and provides
income for growers, processors, distributors, exporters,
and retailers.

MATERIAL AND METHODS
Direct losses and cost estimation

The estimated direct costs associated with sharka
management primarily include those related to produc-
tion losses: premature fruit drop and rejection of symp-
tomatic fruit in packinghouses, usually expressed as
percentages. Losses due to the rejection of symptomatic
fruit batches during export have been assessed only in
sporadic reported cases. Estimated costs due to the erad-
ication of productive field trees or plant blocks in nurs-
eries have also been evaluated, although direct losses
from unmarketable planting material if PPV is detected
are not included due to the lack of available data. The
value of subsidies, or compensation and loss of income
costs, based on official data from countries actively man-
aging sharka, have been included when available.

Production of each species is primarily estimat-
ed using agricultural production data available from
FAOSTAT (2023), and adjusted to estimate costs in
Spain with data from the Spanish Ministry of Agri-
culture, Fisheries and Food (MAPA, 2021) and official
information from local Plant Protection Services. Pro-
duction information was retrieved mainly for the top
ten producer countries of each crop, and the production
averages were calculated for the period 1995-2023, dur-
ing which a significant increase in cultivation occurred.
Production was also adjusted in some cases with more
local statistical data, including ISTAT (2023) for Italy,
TURKSTAT (2023) for Tiirkiye, and OPEKEPE (2023)
for Greece. Direct losses were calculated based on the
estimated percentage of unmarketable fruit for specific
crops. The estimates were based on information about
PPV strains present in each country and the reported
extent of the disease (Damsteegt, 2008; Loera-Muro et
al., 2017; Zhou et al., 2021; EPPO, 2024; Pedrelli et al.,
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2024). To estimate percentage losses, typical losses were
estimated for each stone fruit species, along with infor-
mation obtained from packinghouses, local experts, and
evaluations by the present study authors. Despite the
considerable variability from year to year, the estimated
losses were considered fixed across all seasons and for
each year during the evaluated period, for fresh, dried,
or canned fruits. However, cool springs tend to gener-
ate more disease symptoms, due to the coinciding devel-
opment of fruit with increased viral titer compared to
warmer springs. Sometimes, in early cultivars, fruit is
more affected than for later cultivars. However, this was
not considered in the present study, due to the com-
plexity of determining which years were more favora-
ble for symptom expression in each production area. In
Spain, monetary value was mainly calculated based on
the average prices for fresh fruit during 2010 to 2020,
according to data provided by MAPA (2021). These val-
ues were (for 100 kg bulk pallets): for peaches, 1.3 € kg!);
for plums, 0.90 € kg'!; and for apricots, 0.59 € kg'. The
reference prices, based on export values of quality fresh
stone fruit, reflects Spain’s position as a major export-
er (EC, 2022). For estimating global losses (exclud-
ing Spain), retail prices perceived by farmers in local
markets were used, as well as prices for bulk exported
fruit. These values ranged from a minimum to a refer-
ence price ex-packaging station (EU, 2023) for: peaches,
0.4-1.3 € kg'; plums, 0.25-1.0 € kg'l; apricots, 0.15-1.3 €
kgl; and cherries, 0.2-1.7 € kg!. To calculate the value
of losses, the lowest value was used, even if it fell below
the estimated production cost price of peaches for Span-
ish farmers, which is approx. 0.4 € kg! (CREDA, 2023).
The retail price used for fresh apricots from some areas
(including Beijing, China) was 0.5 € kg'l. A comprehen-
sive overview of current prices, markets, and trade is
available in various publications (e.g., Mulderij, 2018).

Direct economic losses due to rejection of fruit with
sharka symptoms were evaluated according to the docu-
mented case of Chile Brazil border in the 2016-2017 sea-
son, which is the only reported international case. How-
ever, sporadic reports fruit showing sharka symptoms
in supermarkets have appeared in local newspapers and
online commercial documents reports, but these have
not led to significant consequences. The economic feasi-
bility of eradication or disease removal efforts was evalu-
ated based on data from the literature.

The losses of biodiversity and genetic heritage due to
sharka, primarily affecting traditional European plum
and apricot cultivars, is mentioned but has not been
evaluated. This situation occurs particularly in European
countries where the sharka is endemic, and resilience is
achieved through the use of tolerant cultivars.
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Estimations of indirect losses.

Indirect costs include those for disease preventive
measures, including pre- and post-quarantine facilities,
surveys (at a reference cost of €35 ha'), inspections, pre-
vention measures, special facilities in nurseries, nurs-
ery control, and selection in packing houses to remove
symptomatic fruit. Additionally, sampling and diagnos-
tics, development of specific laws, policies for compen-
sation to affected growers, research and development
investments, and the impacts on foreign and domestic
trade should be estimated. Among indirect costs, those
with available data for calculation have been evaluated.
The most readily available are costs associated with dis-
ease detection and diagnosis, and for research grants.
Costs for surveys and inspections have been partially
estimated for some countries.

ELISA serological tests are important for manage-
ment of PPV. Numbers of ELISA tests performed annu-
ally were estimated, by consulting the main internation-
al companies that market PPV kits for screening, uni-
versal detection, or for identifying PPV isolates (mainly
PPV-D, PPV-M and PPV-C). The international compa-
nies that collaborated by providing data were: AMR Lab,
Spain, currently integrated into Plant Print Diagnostics;
Agdia, USA (https://www.agdia.com); Agritest, Italy
(https://agritest.it); Bioreba, Switzerland (https:/www.
bioreba.ch/bioreba.aspx/t_new); Plant Print Diagnos-
tics, Spain, (including former AMR Lab and Real-Durviz
kits, https://plantprint.net); and Prime Diagnostics, The
Netherlands (https://primediagnostics.com).

The pandemic condition of sharka and the perceived
importance of the associated socio-economic losses have
led to research focused on basic molecular aspects of
PPV and its potential as a biotechnological tool (Garcia
et al., 2014; Garcia et al. 2024). These studies began in
Europe and have expanded to other regions where PPV
was detected. In parallel, programmes were initiated
aiming to introduce resistance to PPV into elite cultivars
of apricot, European plum, and peach, and to develop
strategies to reduce virus spread and virulence, such as
transgenic protection, immunomodulation, RNA silenc-
ing, and Spray-Induced Gene Silencing (SIGS) (Cirili
et al., 2016; De Mori et al., 2020; Garcia et al., 2024).
This research activity has required significant financial
investment, which is challenging to quantify, as it has
been accompanied by numerous field trials, such as the
genetically engineered plum cultivar HoneySweet (Scor-
za et al., 2016). The amounts invested in research have
been obtained from data available from the main fund-
ing agencies for research projects in the countries that
are most active in this field.
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RESULTS AND DISCUSSION
Direct losses and cost evaluation

The general data are summarized in Table 1. Direct
economic losses due to the rejection of fruit with symp-
toms at country borders have likely occurred in several
countries, but the most recent documented cases, related
to Chile, have occurred at the Brazilian border. Rejec-
tions occurred in the 2016-2017 season, for 525,440 t
of nectarines (31.2% of the rejected fruit), and plums
(68.8% of the rejected fruits), with associated cost of €1.4
million (Chilean customs). These costs included export
expenses, the value of product, and legal and regula-
tory fees. However, some costs were not accounted for,
including reputation damage, opportunity costs if the
rejected shipments were part of larger sales plans, lost
potential revenue and market expansion opportunities
due to the inability to sell fruit to Brazilian markets, and
remediation costs if corrective actions were required to
meet Brazilian import regulations. However, after multi-
ple negotiations, it was accepted that stone fruit infected
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by PPV-D did not pose risks of spreading the virus, and
PPV is no longer regulated in Chilean exports.
Eradication or disease removal was a goal during the
early years of the sharka epidemic, but this was techni-
cally challenging due to the lack of serological methods
and large-scale kits with high specificity antibodies for
testing large numbers of plants (Cambra et al., 2011).
Currently, eradication of PPV is feasible if there is com-
mitment to protecting the stone fruit industry, along
with political will, support from farmers, appropriate
subsidies, and supportive laws. The cost-benefit ratio of
eradication is favourable. The direct costs of eradication
can be evaluated for some countries that have attempted
this with total success (USA), partial success (Canada),
or failure after years of attempts (Spain). In countries
where initial outbreaks of PPV were discovered with low
prevalence in geographically restricted areas, eradication
programmes could be undertaken without compromis-
ing the stone fruit industries. Canada and USA are good
examples of how stringent procedures lead to success-
ful reduction of inoculum (in Canada), at least in some

Table 1. Estimated world direct (A) and indirect (B) economic costs [million euros (€)] associated with management of plum pox virus and

sharka in Prunus fruit crops during the period 1995 to 2023.

A. Direct costs

Cost (million €)?

Virus strain Region/Country
Partial Subtotal Total
Prunus fruit types
Apricot PPV-DP 389.76
PPV-M* 175.64
565.40
Plum Europe 910
China 37.52
Third group? 1.11
Fourth group® 0.12
948.75
Peach 511.56 511.56
Cherry na na
2,025.71
Border rejections Brazil/Chile 1.4 1.4
Eradication and disease removal USA 30.3
Canada 50
Spain 13.5
Other countries® 6.2
100
2,127.11

(Continued)
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Table 1. (Continued).

B. Indirect costs

Cost (million €)?

Test type Region/Country
Partial Subtotal Total
Pathogen detection and diagnoses Serological tests 120
Molecular amplification tests and sequencing 17
137
Research EU 27.7
Russia 0.36
Chile 0.94
USA 90
Other 11
130
267
TOTAL (A+B) 2,394.11

# Estimated million euro amounts are expressed in nominal values (without adjustment for inflation). When data were available in US dol-
lars, the conversion to euros was made using the 2023 exchange rate.

b Estimated for Argentina, China, Cyprus, Canada, Croatia, Egypt, France, Germany, India, Iran, Israel, Italy, Japan, Jordan, Kazakhstan,
Mexico, Pakistan, Portugal, Russia, Spain, Syria, Tiirkiye, Tunisia, Uzbekistan, and Ukraine.

¢ Estimated for Albania, Bulgaria, Bosnia and Herzegovina, Greece, Moldova, North Macedonia, Poland, Romania, Serbia, Slovakia, and

Slovenia.

d Estimated for Chile, India, Iran, Serbia, Russia, Tiirkiye, Ukraine, and Uzbekistan.
¢ Estimated for Argentina, Armenia, Bosnia and Herzegovina, Israel, Kazakhstan, Mexico, Moldova, North Macedonia, Syria, and Turk-

menistan.
fna, not analyzed.

¢ Estimated for Argentina, China, Chile, France, Italy, Japan, Lithuania, Portugal, the Netherlands, and Tiirkiye.

states, or eradication of the pathogen (in the USA) (Rim-
baud et al., 2015).

In the USA, PPV was first detected in Pennsylvania in
1999 (Levy et al. 2000), and later in Michigan and New
York State in 2006 (Snover-Clift et al., 2007). To prevent
turther spread of sharka, which threatened the country’s
stone fruit industry, valued at approximately €5,355 mil-
lion (US$ 6.3 billion), the USDA quickly issued an emer-
gency declaration providing much-needed funding and
support for eradication of PPV across the country. Within
10 years, PPV eradication was achieved in Pennsylva-
nia (Welliver et al., 2014) and later in other areas of USA
(USDA, 2019). This was confirmed by the NAPPO, after
three consecutive years of stone fruit field surveys with no
turther PPV detections. Costs associated with eradication
in the USA amounted to approx. €30.3 million (Welliver
et al., 2014), which included analysis of 1.9 million sam-
ples using ELISA, removal and destruction of 750 ha of
stone fruit plants (approx. 188,000 trees), and compensa-
tion for lost fruit production, among other expenses.

In Canada, PPV was detected in Ontario and Nova
Scotia in 2000 (Thompson et al., 2001). An eradication
programme was then initiated, with intensive surveys

that led to the removal of 264,000 trees in 6 years, fol-
lowing analyses of over 2.6 million samples using ELI-
SA (Thompson, 2006). Despite a total expenditure of
approx. €50 million until 2010 (including the analyses of
3 million trees using ELISA, and indemnities), the pro-
gramme was terminated in 2011 without fully eradicat-
ing the pathogen. However, the programme achieved
a significant reduction in inoculum and other disease
management benefits (Gottwald et al., 2013).

In the important stone fruit industry of Spain,
detection of PPV-D in 1984 raised significant concerns
due to potentially severe damage, mainly in apricot
trees, which suffered losses estimated at 5% by 1998.
This prompted a voluntary eradication programme,
resulting in the uprooting of more than 2.3 million
trees from 1989 to 1998, at a total cost of over €63 mil-
lion, including tree removal and indemnities (Cambra
et al., 2006b). During the period 1995 to 2023, approx.
€3 million was spent on subsidies for uprooting PPV-D
infected trees. PPV-M was first detected in Spain in 2002
in the Autonomous Community of Aragén near the bor-
der with Catalonia, and the pathogen was subsequently
eradicated (Capote et al., 2010). Over the next 8 years,
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there were no further detections of PPV-M in commer-
cial stone fruit orchards in the area, suggesting success-
ful eradication. However, in 2016, several new foci of
PPV-M were again detected in Catalonia and neighbor-
ing Aragén in the northeast of the Iberian Peninsula.
The costs associated with a renewed tree removal pro-
gramme were about €10.5 million, including analysis of
approx. 1 million samples using ELISA.

The direct costs associated with eradication efforts
in the USA, Canada, and Spain totaled €93.8 million
from 1995 to 2023. This total should be supplemented
with costs incurred in other countries, particularly in
Northwestern Europe, where local eradication pro-
grammes have been implemented or are ongoing, such
as Switzerland, Denmark and Sweden, despite their
respectively low stone fruit production (Capote et al.,
2006; Rimbaud et al., 2015). Additionally, expenditure
on efforts to reduce inoculum or limit disease spread,
mainly in Argentina, China, Chile, France, Italy, Japan,
Lithuania, Portugal, the Netherlands, and Tiirkiye, eval-
uated at €6.2 million, should be included in the total
costs. As an example, in Tirkiye, approx. €60,000 were
paid to producers for tree removal during 2019-2023.
Given the difficulties with international cost evaluation,
an estimate of the direct costs associated with eradica-
tion and disease control in all areas where susceptible
fruit trees are grown likely surpassed €100 million from
1995 to 2023.

Evaluation of indirect costs

General data are summarized in Table 1. Accord-
ing to information received from the leading diagnos-
tic companies that market kits based on PPV-specific
monoclonal (MAb) or polyclonal (PAb) antibodies,
approx. 20.5 million serological analyses were performed
using ELISA between 1995 and 2023. Of these, 5 mil-
lion tests were conducted using the CP broad spectrum
PPV-specific monoclonal antibody 5B/IVIA-PPD (MAb)
(Candresse et al., 2011), and more than 15 million tests
were conducted with PAbs or a cocktail of MAb-PAbs.
Additionally, other companies or research institutes have
probably marketed or conducted approx. 4 million tests,
particularly in Europe, China (Guo et al., 2023) and
Japan (Oishi et al., 2018). During the period in which
various eradication programmes were implemented in
Canada, the USA, and Spain, the total number of ELISA
tests performed would reach approx. 24 million. This
averages to more than 857,000 tests done annually. The
costs of these serological tests, including sample collec-
tion, are estimated at approx. €120 million. In addition,
expenses associated with molecular amplification tech-
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niques (each test estimated at €15, including sample col-
lection), and high-throughput sequencing technologies
(each test current cost of €550, including bioinformatic
analysis) should also be included. For example, in Rus-
sia, where molecular amplification techniques have been
widely used since 2010, approx. 10,000 RT-PCR assays
have been conducted to confirm PPV infections, deter-
mine the PPV strains, sequence the 3’-terminal (Cter-
NIb-CP-3’-UTR) genome regions, and validate HTS
results. Approx. 50 full-length PPV genomes were deter-
mined using a high-throughput sequencing approach,
and 3,000 PCR products were sequenced bidirection-
ally by the Sanger method using the facilities at Evrogen
(Moscow, Russia). The total Russian expenses are esti-
mated to be €240,000, excluding ELISA (approx. 2,500
tests performed). It is estimated that the total world
annual cost of molecular amplification and sequencing
probably exceeded €600,000 during the analyzed period,
totalling approx. €17 million. This brings the total world
costs for detection, diagnoses, and characterization of
PPV to greater than €137 million (Table I).

Costs linked to investments in research projects
and development of PPV-resistant plants have primar-
ily been applied in Europe, with subsequent efforts
extending to other countries as PPV detection increased.
Among European projects, notable initiatives funded by
the European Union (EU) during the period 1995-2023
include SharCo (2008-2012), “Containment of shar-
ka virus in view of EU-expansion, FP7-KBBE-Specific
Programme ‘Cooperation Food, Agriculture and Bio-
technology (https://cordis.europa.eu/project/id/204429/
reporting/fr), and the EU project MARS (2013-2015),
“Marker Assisted Resistance to Sharka”, which focused
on the production of sharka-resistant stone fruit culti-
vars (https://cordis.europa.eu/project/id/613654). These
projects have received approx. €5.4 million, along with
other smaller research projects and networks (€3.3 mil-
lion), totaling approx. €8.7 million. In addition to these,
there have been national and bilateral funding initia-
tives, primarily in France, Italy, Poland, Romania, and
Spain (approx. €15 million), as well as contributions
from other EU member countries (approx. €4 mil-
lion). In total, these efforts in the EU have amounted to
approx. €27.7 million (from 1995 to 2023).

In Russia, PPV investigations were financially sup-
ported by the Russian Foundation for Basic Research
(RFBR), the Russian Science Foundation (RSF), and
the Ministry of Science and Higher Education of the
Russian Federation. Since 2010, the total amount of all
grants has been approx. €360,000.

The Government of Chile, through institutions such as
National Research and Development Agency (ANID), the


https://cordis.europa.eu/project/id/204429/reporting/fr
https://cordis.europa.eu/project/id/204429/reporting/fr
https://cordis.europa.eu/project/id/613654
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Agricultural and Livestock Service (SAG), and the Agrari-
an Innovation Foundation (FIA), has allocated funds total-
ling €940,000 primarily for epidemiological studies.

Funds invested in research projects in the USA
through the United States Department of Agriculture
(USDA), the Agricultural Research Service (ARS), the
National Institute of Food and Agriculture (NIFA),
and the Animal and Plant Health Inspection Service
(APHIS), from the time of the initial sharka outbreak
and response (1999 to 2003), through ongoing disease
management and research (2004 to 2019), to the final
eradication declaration in 2019, are estimated at approx.
€90 million. This includes some specific funding and
support for eradication of PPV across the country and
bilateral actions with other countries.

Funds invested by other leading stone fruit producer
countries for PPV research and management are dif-
ficult to quantify, owing to lack of specific and detailed
public financial records. Argentina, Brazil, India, Japan,
and other countries, are also investing in PPV research,
estimated at about €11 million. Consequently, estimated
total funds devoted to this research likely exceeded €130
million from 1995 to 2023 (Table 1).

An indirect indicator of the costs associated with
scientific and technical research is the number of result-
ing articles and patents published by the end of June
2024, which totalled 16,200 (retrieved from Google
Scholar using the keywords ‘sharka disease,” ‘plum pox
virus,” and ‘Plum pox potyvirus’).

Case study for Spain

According to FAO (2024) and Batlle et al. (2018),
Spain is a leading stone fruit producer, with production
having significant socioeconomic impacts. Sharka was
detected in Spain in 1984, and the direct losses due to
fruit rejection of Prunus stone fruit are here assessed.

Peaches and nectarines (Prunus persica) are the
primary stone fruit grown in Spain, with the country
ranking as the second or third largest producer, after
China and alternating with Italy. Peach cultivation in
Spain accounts for 54.2% (about 80,000 ha) of the pru-
nus industry’s total surface area, generating an average
national production of approx. 870,720 t of fruit, and
with a clear trend for increased cultivated surface area
and production, reaching about 2.5 million t in 2016/17.
Non-marketable peach fruit due to sharka symptoms are
currently estimated at 0.5% of the total produced. This
results in annual estimated losses of approx. 4,354 t year.
Over the evaluated 28 year (1995 to 2023), this total loss
of fruit is valued at approx. €158,500 at the average price
of €1.30 kg'. Losses of fresh peaches are relatively low
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(Samara et al., 2017), because differences in production
or harmful effects were not observed when comparing
healthy and PPV-D infected trees in Canada, except for
symptoms in fresh fruits that rendered them unmarket-
able (Figure 1c). Nevertheless, most of the fruit could be
used for canned product, even though they presented
symptoms. The crop is scarcely affected by the predomi-
nant PPV-D isolates endemic in some regions (mainly in
early-season producing areas of nectarines along the Med-
iterranean coast). PPV-M was detected in 2016, however,
in medium and late-season peach-producing areas, where
the main estimated losses have been associated with pre-
ventive eradication campaigns.

For plum trees, early cultivars of Japanese plum
(P. salicina) are the most cultivated, whereas European
plums (P. domestica) are of little importance. Together,
these plum species represent 5.8% (about 16,000 ha)
of the Spanish stone fruit growing area, with average
annual production of 222,020 t during 1995 to 2023.
Rejection rates are estimated at 1.0% of annual harvests,
resulting in annual estimated losses of €1,110,100 (based
on €0.5 kg! in 100 kg pallets). Over the evaluated peri-
od, this accounts for more than €31 million in losses.
However, this is probably an under-estimate because the
selling price in 2021-2022 was €0.90 kg'..

Apricot tree cultivation was for 4.4% (approx. 20,000
ha) of the Spanish stone fruit growing area during 1995
to 2023, with average annual production estimated at
154,000 t. The crop was severely impacted by the preva-
lent PPV-D strain from 1984 to 1995, particularly in early
cultivars grown along the Mediterranean coast (Martin-
ez-Goémez et al. 2000). This lead to an estimated 5% of
unmarketable fruits. However, inoculum reduction was
achieved through a voluntary eradication programme
which removed 2.3 million trees, mainly apricot, as well
as use of certified virus-free planting material and adop-
tion of PPV-tolerant cultivars. This led to decreased pro-
portions of unmarketable fruit to approx. 1-2% of the
annual harvests from 1995 to 2023. These improvements
helped Spain maintain its position as the leading inter-
national exporter of high-quality fresh apricots. With an
average price at origin of €0.59 kg! (2010-2020), the loss-
es are estimated at approx. €1.81 million year’, totalling
more than €50.6 million for 1995 to 2023.

Currently, no fruit losses are associated with shar-
ka for cherries and almonds in Spain, where PPV-D is
the prevalent strain, and PPV-M outbreaks are under
eradication from eastern Spain. Consequently, the total
estimated direct harvest losses due to sharka amount
to approx. €81.76 million for 1995 to 2023. The value of
direct compensation for tree eradication (i.e., subsidies
and compensations) relating to outbreaks of PPV-D and
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PPV-M was €17.75 million, bringing the total value of
direct losses to more than €99.51 million.

The total indirect costs associated with surveys,
sampling, and laboratory analyses are calculated at €6.37
million during 1995 to 2023. Approx. 35,000 samples
were analyzed annually, primarily using ELISA tests
based on universal and strain-specific monoclonal anti-
bodies, at a cost of €5 per test, including field sample
collection. This leads to an estimated cost of more than
€5 million, which includes costs for several identifica-
tion procedures based on molecular amplification and
sequencing techniques. The extent of surveys conducted
in Prunus nurseries and in the field, especially for PPV-
M prevention, is estimated at 39,500 ha year, with an
estimated cost of €35 ha’, totalling €1.38 million during
1995 to 2023.

In summary, the total direct costs (€99.51 million)
and the primary indirect costs (€6.38 million) associated
with sharka management in Spain, excluding indirect
trade losses, amount to approx. €105.89 million for the
period 1995 to 2023. This represents an average of €3.782
million per year, which is about 0.32 % of the average
annual value of the production of apricots, peaches, and
plums in Spain (estimated at approx. €1,174 million).
This estimate was made for the current epidemiologi-
cal situation: PPV-D is prevalent in some areas, whereas
PPV-M remains in isolated pockets under eradication
programmes in the Northeast Iberian Peninsula.

Case study for Tiirkiye, at the Europe Asia boundary

Tiirkiye is a major world stone fruit-producing coun-
try (FAO, 2024). For apricots, Tiirkiye is a leading pro-
ducer, and exports substantial amounts of apricots as
fresh or, particularly, dried product, playing an impor-
tant role in the country’s agricultural sector and in inter-
national trade. Although the first report of sharka was in
1968, the disease was confined to germplasm collection
orchards and home gardens. Sharka did not spread to
commercial orchards until the early 2000s (Caglayan and
Gazel, 1998; Caglayan and Yurdakul, 2017). When severe
PPV symptoms were observed in commercial stone fruit
orchards in 2004, the Ministry of Agriculture and Forest-
ry organized extensive surveys in 56 of the 81 provinces
of Tirkiye. A total of 5,762 samples were collected from
almond, apricot, mahaleb, cherry, nectarine, plum, peach,
sweet and sour cherry orchards, and were tested for PPV
by biological indexing, ELISA, and RT-PCR. Among
these samples, 222 plants were found to be infected with
PPV (Akbas et al., 2011).

Greater incidence and impact of sharka has
occurred since 2013. Therefore, assessment of dam-
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age and costs associated with the disease have been
evaluated over the past 10 years, by crops according to
TURKSTAT (2023) and for some local sources. Peach
cultivation in Tirkiye ranks fourth in production area
after apricots, cherries, and almonds, and ranks third
in world production (1,008,185 t) (FAOSTAT, 2023). For
2023 production, the average proportion of peach fruit
that could not be marketed due to PPV is estimated at
0.05%, resulting in a loss of approx. €873,000 year™. This
totals more than €8.7 million for the 10 years evaluated,
based on 2023 sales prices (1.73€ kg!). Peach production
is important for Tiirkiye, and strict eradication projects
are being carried out to attempt to prevent these losses.

Plum production is modest compared to other stone
fruit varieties in terms of area, with cultivation occur-
ring on an average of 21,342 ha. Green plum (Prunus
cerasifera) has gained importance in the Aegean and
Mediterranean Regions, on the sea coastlines. In the
interior and transition regions, European (P. domestica)
and Japanese (P. salicina) plums, along with cultivars
suitable for storage and drying, are more common. All
plum varieties had national production of 355,132 t in
2023. The impact of PPV on yields is estimated to be 0.1
%, resulting in a loss of €490,082 year™. This is valued at
approx. €5 million in the 10-year period where presence
of sharka was declared. Calculations were based on an
average selling price of 1.38 € kgl

For apricot, Tiirkiye produced approx. 22 to 25% of
world apricot production, and ranks first in production.
A significant portion of this production comes from the
Malatya and Elaz1g provinces, which contribute, respec-
tively, 63.5% and 7.6% of the national apricot production.
These two provinces have been designated as PPV-free
regions, which results in a low impact of sharka for com-
mercial apricot production in this country.

For almonds and cherry, there have been isolated
sharka detections in almonds, but these plants do not
exhibit symptoms (Akbas et al. 2011). For cherry, PPV-T
has been so far detected in a single plant, and no infec-
tions were found within a 10 km radius of this tree.
Since 2019 approx. €30 support has been paid to the pro-
ducer for each tree eradicated due to PPV (Coskan et al
2022). The total number of eradicated trees from 2019
to 2023 has been approx. 2,000, so the amount paid to
producers is approx. €60,000. The total estimated direct
harvest losses due to PPV are approx. €13.7 million. The
indirect costs associated with PPV and sharka manage-
ment within the scope of the PPV-free area programme,
is calculated to be €340,000, with the greatest proportion
of total indirect costs related to tree eradication, analy-
sis, and project expenses being ELISA tests at €209,000.
Identification procedures are estimated to cost approx.
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€38,000. Surveys carried out cost at least €54,583
(Birisik et al. 2021; Morca et al., 2022).

In summary, the estimated indirect costs of sharka
were almost €0.5 million, excluding commercial fruit
losses. The direct and indirect losses are estimated to be
approx. €13.5 million for 2014 to 2023, which is equiva-
lent to an average of €1.35 million year. This represents
about 0.06% of the average annual value of production
of apricots, peaches, and plums produced (estimated at
approx. €2.325 thousand million).

Since the detected PPV strains are PPV-D, -M, -Rec,
and -T, special attention and monitoring must be main-
tained to prevent potential sharka damage, which has not
yet occurred to the robust Turkish stone fruit industry.

Case study for Chile

Chile is an important stone fruit producing coun-
try in the Southern hemisphere. In 2023, the value of
the exported stone fruit from Chile was of €670,500,000.
PPV was detected in 1993 (Acufa, 1993; Herrera, 2013),
with PPV-D the only strain found since its initial discov-
ery (Rosales et al., 1998; Fiore et al., 2010). Direct losses
associated with sharka have been as follows:

For peaches and nectarines, the cultivated area of
peach trees has been decreasing since 2003, while the
area of nectarine trees has remained stable. The main
reason for this situation is the shift towards cherry
trees, which is currently the main stone fruit produced
in Chile. However, Chile continues to be the main pro-
ducer of nectarine peaches in Latin America and ninth
in the world, with an estimated production of 312,907
t (FAOSTAT, 2023). The peach production is mainly
dedicated to the canning industry, where sharka disease
does not represent a major problem. Nectarines are pro-
duced for export as fresh fruit and therefore, the symp-
toms caused by sharka do represent a serious problem.
However, there is no record of fruit losses or rejections
associated with sharka in packaging warehouses in the
interior of the country, probably because in general,
farms dedicated to exports have strict control measures
in place to minimize sharka symptoms. Currently, there
are no official evaluations for losses in fresh market nec-
tarines. However, it is here estimated that a loss of 0.05%
is prudent, which is similar to that in other exporting
countries. This is equivalent to a loss of 42.5 t per year,
from annual production of 85,000 t and value of €1,288
per t. The estimated cost associated with sharka during
the last 28 years is approx. €1.532 million.

Plum is the second most important stone fruit pro-
duced in Chile, with the European plum being the main
cultivated type (14,316 ha), followed by Japanese plum
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(3,465 ha). In 2023, the industry exported 225,198.5 t
of plums, with a value of €561,705,000 (FOB). Chilean
plum production is estimated at 424,887 t (FAOSTAT,
2023), ranking fifth in the world and first in South
America. The cultivated area for plum trees has shown
sustained growth from 1997 (12,398 ha) to 2023 (17,781
ha), although the plum tree proportion relative to the
total area of stone fruit trees has decreased, due to rapid
expansion of sweet cherry production. There is no offi-
cial estimation of plum losses, but these are here esti-
mated to be approx. 0.05% of fruits, representing 212.4
t year! and value of approx. €9.247 million during 28
years (at a price of €1,555 t™).

Apricot cultivation showed has decreased in Chile,
with the latest registry (2021) indicating 539 ha planted.
Symptoms caused by PPV in apricots are severe, and
investing in apricot trees is considered high-risk. Loss-
es due to rejection of fresh fruit are here estimated at
approx. 0.05%. Therefore, on national apricot production
of 4,562 t with an average value of €1,834 t!, these loss-
es represent 2.3 t year!, or €4,218 year!. Consequently,
these estimated losses amount to approx. €118,104 in the
period 1995 to 2023.

For almond and cherry, no fruit losses are currently
associated with sharka.

Indirect costs associated with PPV are primar-
ily related to the surveillance and sharka containment,
which has been managed through official control meas-
ures directed by the Agricultural and Livestock Service
(SAG). Official sharka control involves annual costs for
the Chilean government and private companies produc-
ing stone fruit. Annually, nurserymen must declare the
mother plants from which propagation material will be
obtained, and these plants must be analyzed by labora-
tories recognized by the SAG. The costs of these analy-
ses are borne by the nursery companies. Between 1995
and 2023, 423,150 official analyses were conducted using
RT-PCR tests, except for in the early years of this peri-
od when the ELISA technique was used in combination
with RT-PCR. The total cost of these analyses is esti-
mated to be €2.556 million. Of the total analyzed plants,
0.29% tested positive for PPV, resulting in eradication of
1,232 plants at a cost carried by the private industry sec-
tor. The official PPV control regulation in Chile does not
provide for compensation.

These costs, along with those associated with human
resources for sample collection, and laboratory analyses,
have estimated value of approx. €5 million. Additionally,
the government of Chile, through SAG, invests human
resources dedicated to orchard surveillance and ensuring
compliance with disease control regulations. For the peri-
od between 1995 and 2023, this investment is estimated to
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be €10.384 million including laboratory analyses (ELISA
and RT-PCR) by SAG laboratories for samples collected
during orchard surveillance and surveys. In addition,
the Government of Chile invested €940,000 primarily
for epidemiological studies and for PPV strain identifica-
tion. Only PPV-D has been detected, which has left cher-
ries unaffected. Cherry is the main stone fruit exported
from Chile, accounting for 56.9% of the total volume of
exported stone fruit during 2023. The approx. annual total
value of plums and peaches/nectarines produced in Chile
is €670.447 million (Chilean customs, 2020).

In summary, the total estimated direct costs of sharka
in Chile exceed €12.298 million, with main indirect costs
totalling approx. €13.890 million associated with sharka
management in that country (excluding indirect trade
losses, and costs for administrative procedures). Together,
these losses amount to approx. €26.188 million for the peri-
od 1995-2023. This equates to almost €1 million per year,
representing approx. 0.14% of the average annual value of
peach/nectarine and plum production in Chile in 2023.

Case study for Greece, where sharka is endemic

Stone fruit trees are the most important fresh fruit
trees in Greece, occupying 67,000 ha and producing
1,124,000 t, with peaches and nectarines accounting
for 80% of these totals (FAOSTAT, 2023). PPV was first
reported in Greece in 1967, and within 10 years, PPV
became widespread in areas of intensive Prunus cultiva-
tion, with apricot being the most affected. The Grecian
share of World production of processed apricots dimin-
ished from 35% to 13% in 1995 (USDA/FAS). Wide-
spread PPV occurrence led to the implementation of an
eradication programme in the late 1980s, resulting in
the disappearance of traditional apricot early-sensitive
cultivars (e.g., ‘Early of Tyrinth’, and ‘Diamantopoulou’)
of excellent quality and flavour, and considerable reduc-
tions of the cultivated area and production, particular-
ly of apricots. Natural infections of almonds have been
recorded (Kaponi et al., 2012), but without consequences
for production. The virus has not been detected from
sweet or sour cherries, cultivation of which has doubled
in the last 25 years. The majority of Greek PPV isolates
have been classified as PPV-M and particularly belong-
ing to the Ma clade of Mediterranean isolates, although
there have been a few cases (three of 28) where PPV-D
isolates were identified (Dimitriadou, 2015). Research
projects to generate new tolerant varieties, evaluate the
susceptibility of foreign varieties under local conditions,
the modes of virus spread in the field, and PPV inci-
dence in germplasm collections and nurseries, have been
implemented for several years (Drogoudi and Pantelidis,
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2017; Varveri, 2017). Considerable effort is being made
regarding the production of PPV-free plant propaga-
tion material, and the immediate eradication of diseased
trees in orchards, a practice often adopted by growers.
Nevertheless, the economic damage of PPV on Prunus
cultivation remains high and annual rejections of apricot
and peach fruit during packaging are estimated to be at
least 30% of the total production.

For apricot, as a result of the PPV eradication pro-
gramme which started in 1988, the area cultivated in
1995 was 4,670 ha with production of 42,800 t, the low-
est ever recorded in the country. Since then, production
has increased 2.6-fold (112,000 t, FAOSTAT, 2023) due
to cultivation of foreign tolerant varieties, and Greek
varieties (e.g. ‘Tyrbe’ and ‘Nostos®) issued from nation-
al breeding projects of the Institute of Plant Breeding
and Genetic Resources, at Naoussa. The currently pre-
ferred cultivars are ‘Mogador’, ‘Mirlo Blanco’, ‘Pricia’,
‘Lilly cot’, and ‘Wondercot’. The PPV-sensitive variety
‘Early of Tyrinth’ currently occupies 580 ha, only 6%
of the total apricot area [Greek Payment Authority of
Common Agricultural Policy (C.A.P.) Aid Schemes-
OPEKEPE, 2023]. Old local varieties of intermediate sus-
ceptibility, such as ‘Bebecou’, are still cultivated (2,160
ha, OPEKEPE, 2023) for their preferred characteristics,
particularly as processed product (pulp or canned fruit),
although the lifetime of cans is reduced to 3 years due to
PPV. Rejections during fruit packaging are estimated at
about 35% of the production, totalling approx. 39.2 tons
per year. At €0.59 per kilogram, this implies direct losses
of more than €23 million per year.

For peach and nectarine, quality of peaches is also
affected by PPV, the main problem being softening of
the fruit. Peach production has diminished principally
for commercial reasons, particularly in the last 10 years.
In 1995, the area cultivated with peach and nectarine
trees was 53,504 ha with production of 1,034,400 t, but
currently these crop areas have diminished to 38,220
ha and production of 894,510 t, a production reduc-
tion of 13.5% (FAOSTAT, 2023). Early peach cultivars
(e.g., ‘Frangois, ‘Lolita’) are the most susceptible to PPV,
exhibiting symptoms on 50-65% of their fruit, which are
rejected during fruit packaging, and these cultivars are
being replaced by late ripening ones. The overall rejec-
tions of late varieties during packaging are estimated
at approx. 30% of peach production each year (direct
losses of about €26,8 million year at value €0.10 kg™).
Studies conducted at the Institute of Plant Breeding and
Genetic Resources evaluated the PPV resistance of dif-
ferent peach and nectarine cultivars, identifying tolerant
varieties such as ‘“Tasty Free’, Jerseyland’, ‘Gialla Precoce
Morettini’, ‘Desert Gold” and ‘Springtime’.



356

Plum production is less important in Greece than
other stone fruit, but has been steadily increasing. In
1995, the area cultivated with plum trees was 719 ha
with a production of 3,737 t, but at present these have
increased to 2,140 ha and 24,380 t, a production increase
>550% (FAOSTAT, 2023). The ‘Angelino’ Japanese plum
cultivar, which is moderately sensitive to PPV, is the
most common, covering more than 25% of the total
plum tree cultivated area. Annual fruit rejections during
packaging are estimated at around 11% of the produc-
tion (direct losses of about €1.4 million/year at a price of
€0.54/kg).

The losses in Greece due to sharka outlined above
show that this disease has significant economic impacts
on the stone fruit industry in that country. These total
approx. €51 million per year.

Costs due to sharka in world Prunus industry

The presence of PPV and management of sharka in
the 54 countries that have officially declared presence
of the virus, including efforts toward eradication, indi-
cate that this disease has considerable international eco-
nomic impacts. An accurate international evaluation of
the associated costs to Prunus industries is difficult, due
to uncertainties in estimating actual direct crop losses
due to the disease. This is especially relevant due to the
weight and influence on the final estimation of the asso-
ciated losses in China, where Prunus production and
marketing have become major industries. Estimation
of real direct losses is also difficult due to the different
approaches to PPV management in different countries.
For example, central European countries where PPV is
endemic, unlike recently or locally infested countries,
do not perform PPV eradication programmes but rely
on cultivation of tolerant Prunus genotypes. Also, there
are no available and accurate data on the actual sharka
impacts from some territories, so erroneous estima-
tions for these areas could lead to unreliable conclusions.
Therefore, conservative estimates have been made in the
following sections of this review, addressed by crops, and
also considering the PPV strains present in each country,
the actions or programmes available in the literature, and
information supplied by expert colleagues and personnel
from national Plant Health or Plant Protection Services.
These general data are summarized in Table 1.

Common apricot (Prunus armeniaca) and Japanese
apricot (P. mume)

Apricot, alongside the European plum, is the most
fruit type affected by sharka (Martinez-Gémez et
al., 2000). According to FAOSTAT (2023), the great-

Mariano Cambra et alii

est apricot-producing countries where PPV has been
detected (based on historical data), are: Tiirkiye (one
of the largest producers of apricots), Iran, China (a
world leading apricot producer), Uzbekistan (the major
apricot-producing country in Central Asia), Italy: (a
prominent apricot producer in Europe), and Spain
and France (high-quality producers of apricots). The
main Prunus producers with declared PPV presence
are (in alphabetical order): Argentina, China, Cyprus,
Canada, Croatia, Egypt, France, Germany, India, Iran,
Israel, Italy, Japan, Jordan, Kazakhstan, Mexico, Paki-
stan, Portugal, Russia, Spain, Syria, Tirkiye, Tunisia,
Uzbekistan, and Ukraine, with an estimated total aver-
age global production of 2,320,000 t. Due to uncer-
tainties about actual production in these countries,
the present study uses a conservative average of 2% of
fruit rejected, which represent approx. 46,400 t. With
an average price of €0.30 kg for fresh or dried fruit
in pallets of 100 kg, this represents €13,920,000 year,
indicating, over the last 28 years, accumulated losses of
approx. €389,760,000. This amount must be added to
the losses incurred in countries where PPV-M is prev-
alent and other PPV strains causing more damage are
also present, estimated at an average of 5% of the total
apricot production. These countries include Albania,
Bulgaria, Bosnia and Herzegovina, Greece, Moldova,
North Macedonia, Poland, Romania, Serbia, Slovakia,
and Slovenia, with a combined estimated production
of apricots of approx. 418,200 t. With estimated losses
of 20.91 million kg at an average price of €0.30 kg,
this represents annual losses of €6,273,000, amounting
to approx. €175,644,000 over the period 1996 to 2023.
Consequently, the total direct costs for apricot losses
associated with sharka during this period amount to
approx. €565,404,000 (Table 1).

Japanese, Chinese plums (Prunus salicina) and Euro-
pean plums (P. domestica)

Japanese and Chinese plums dominate world fresh
fruit markets whereas European plums are also com-
mon in some regions, mainly in Europe, America, and
Asia (FAOSTAT, 2023). Since China, especially Sichuan
province, is the largest producer these plum species (Liu,
2018), accounting for almost 58% of the world plum pro-
duction, that country should have the greatest weight in
estimation of losses due to sharka. However, uncertainty
is high related to Chinese production and the prevalence
of PPV.

PPV-D symptoms on Japanese plums are rare,
although the virus reduces numbers of marketable
fruit. Conversely, incidence of sharka on P. domestica
is important in Europe where PPV-M is the prevalent
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strain. For plums, evaluation of losses has been carried
out based production and the local presence of specific
PPV strains in production regions.

The European Union (EU), particularly central and
eastern Europe, is where major losses have been associ-
ated with sharka in European plum, and the diseases is
also important in Southern European and Mediterrane-
an countries, where Japanese plums predominate. Direct
losses of 5% are estimated in the demanding plum mar-
kets of the European Union. In an average world pro-
duction of 1,300,000 t, losses due to sharka would rep-
resent 65,000 t of fruit rejects per year, with a value (at
€0.5 kg!) of €32,500,000 year! in the EU (€910 million
from 1996 to 2023) (Table 1).

The second area with direct fruit losses associated
with sharka is China, where estimated 0.1% of rejects
due to the disease is here made, with uncertainty due
to lack of reported data. This would represent 6,700 t
loss from production of 6.7 million t, which at a local
price of €0.2 kg, would cause losses valuing approx.
€1,340,000 year! (€37,520,000 assuming PPV has been
present since 1995).

Ranking third is a group of countries which include
(in order of plum production): Serbia, Iran, Tirkiye,
Chile, India, Ukraine, Russia, and Uzbekistan. This
group have combined annual plum production estimat-
ed at 2,600 t. Sharka could cause losses, estimated on a
country-by-country basis, of 79.56 t annually, valued at
€39,78 year'!, which totals €1,113,840 for 1996 to 2023.

The countries with least plum production are Mex-
ico, Moldova, Bosnia and Herzegovina, Kazakhstan,
Argentina, Turkmenistan, Syria, Israel, Armenia, and
North Macedonia (ranked by decreasing amounts pro-
duced). Their combined production is approx. 464 t. It
is here estimated, with uncertainty, that these countries
could experience direct fruit losses of approx. 8.66 t
annually, with an estimated value of €4,330/year, total-
ing €121,240 from 1996 to 2013.

Total world direct losses caused by sharka in plum
production are estimated at €33,884,110 year!, equiva-
lent to €948,755,000 for 1996 to 2023 (Table 1).

Peaches

Peaches (Prunus persica) suffers minor losses from
infections of the predominant PPV-D strain (Samara et
al., 2017). However, the amount of fruit rejected could
be significant in areas where other strains of PPV are
present. In areas where peach production is primar-
ily focused on canning industries, sharka does not pose
major problems. The top ten countries where peach
production is most concentrated, and where PPV is
present, have substantial average production volumes.
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These countries, in order of annual peach and nectar-
ine production during 1996 to 2023 are: China (13 mil-
lion t); followed by Spain and Italy (totalling 2 million t);
the USA (0.8 million t); Greece (0.8 million t), Tiirkiye
(0.7 million t), Iran (0.4 million t), Egypt (0.36 million
t), Chile (0.33 million t), and Argentina (0.24 million t).
Their total annual peach production, excluding the USA
(where PPV was eradicated), is 17.83 million t. In addi-
tion, PPV is present in other important peach produc-
ing countries, such as: India (0.24 million t) and France
(0.2 million t), totalling peach production 0.44 million
t per year. Consequently, production of peaches is at
least 18,270,000 t each year in countries where sharka
occurs. Estimated losses due to the disease of 0.025%
(because peaches showing superficial symptoms can be
used peeled for canning, and only nectarines are reject-
ed), could cause 45,675 t of discarded fruit, amounting
to economic losses of approx. €18.32 million year! at an
average estimated cost of €0.4 kg!. From 1996 to 2023,
these losses could total approx. €511.56 million (Table 1),
which does not include costs of the mandatory sharka
eradication programmes adopted in Canada and USA.

Cherries

The top ten producers of sour cherry (P. cerasus)
and sweet cherry (P. avium) are Tiirkiye, Chile, Uzbeki-
stan, USA, Spain, Italy, Iran, Greece, Poland, and Syr-
ia. These countries produced, in 2022, approx. 75% of
world cherries. Including other producers, the average
annual production during 2008-2022 was approx. 2.35
million t (FAOSTAT, 2023; Palmieri, 2024). Among the
PPV strains that severely affect both cherry species,
PPV-C has been found in Russia, Moldova, Germany,
Italy, Hungary, Croatia, and Belarus. PPV-CR and PPV-
CV have been detected only in Russia (estimated annual
cherry production of 294,000 t) (FAOSTAT, 2024). PPV-
C can reduce the productivity of some P. cerasus culti-
vars and hybrids by 38 to 45% (Sheveleva et al., 2021).
These losses were obtained from 152 fruit-bearing sour
cherry trees in the Tatarstan region of Russia, so they
are an uncertain basis for determining generalized
sharka losses for sour cherry production. Nevertheless,
neither premature fruit drop nor sharka fruit symptoms
are observed on sour cherry in Russia, although the dis-
ease probably causes losses, but these have not been pre-
cisely evaluated.

Almonds

No losses due to sharka have been reported from
any country where almond (P. dulcis) trees are grown
and the disease sharka is present, even in endemic situ-
ations.
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CONCLUSIONS

The estimated total world costs of €2,394,119,080
(approx. €2.4 thousand million; ‘€2.4 billion”) (Table
1) associated with the prevention and management of
PPV and sharka from 1995 to 2023, despite the high
value, indicates a significant reduction compared to
the €10 thousand million incurred in previously eval-
uated period from the 1970s to 2006 (Cambra et al.,
2006a). Cumulative world losses from the sharka pan-
demic since the decade of 1910 to 1920 should sur-
pass €13 thousand million in nominal terms (without
inflation adjustments). The first evaluated period was
30 years up to 2006, characterized as the most severe
period of sharka in Europe and onset of the disease
in America and Asia. During that period, social and
political impacts of the disease were severe (Capote et
al., 2006; Damsteegt, 2008; Barba et al., 2011; Sochor
et al., 2012), with significant loss of biodiversity in
traditional fruit cultivars across Europe. At that time,
current detection and diagnostic methods and Kkits
were not available or commonly used on large scales
(Cambra et al., 2011), and the trade and traffic of plant
material was frequent, especially between neighboring
countries, but also over long distances, in an expand-
ing fruit production industry.

The reduction in costs related to PPV indicates
improvements in sharka management practices (along
with other possible factors) have contributed to reducing
the economic effects of PPV and sharka. Based primarily
on the reports of Gottwald et al. (2013), Welliver et al.
(2014), Rimbaud et al. (2015), Garcia et al. (2014; 2024),
the major factors that have collectively contributed to
the reductions in these economic impacts from 1995 to
2023, compared to 1970 to 2006, were:

Advances in disease management:

o Improved prevention, eradication, and integrated
control methods;

e Use of more PPV-tolerant cultivars and PPV-free
nursery plants;

o Enhanced monitoring and quarantine measures;

o Effective eradication or reduction of PPV inoculum
in key areas.

Technological improvements:

o Development of more accurate and rapid diagnostic
tools;

o Enhanced sampling methodologies for large-scale
pathogen testing;

o Early detection facilitating timely intervention and
containment.
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Education and awareness:

o Increased awareness and education in PPV preven-
tion and management among farmers, nurserymen
and stakeholders.

o Improved knowledge and legislative framework
leading to better disease management and reducing
illegal plant material traffic.

Support and co-operation:

o National and international support for research, sur-
veillance, and control programmes;

o International co-operation facilitating dissemination
of best practices, and co-ordinated efforts through
common research projects, networks, and interna-
tional diagnostic standards.

Industry adaptation:

o Diversification of production, such as increasing
cherry cultivation in areas without cherry-adapted
PPV isolates, facilitated by more favourable market
conditions for expanding cherry production.

o Investment in disease-resistant/tolerant cultivars
developed through different conventional and new
technologies;

o Implementation of rigorous phytosanitary measures
and improved nursery practices.

Nevertheless, the evaluated total cost of €2.4 thou-
sand million from 1996 to 2023 is significant. This rep-
resents approx. 0.17% of the value of the stone fruit
industry (average annual estimated value of production
for 1995 to 2023 approx. €51 thousand million), accord-
ing to FAO. These costs are likely affected by increased
globalization and the interconnectedness of econo-
mies, which have facilitated the spread of sharka to new
regions, often through uncontrolled movement of PPV-
infected plant material. Additionally, lack of effective
control measures and efficient biosecurity practices in
many areas have allowed sharka to persist and spread,
thereby exacerbating the economic impacts of the dis-
ease. Overall, the factors that have contributed to these
substantial costs, can be summarized as follows:

o Continued spread of PPV: Despite control meas-
ures, PPV has persisted in many regions, requiring
ongoing application of disease management.

o Aphid vector transmission: PPV has continued to
spread locally through aphid species vectors, neces-
sitating constant insect monitoring and control,
especially in plant nurseries.

« High direct losses: Significant losses from unmar-
ketable infected stone fruit, especially European
plums, has severely impacted the industry.
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o Indirect costs: Ongoing expenses for sample col-
lection, ELISA and PCR-based testing, surveys,
research, and control strategies.

o Expensive eradication and containment pro-
grammes: The difficulties and costs of PPV eradica-
tion and the lack of success in many areas, require
integrated and costly containment measures that
frequently result in maintenance of pathogen inocu-
lum.

o International trade restrictions: The rejection of
sharka symptomatic fruit in international mar-
kets, and precautions and careful selection to avoid
export of symptomatic fruit.

o Research and development: Continued investment
in research and scientific networks to develop dis-
ease management strategies and resistant or more
agronomically tolerant cultivars, along with the
costs of field trials.

o Exclusion of certain costs: This study did not
account for trade costs, genetic erosion of traditional
cultivars, loss of biodiversity, research and develop-
ment for PPV resistant/tolerant cultivars, or meas-
ures to prevent and avoid PPV entry in certain are-
as, including the implementation of phytosanitary
controls at entry points and legal frameworks, indi-
cating additional hidden impacts.

Investments made in each country for sharka man-
agement, usually but not always, align with national
significance as producers and exporters of stone fruit,
aiming to maintain competitiveness in increasingly
demanding markets, and to ensure the future for the
respective fruit production industries. For instance,
primarily in Southern European Union countries, such
as Italy, France, and Spain, significant economic efforts
have been made to contain sharka, which in Spain’s
case represents about 0.32% of the average annual value
of apricot, peach, and plum production. Furthermore,
with PPV being downgraded to RNQP for the Euro-
pean Union (EU regulation 2016/2031), the future may
be more uncertain, as private control is usually less or
non-effective for successfully managing sharka (Mar-
tinez et al., 2024). In other countries, despite invest-
ments in containment, and considering PPV as a quar-
antine pest, the efforts have not been sufficient in rela-
tion to the total values of stone fruit production and
the quantities of exported fruit. Robust programmes
to manage sharka are needed in high-value stone fruit
industries. Countries with less significant stone fruit
industries probably invest less in disease management,
posing risks for other areas by maintaining PPV reser-
voirs, from which infected material could be illegally
transported (for cultural or traditional reasons) to other
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regions or countries where PPV and sharka is effectively
contained, or has been eradicated.

Distribution of total losses due to PPV across
regions for 1995 to 2023 reflects the extent of the
regions. Asia experienced the largest total economic
losses and associated costs (direct and indirect). Europe
and the Americas together had similar losses despite the
large differences in land use and agricultural practices
in these regions. The African continent, despite risks of
PPV introduction, probably applies the lowest costs for
prevention. As the region with least land area, Oceania
accounts for the lowest indirect total associated econom-
ic losses, which are mainly devoted to efficient preven-
tion of PPV entry and establishment.

An uncertainty for estimating costs is the value
applied to losses associated with sharka. Fluctuations
in stone fruit prices can be caused by several factors,
including supply and demand. Increases in agricul-
tural input and labour costs can also impact fruit mar-
ket prices, as well as competition, especially in case of
oversupply. Government interventions, including tarifts,
agricultural subsidies, and trade regulations, can also
impact stone fruit prices. combinations of these factors,
and others, cause variable markets prone to abrupt fluc-
tuations. However, once fruit losses were estimated in
this study, with uncertainties in some cases due to lack
of transparency in officially acknowledging the losses
where these have not been published, they were assigned
value likely to be appropriate. Sharka affects trees differ-
ently in each stone fruit production area, depending on
PPV strain(s) and the predominant or majority strain(s).
Yield losses in infected cherry trees have been report-
ed, but it is difficult to establish exact loss amounts.
Accurately determination of these losses has yet to be
achieved, as the pathogen strains must be prevented giv-
en the substantial growth in cherry cultivation.

Resilience through the use of "agronomically toler-
ant cultivars’ (e.g., domestic plum cultivars produced at
the Fruit Research Institute at Cacak in Serbia) is being
pursued in Central and Eastern Europe, in areas where
sharka is endemic. The PPV-resistant, genetically engi-
neered HoneySweet cultivar was deregulated in 2007 in
the USA, after numerous international field trials and
analytical assays, and was released to breeders and grow-
ers concerned about the threats of PPV (Scorza et al.,
2007). This or a similar engineered cultivar has not yet
been approved for release in the European Union.

The combined use of certified virus-free plants, even
those sensitive to PPV, produced in approved nurseries,
along with multiplication of PPV-resistant or tolerant cul-
tivars, is allowing the maintenance of stone fruit produc-
tion in countries where sharka has not been eradicated.
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Research efforts on PPV must remain active and
innovative in several topic areas, such as in advanced
diagnostic and detection techniques, sampling meth-
odologies for eradication, or accurate testing to deter-
mine the PPV-free status of plant material, as well as
plant-virus interaction studies aimed at interfering with
virus spread. Establishment of certification programmes
for Prunus spp. should be globally promoted. Consist-
ent and durable financial support for advanced techni-
cal and scientific assistance to the Prunus industries
is advisable, proportional to the value of the industry
in each country. Active dissemination through educa-
tional programmes should emphasize the imprudence of
moving plant material without comprehensive sanitary
guarantees. Urgent development and application of con-
ventional, transgenic, or genome-editing techniques to
obtain tolerant or, preferably, resistant stone fruit culti-
vars (Cirili et al., 2016; De Mori et al., 2020; Garcia et
al. 2024) are also important for sharka disease manage-
ment, and should be strongly promoted.
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Summary. Prunus rufoides is a deciduous wild tree, native to China, which is also
used as an ornamental. From late March to December in the years 2018 to 2023, P
rufoides plants growing in Siming Mountain (29°71’08”N, 121°15’12”E), Ningbo,
Zhejiang Province, were severely affected by powdery mildew. The disease initially
emerged in late March each year, and was characterized as white, irregular mycelial
patches on the adaxial surfaces of young leaves. Between July and August, the pow-
dery mildew colonies on affected parts of leaves disappeared, leaving only irregu-
lar yellow-brown spots. The disease recurred in September and persisted until late
December. Chasmothecia containing asci and ascospores were observed on the leaves
in December. Morphological analyses of the chasmothecia indicated a Podosphaera
sp. as the causative agent. Molecular identification, based on the internal transcribed
spacer (ITS) region (primers ITS4/ITS5) confirmed the identity of the pathogen as
Podosphaera prunigena. Koch’s postulates were fulfilled by inoculation tests in which
the same pathogen was identified from the inoculated leaf tissue. This study repre-
sents the first report confirming the powdery mildew disease on P. rufoides in China
to be caused by P. prunigena.

Keywords. Erysiphaceae, morphology, molecular analysis, taxonomy.

INTRODUCTION

Cerasus is classified as a subgenus of Prunus L. (Rosaceae), and is pri-
marily distributed in tropical and subtropical regions (Willis, 1985; Mabber-
ley, 1997). Most species within this subgenus are important for their orna-
mental and economic values, and these plants include P. avium (L.)L. (sweet
cherry), P. pseudocerasus Lindl. (Chinese cherry), P. serrulata Lindl. (Japa-
nese cherry), and P. cerasoides Buch.-Ham. ex D.Don (Lee and Wen, 2001).
Prunus rufoides C.K.Schneid., originally described from China, is widely
distributed and is an important flowering tree species in early spring (Wang,
2014; Zhu et al., 2018).
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Powdery mildews are widespread, common, and
detrimental diseases on plant species, including Pru-
nus spp., which can lead to substantial economic losses
(Frye and Innes, 1998). Some species of Podosphaera are
known to cause diseases on Rosaceae hosts. Notably, Po.
clandestina, Po. leucotricha, and Po. pannosa, are impor-
tant and frequently occurring species that cause pow-
dery mildews on cultivated plants (Braun and Cook,
2012; Hubert et al., 2012; Farr and Rossman, 2019).
Among Prunus spp. hosts, Po. tridactyla (s. lat.) has been
identified as the most common species causing powdery
mildew (Braun and Cook, 2012; Meeboon et al., 2015).
In a recent morpho-phylogenetic analysis of Po. tridac-
tyla s. lat., Meeboon et al. (2020) proposed dividing this
organism into ten species, comprising seven new species
and three previously recognized species. These authors
identified Po. prunigena as one of the seven new species.
Podosphaera prunigena, an Asian species on hosts of
Prunus sub gen. Cerasus, is distinct from Po. tridactyla s.
str. in morphology and phylogenetic characteristics. This
pathogen has been reported on three Prunus host spe-
cies including P. apetala, P. leveilleana, and P. serulata
(Meeboon et al., 2020). Shirouzu et al. (2020) reported
Po. prunigena on Cerasus kumanoensis in Japan, and
amended the circumscription of this powdery mildew
species, including detailed description of the anamorph.

From 2018 to 2023, symptoms of powdery mildews
were observed on P. rufoides trees in Siming Mountain,
Ningbo, China. The disease predominantly affected 1-year-
old plants in a nursery, with more than 80% of cherry
plants infected by this fungus. To identify the pathogen,
cherry leaf samples were collected and examined in a labo-
ratory. Morphological, molecular, and pathogenicity tests
were carried out, to provide information for development
of effective disease management strategies.

MATERIALS AND METHODS
Plant material and pathogen Isolation

The infected leaf samples were deposited in the
Herbarium of Ningbo City College of Vocational Tech-
nology, under the accession number NBCC2018016.
Morphological analysis of the pathogen was carried out
using the procedure outlined by Meeboon and Takamat-
su, 2020). Mycelium and chasmothecia were taken from
infected leaf surfaces using a clean needle and mounted
on microscope slides. All samples were examined in
water. Fifty conidia, chasmothecia, ascospores, and asci
were measured, and photographs were taken using a
light microscope (Leica DM3000), and dimensions of the
fungal structures were measured.
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Pathogenicity tests

Twenty 1-year-old healthy P. rufoides plants were
each inoculated with a 1 x 108 mL"! suspension of conid-
ia. Ten healthy plants were treated with sterile distilled
water served as negative experimental controls. The P.
rufoides plants were grown in a greenhouse chamber for
1 year using the shoot cutting method. Prior to fungal
inoculations, plant leaves were washed in sterilized water
to remove adhering soil and were then air-dried. Inocu-
lated plants were maintained in a greenhouse chamber
at 25°C with a 12 h light 12 h dark daily cycle. Differ-
ent treatment groups were separated to prevent cross-
contamination. Symptoms were observed 9 to 10 d post-
inoculation. Disease symptom observations, and mor-
phological and molecular analyses of the fungus, were
carried out as described above. All plant disease charac-
teristics on inoculated leaves were compared with those
of the initially affected greenhouse plants.

Pathogen DNA extraction, amplification, and sequencing

The genomic DNA was extracted separately from
mycelium and chasmothecia, using the cetyl trimethyl
ammonium bromide (CTAB) method (Doyle, 1991).
DNA concentrations were measured using a NanoDrop
2000 OneC Microvolume UV-Vis Spectrophotometer
(Thermo Scientific). Polymerase chain reaction (PCR)
and DNA sequencing were carried out as follows: DNA
was diluted to a concentration of 100 ng uL' in water.
Each 50 puL PCR reaction contained 2.5 pL of template
DNA, 2.5 pL of each forward and reverse primer, 25
uL of Taq buffer, 5 pL of DNA polymerase, and 12.5 uL
of dd H,O (Li et al.,, 2021). The primer pairs used were
ITS4 and ITS5 (White et al., 1990; Kusaba and Tsuge,
1995). The PCR amplification process included an ini-
tial denaturation at 95°C for 5 min, followed by 34 cycles
each of 95°C for 30 sec, 55°C for 30 sec, and 72°C for
1 min, a final extension at 72°C for 10 min, and a 4°C
hold. The PCR products were visualized through gel
electrophoresis on a 1.5% agarose gel with a TAE run-
ning buffer containing 4S Green Plus Nucleic Acid Stain
(Sangon Biotech Co., Ltd.). The results were captured
using a gel documentation system equipped with a digi-
tal camera (UVP GelDoc-It2 Image System). The expect-
ed bands were excised and purified using the SanPrep
Column DNA Gel Extraction Kit (B518131-0050, Sangon
Biotech Co., Ltd.,), following the manufacturer’s instruc-
tions. The samples were subsequently sent for sequenc-
ing to Tsingke Biotechnology Co., Ltd. The obtained
sequences were initially analyzed using NCBI-BLAST-
Nucleotide BLAST, available at https://blast.ncbi.nlm.
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Table 1. Specimen and accession numbers of sequences used for
phylogenetic analyses.

GenBank

Podosphaera spp. and vouchers Iif;fgzlfgf
ITS

Podosphaera longiseta AB000945.1
Podosphaera pruni-avium voucher 47899 MKS530456.1
Podosphaera pruni-cerasoidis voucher 6861 MK530447.1
Podosphaera prunigena isolate WZL09 MT820800
Podosphaera prunigena TNS: F-89227 LC529409.1
Podosphaera prunigena AB026147.1
Podosphaera prunigena voucher 5266 MK530446.1
Podosphaera pruni-japonicae AB000943.1
Podosphaera pruni-lusitanicae voucher VPRI 22158  AY833655.1
Podosphaera prunina KUSF26292 JQ517296.1
Podosphaera prunina voucher 5209 MK530442.1
Podosphaera salatai AB525929.1
Podosphaera sibirica MUMH303 AB026144.1
Podosphaera tridactyla AF011318.1
Podosphaera tridactyla voucher 65909 MK530463.1
Podosphaera xanthii voucher MUMH68 D84387.1

nih.gov/Blast.cgi. The sequences generated from the ITS
region were aligned with other Podosphaera sequences
using ClustalW (Larkin et al., 2007). The sequence data
were deposited in GenBank, and the accession numbers
were obtained from https://www.ncbi.nlm.nih.gov/gen-
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bank/. Phylogenetic analyses were conducted on the data
using the Maximum likelihood method. The sequences
were first aligned using the Clustal W method, and then
the phylogenetic analysis was carried out in MEGA?7,
with a bootstrap value of 1000 (Kumar et al., 2016).

RESULTS
Disease symptoms and morphological characterization

From 2018 to 2023, the P. rufoides plants growing
in Siming Mountain exhibited severe powdery mildew
symptoms. The disease began in late March to early
April each year, mainly affecting the young cherry blos-
som plants, including leaves, petioles, and young shoots,
especially the tender leaves which were most susceptible
to the disease (Figure 1, A, B and C).The affected areas
initially had chlorotic spots with indistinct margins,
which gradually expanded, and white powdery mil-
dew colonies developed on these spots (Figure 1 D). In
severe cases, these patches merged, and caused defolia-
tion. Between July and August, the white powdery mil-
dew colonies on the affected parts disappeared, leaving
irregular yellow-brown leaf spots (Figure 1 E). In Sep-
tember, white powdery mildew colonies re-appeared on
the diseased leaves, and persisted until December. By
the end of December, small brown dots were visible on
the leaf spots, and were identified as the teleomorph of
the pathogen (chasmothecia). These were accompanied

Figure 1. A, B and C. Disease symptoms on Prunus rufoides leaves, petioles and young shoots infected by Podosphaera prunigena. D. The
affected areas show chlorotic spots with indistinct margins at edges the initial infection stage. E. Irregular yellow-brown spots on a leaf
between July and August. F. Chasmothecia on the fallen cherry blossom leaf.
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Figure 2. Morphology of Podosphaera prunigena, isolate WZL09. A, conidia. B, conidiophore with foot-cell. C, chasmothecium. D, chasmo-
thecium appendage. E, ascus. F, ascospore with germ tube. Scale bars: A, B, E, and F = 10 um; C and D = 20 pm.

by re-emergence of white mycelium until December,
when the chasmothecia on fallen host leaves became
mature, forming asci and ascospores (Figure 1 F). Leaves
from diseased plants tended to detach earlier than those
from healthy plants. The disease predominantly affected
l-year-old plants in a nursery, with more than 80% of
the cherry plants infected by the fungus.

A voucher specimen affected by the pathogen was
deposited at the in School Landscape Ecology of City
College of Vocational Technology-Utilization of Ningbo
(Accession WZL09).

To identify the causal agent of this disease, morpho-
logical examination was conducted on 20 infected leaves.
The hyphae and conidia were hyaline. The foot cells of
the conidiophores were straight, cylindrical, and meas-
ured 28-62 x 7-10 um (n = 50) (Figure 2 B). The conidia
were ellipsoid to ovate, measuring 20-32 x 14-21 pm (n
= 50) (Figure 2 A). The conidia were produced in chains
and contained well-developed fibrosin bodies. Conidium
germ tubes were simple and lateral (Figure 2 F). Chas-
mothecia were each globose or depressed globose, with a
diameters of 60-110 pm (average 81.9 um; n = 100) (Fig-
ure 2 C), and had the chasmothecia had 2 to 5 append-
ages in the upper halves, and these were gregarious,
straight or somewhat curved, were of dimensions 90-180
x 8-10 um (n = 50), and each appendage had a 1-4 sep-
tate thick-walled stalk, with septae throughout or only in
the lower half. The stalks were brown in the lower parts,
and apices that were 3 to 5 times regularly and dichoto-
mously branched. Tips of the ultimate branchlets were
knob-like, and not recurved (Figure 2 D). Each ascus was

subglobose to broad ellipsoid-ovoid, measuring 58-94 x
50-83 um (n = 40), with a thick wall (4-5 pm), and con-
tained eight ascospores (Figure 2 E). The ascospores were
ellipsoid-ovoid to subglobose, 16-25 x 12-18 um (n = 50),
and colourless.

The morphological characteristics of the patho-
gen suggested it was a species of Podosphaera sect.
Podosphaera subsect. Tridactyla [Podosphaera tridactyla
complex] (Braun and Cook, 2012), and molecular iden-
tification was performed to determine the species of the
pathogen.

Pathogenicity testing

All inoculated leaves developed powdery mildew
within 9 to 10 d post-inoculation, while the control
plants remained asymptomatic (Figures. 3, A and B).
Specimens from the inoculated plants showed that the
fungus on the infected leaves was identical to that origi-
nally observed on the naturally infected plants. Molecu-
lar analyses confirmed the identity of the fungus with
that of the inoculated fungus. These results fulfilled
Koch’s postulates for the inoculated pathogen.

Phylogenetic analysis

To confirm the morphological identification of
the pathogen, genomic DNA from mycelium and chas-
mothecia was extracted independently, and the internal
transcribed spacer (ITS) region along with a portion
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Figure 3. Pathogenicity test. Koch’s postulates were fulfilled after inoculating 20 Prunus rufoides plants with powdery mildew (A) or with
sterilized water (B). These photographs were taken at 10 d post inoculation.

of the 28S gene were amplified using polymerase chain
reaction (PCR) and sequenced. The results indicated
that the ITS sequences from mycelium and chasmoth-
ecia were identical, confirming that the anamorph and
teleomorph were one species. The ITS sequence was
deposited in GenBank (accession number MT820800).
BLAST analysis showed that the ITS sequence had 99%
similarity with Po. prunigena voucher 5266 (1166/1168,
99%, MK530446). To further confirm this phylogeny,
ITS sequences from 15 other Podosphaera strains were
retrieved from the NCBI database. A phylogenetic tree

was constructed using bootstrap analysis with 1,000 rep-
licates in MEGA 7. The other Podosphaera strains used
in the phylogenetic analysis are listed in Table 1.

The fungus formed a strongly supported clade
with Po. prunigena (GenBank: AB026147, LC529409
and MK530446) (Figure 4). Two additional strains, Po.
xanthii and Po. sibirica MUMH303, were used as out-
groups. In conjunction with the morphological analyses
described above, it was concluded that the powdery mil-
dew found in China on Prunus rufoides was caused by
Po. prunigena.

LC529409.1 Podosphaera prunigena TNS:F-89227

98| 76

—3]

—
0.005

—{ MK530446.1 Podosphaera prunigena voucher 5266
72 MT820800 Podosphaera prunigena isolate WZL09
MK530447.1 Podosphaera pruni-cerasoidis voucher 6861

68 4g| [JQ517296.1 Podosphaera prunina KUSF26292
92

MK530442.1 Podosphaera prunina voucher 5209
— MK530463.1 Podosphaera tridactyla voucher 65909
ABO000945.1 Podosphaera longiseta

5 AB000943.1 Podosphaera pruni-japonicae
jl: AY833655.1 Podosphaera pruni-lusitanicae voucher VPRI 22158
7

2l MK530456.1 Podosphaera pruni-avium voucher 47899
AF011318.1 Podosphaera tridactyla
100[ AB525929.1 Podosphaera salatai
D84387.1 Podosphaera xanthii voucher MUMHG8
AB026144.1 Podosphaera sibirica MUMH303

Figure 4. This phylogenetic tree was constructed in MEGA 7. These results inferred from the ITS sequences positioned the sequence
obtained from powdery mildew on Prunus rufoides in China within the Podosphaera prunigena clade.



372 Zhilong Wang et alii
Table 2. Characteristics of five Podosphaera strains.
Name Conidia Foot-cells Chasmothecia Appendages Ascus Ascospores Host References
Podosphaera prunigena 20t0 32 x 14 2810 62 x 7 60 to 110 um 9g—t108(5)’>< 58-94 x 16-25 x Prunus  The present
WZL09 to 21 um to 10 um " $-10 um 50-83 um  12-18 um rufoides study
Podosphaera prunigena 3to5,
Meeboon, S. Takam. & - - 100 to 130 um  85-205x 87.5-100> = 30-35 x Prunus — Meeboon et
73-78 ym  17-25 um apetala al. (2020)
U. Braun, sp. nov. 8-11.5 um
Podosphaera 65-81 x 18.5-27 x Cerasus ~ Shirouzu et
. - - 75 t0 95 um - .
prunigena 50-69 um  10.5-12 pym kumanoensis al. (2020)
. Bai et al.
Podosphacra tridactyla 201032 % 14 28 t0 62 X 7 66-86 x 15-27 x Prunus (2015);
voucher 65909 (= Po. 65to 112 um  2to4, —
runing) to 21 pm to 10 um 47-76 um  12-18 um  hypoleuca  Meeboon et
P al. (2020)
Podosphaera wuyishanensis i i 80 to 110 um 1to2, x 75-97.5 x 20-24 x fuiz:anIZZis Chen and
Z.X. Chen et Yao " 7.5-9 um  67.5-90 um 32.5-12.5 um Yao, (1989)
Yu et Ku
DISCUSSION Prunus spp. in China. As shown in Table 1, a sequence

Powdery mildews can cause widespread and severe
diseases of wild and cultivated plants, and can reduce
host growth and cause economic losses. Several studies
have shown the pathogenicity of powdery mildews on
Prunus spp. (Chen and Yao, 1989; Schulze-Lefert and
Vogel, 2000; Bai et al., 2015). In the present study, the
powdery mildew WZL09 was examined, which caused
severe disease on P. rufoides plants, primarily affecting
l-year-old cherry plants in a nursery in China. Based
on morphology of the pathogen and results of sequence
analyses, the causative agent of this powdery was identi-
fied as Podosphaera prunigena. This is the first unequiv-
ocal record of this species from China, with P. rufoides
as a new host. The retrieved sequence clustered within
the Po. prunigena clade. Morphology of chasmothecia
found on P. rufoides agree with the original description
of this species by Meeboon et al. (2020), except that the
pathogen examined here had much smaller chasmoth-
ecia, which were described by Meeboon et al. (2020) to
be 100 to 130 pm in diameter. However, Shirouzu et al.
(2020) published an emended description for Po. pruni-
gena, with chasmothecia of diameter 75 to 95 um, which
is similar to dimensions for the Chinese specimens. The
amended description of Po. prunigena by Shirouzu et al.
(2020) was based on a re-examination of type material
of this species, and measurements of Japanese material
found on Cerasus kumanoensis. This showed the size of
the chasmothecia was incorrect in the Meeboon et al.
(2020) description.

Podosphaera tridactyla and Po. wuyishanensis are in
the Po. tridactyla complex that has also been reported on

obtained from a Chinese specimen of Po. tridactyla s.
lat. on Prunus hypoleuca reported by Bai et al. (2015)
was included the phylogenetic taxonomic revision of the
Po. tridactyla complex, and was shown to belong to Po.
prunina. Other older records of Po. tridactyla s. lat. can-
not be compared with Po. prunigena since they refer to
the heterogenous Po. tridactyla complex which has been
divided into numerous species. Sequences for Po. wuyis-
hanensis are not yet available in GenBank, but this spe-
cies is unique and morphologically clearly distinguished
from all other species of the Po. tridactyla complex by
having only 1-2(-3) terminal cleithothecial appendages.

Flowering cherries, including P. rufoides, are popu-
lar ornamental plants, that have aesthetically beautiful
flowers in early spring. The powdery mildew caused by
Po. prunigena can infect cherry leaves from early spring
to late autumn. This disease leads to early host defo-
liation and affects the growth and ornamental value of
cherry plants, resulting in substantial losses for farm-
ers and the industries involved. The present study has
identified the pathogen causing powdery mildew on P.
rufoides, which is information to support evaluation of
appropriate methods to control this disease.
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New or Unusual Disease Reports
Colletotrichum fioriniae, causal agent of
postharvest avocado fruit rot in Southern Italy
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Summary. Colletotrichum includes pathogens affecting different plant hosts in tropical,
subtropical, and temperate regions. Anthracnose caused by these pathogens is a preva-
lent and severe postharvest disease of tropical fruits, including avocado. In 2021, avoca-
do fruit with typical anthracnose symptoms was found during storage, and on very ripe
fruit, in Caserta, Campania region, Italy. Avocado cultivation and production is increas-
ing in this region, so the etiology of this disease was examined. Molecular and phylo-
genetic analyses on four genomic loci (ITS, gapdh, act and tub2) combined with mor-
phology identified selected representative isolates as Colletotrichum fioriniae, in the C.
acutatum species complex. Pathogenicity of isolates was confirmed by inoculating them
on healthy avocado fruit (cv. Pinkerton). This is the first report of C. fioriniae causing
post-harvest fruit rot on avocado in Italy. This pathogen merits further epidemiologi-
cal and ecological investigations, to provide basic knowledge supporting development of
management of its spread and mitigating possible impacts on avocado production.

Keywords. Anthracnose, Colletotrichum acutatum species complex, Persea americana.

INTRODUCTION

Avocado (Persea americana Mill.) is native to Mexico, and is cultivat-
ed in tropical and subtropical regions, with Spain, Portugal and Greece as
the three major European countries for commercial production (FAOSTAT,
2024). In Italy, avocado plants were initially introduced for ornamental pur-
poses; then, they began to be cultivated along the coasts, where climatic
conditions were favourable for their growth (Guarnaccia et al., 2016). Dur-
ing recent years, the increasing demand of avocado fruit, mainly due to
their health benefits, has resulted in increased avocado cultivation, with Sic-
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ily, Calabria, Campania, Puglia and Sardinia currently
being main productive regions of the Italian peninsula
(Migliore et al., 2017).

Colletotrichum pathogens are ranked eighth in terms
of economic damage and importance, causing anthrac-
nose, leaf spots, shoot dieback and postharvest rot
and decay on many tropical and temperate fruit types
(Dean et al., 2012; Aiello et al., 2015; Guarnaccia et al.,
2021a; 2021b). Twenty Colletotrichum spp., belonging
to the gloeosporioides, acutatum, boninense, gigaspo-
rum, dematium and magnum Species Complexes (SC),
have been reported affecting avocado in the main pro-
ductive countries, including Australia, Chile, China,
Colombia, Israel, Italy, Mexico, Turkey and New Zea-
land (Guarnaccia et al., 2016; Sharma et al., 2017; Gib-
lin et al., 2018; Fuentes-Aragén et al., 2020; Hofer et al.,
2021; Bustamante et al., 2022; USDA, Fungal Database,
2024). Symptoms on avocado leaves are usually yellow
spots and necrotic lesions at the tips or between veins.
Fruit symptoms develop around lenticels as small brown
to black lesions that become larger and sunken after har-
vest (Talhinhas and Baroncelli, 2023).

In March 2021, avocado fruit originating from trees
cultivated in an experimental orchard at the Centre for
Olive, Fruit and Citrus Crops located in Caserta (Campa-
nia, Italy) showed typical symptoms of anthracnose and
Colletotrichum spp. infections after 10 d storage at 18 +
2°C. Because of the diversity of Colletotrichum spp. report-
ed on avocado, the present study aimed to identify and
characterize the causal agent of this post-harvest disease,
through molecular and phylogenetic analyses, assessment
of morphological features, and pathogenicity tests.

MATERIALS AND METHODS
Isolation and morphological observations

Forty symptomatic mature avocado fruits were
obtained from the experimental orchard at the Centre
for Olive, Fruit and Citrus Crops, located in Caserta
(41°04°24.5”N, 14°19°04.7”E). Small sections (3x3 mm
diam.) were excised with a scalpel from the margins of
circular spots. The fragments were surface disinfected
three times in a 2% sodium hypochlorite solution for 1
min, then rinsed in sterile distilled water (SDW) for 1
min, dried in laminar flow cabinet, and transferred onto
potato dextrose agar (PDA, Oxoid) amended with 100
mg L' streptomycin sulphate (Merck) in Petri plates.
Conidia were also harvested from the conidial masses
developing on 80% of the field-collected symptomatic
fruits and placed on PDA-S. All the plates were incu-
bated in the dark at 24 + 2°C for 2 to 3 d. Developing
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colonies morphologically resembling Colletotrichum
spp. were placed on new PDA-S plates. After 7 d, single
conidium cultures were established. A total of ten iso-
lates was obtained, and two representative isolates were
used for analyses.

Morphological features of the isolates were
observed on the growing colonies using a light micro-
scope (Olympus BH-2). Culture colours were determined
according to Rayner (1970). Conidia were examined by
mounting fungal structures in sterile water and the
length and width of 30 conidia were measured for each
isolate using a light microscope at x40 magnification.
The average dimensions and standard deviations were
calculated.

Molecular characterization and phylogenetic analyses

DNA was extracted from two representative isolates
(GP1 and GP2) using the DNeasy Plant Mini Kit (Qia-
gen). The PCR reactions were each carried out with 10
ng of DNA template, with the primer pair ITS1/ITS4
(White et al., 1990) to amplify the internal transcribed
spacer region (ITS) of the nuclear ribosomal RNA oper-
on, including the 3’ end of the 18S rRNA, the first inter-
nal transcribed spacer region, the 5.8S rRNA gene, the
second internal transcribed spacer region and the 5 end
of the 28S rRNA gene. The primer pair Btub2Fd/Btu-
b4Rd was used for amplification of part of the -tubulin
IT region (Stielow et al., 2015). The primer pair GDF1/
GDR1 (Guerber et al., 2003) was used to amplify the
glyceraldehyde-3-phosphate dehydrogenase locus, and
ACT512F/ACT783R (Carbone and Kohn, 1999) was used
to amplify actin locus. The reactions were each prepared
in a total volume of 50 puL containing 1x of reaction
buffer, 200 pM of dNTPs set, 500 mM of each primer,
and 1 unit of Q5 Hi-Fi DNA polymerase (New England
Biolabs). Reaction tubes were incubated in the thermo-
cycler, at 94°C for 1 min, followed by 35 cycles of 20 s
at 94°C, 30 s at 58-62°C and 30 s at 72°C, and a final
extension at 72°C for 5 min. Amplicons were purified
using the Nucleospin Extract- Kit (Macherey-Nagel),
and were sequenced by BMR Genomics (Padova, Italy).
The nucleotide sequences were analysed by BLASTn
(http://blast.ncbi.nlm.nih.gov/Blast.cgi) with the default
parameters described by Altschul et al. (1990). Reference
sequences were retrieved among the closest relative spe-
cies, and Colletotrichum spp. reported as pathogens of
P. americana were also retrieved to obtain a taxonomic
framework of the analysed isolates.

The sequences obtained were initially aligned with
reference sequences using MAFFT v. 7 online serv-
er (https://mafft.cbrc.jp/alignment/server/index.html)
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(Katoh and Standley, 2013) for each considered locus.
A manual adjustment in MEGA v. 7 (Kumar et al.,
2016) was then made to determine multi-locus phylog-
enies based on Maximum Parsimony (MP) and Bayes-
ian Inference (BI) criteria. Phylogenetic Analysis Using
Parsimony (PAUP) v.4.0b10 (Swofford, 2003) was used
for MP phylogeny. Heuristic searches with 100 random
additional sequences estimated the phylogenetic rela-
tionships. Tree bisection-reconnection was used. The
branch swapping option was set on “best trees” and
all characters were weighted equally. Alignment gaps
were considered as “fifth base”. The analysis calculated
the following parameters: tree length (TL), consistency
index (CI), retention index (RI) and rescaled consist-
ence index (RC). A total of 1000 replications were set for
the bootstrap analyses (Hillis and Bull, 1993). For the BI
analysis, MrModeltest v.2.3 (Nylander, 2004) was run
to determine the best evolutionary model for each con-
sidered locus. The determined model was incorporated
in the analyses performed with MrBayes v. 3.2.5 (Ron-
quist et al., 2012) to generate phylogenetic trees, follow-
ing optimal criteria for each locus. The Markov Chain
Monte Carlo (MCMC) analysis started from a random
tree topology, and four chains were used. The heating
parameter was set at 0.3 and the sampling frequency at
1000 generations. Analyses stopped when the average
standard deviation of split frequencies was below 0.01.
Sequences generated in the present study were deposited
in GenBank (Table 1).

Pathogenicity tests

Pathogenicity tests were carried out using the iso-
lates GP1 and GP2, to assess fulfilment of Koch’s pos-
tulates. The isolates were inoculated on wounded (1 mm
diam.) fruit of P. americana cv. Pinkerton. The trial was
conducted using ten fruit for each tested isolate. A total
of 20 fruit for each isolate were washed, dipped in 1.5%
sodium hypochlorite for 30 sec rinsed twice in ster-
ile distilled water (SDW) for 1 min and then dried on
absorbent paper. Each fruit was wounded at three points
with a sterile needle, and for each wound 5 pL of conid-
ium suspension (10* conidia mL?) was applied. Conidi-
um suspensions of each isolate were prepared by adding
SDW to 10 day old cultures grown on PDA-S, scraping
the mycelia and conidium masses and filtering the mix-
ture through muslin cloth. Inoculation control fruits
were each treated with 5 uL of SDW. After inoculation,
the fruits were placed in plastic containers covered with
plastic film, and were incubated in growth chamber at
25°C 100% RH for 3 d. The assay was carried out two
times.
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RESULTS AND DISCUSSION

The collected fruit showed depressed circular spots,
and developed orange-pink mucilaginous lumps after
storage (Figure 1). The fungal colonies obtained from
isolations and directly from conidium masses were iden-
tified as Colletotrichum spp., based on their morpholo-
gies. The cultures of the two representative isolates (GP1
and GP2) had light grey to pink mycelium with abun-
dant salmon pink masses of conidia on the upper sur-
faces, and pinkish mycelium with black spots on the
reverse surfaces. The conidia were hyaline, narrowly
elliptical, with guttulae, and measured (mean + SD
length and width) 13 + 4.5 x 3.3 = 1.6 pm.

The multi-locus phylogeny, which allowed precise
identification of the two representative isolates, consisted
of 57 sequences, including the outgroup (Monilochaetes
infuscans, CBS 896.96), and included a total of 1709
characters (ITS: 1-581; gapdh: 588-895; act: 902-1183;
tub2: 1190-1709). A total of 565 characters was parsimo-
ny-informative, 349 characters were variable and parsi-
mony-uninformative, and 767 were constant. A maxi-
mum number of 1000 equally most parsimonious trees
was saved (Tree length = 2255, CI = 0.659, RI = 0.900
and RC = 0.593). Bootstrap values obtained with the
MP analysis are indicated on the BI phylogenetic tree
in Figure 2. For the BI analysis, the following models,
recommended by MrModeltest, were used: GTR + I + G
for ITS, HKY + G for gapdh, and GTR + G for act and
tub2. In the BI analysis, the ITS locus had 159 unique
site patterns, the gapdh locus had 255, the act locus had
162, and the tub2 locus had 267 unique site patterns. The
analysis ran for 1,550,000 generations, resulting in 3102
trees, of which 2327 were used to calculate the posteri-
or probabilities. In the multi-locus analyses, the isolates
GP1 and GP2 obtained from the present study clustered
with three reference strains of C. fioriniae.

For the pathogenicity assessments, all the inocu-
lated fruits showed symptoms similar to those observed
on the sample collected in the orchard (Figure 1), while
non-inoculated control fruit did not show symptoms.
After 10 d post inoculation, all the fruits inoculated with
the two isolates were completely rotten. The inoculated
fungi were successfully re-isolated from lesions of the
inoculated fruits, fulfilling Koch’s postulates.

The genus Colletotrichum includes 340 recognised
species, which are grouped into 20 species complexes,
and several species belonging to this genus are patho-
gens of cultivated plants in tropical, subtropical and
temperate regions (Dean et al, 2012). In particular,
anthracnose caused by Colletotrichum spp. is the most
widespread and serious postharvest disease of many
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Figure 1. A and B, Symptomatic avocado fruit (cv. Pinkerton), showing sunken necrotic lesions and conidium masses on fruit epidermis; C,
Avocado fruits (cv. Pinkerton) showing symptoms 7 d after inoculation with isolate GP1 of Colletotrichum fioriniae.

tropical fruits including avocado, lychee, mango and
papaya (Zakaria, 2021; Talhinhas and Baroncelli, 2023).
Investigating the etiology of anthracnose has pre-
sented several challenges. The most reliable methods for
identifying species within Colletotrichum involve the use
of multi-locus phylogenies combined with morphologi-
cal feature assessments (Bhunjun et al., 2021). In the pre-
sent study, the molecular and phylogenetic analyses, and
morphological assessments identified the isolates found

in association with avocado fruit rot as belonging to C.
fioriniae. In addition, pathogenicity of this species on
avocado fruit was demonstrated. This is the first report
of C. fioriniae infecting avocado in Italy.

Colletotrichum fioriniae has been previously iden-
tified from avocado in Mexico and Australia (Fuentes-
Aragoén et al., 2020; USDA Fungal Database, 2024). In
general, in recent years, C. fioriniae has been reported
as the causal agent of fruit rot and leaf spots on sev-
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Figure 2. Consensus phylogram resulting from a Bayesian analysis of the combined ITS, gapdh, act and tub2 sequences of Colletotrichum spp.
Bayesian posterior probability values (BI) and Bootstrap support values (MP) are indicated at the nodes. The isolates collected and species found
in the present study are indicated in red font. Ex-type strains are indicated in bold. The tree was rooted to Monilochaetes infuscans (CBS 869.96).

eral plant hosts, including apple, pear, peach, walnut,
hazelnut and tomato (Kou et al., 2014; Munda, 2014;
Sezer et al., 2017; Chechi et al., 2019; USDA, Fungal
Database, 2024). In Italy, this fungus has been report-
ed as the causal agent of apple bitter rot (ABR), leaf
spots on sage (Salvia leucantha) and mahonia (Maho-
nia aquifolium), and anthracnose on walnut (Guar-

naccia et al., 2019; 2021a; Carneiro and Baric, 2021;
Luongo et al., 2022). Several of the above mentioned
horticultural crops are important crops cultivated in
Campania region. Thus, C. fioriniae infecting avocado
poses a serious threat to cultivation of this host, and
to other relevant host crops with possible significant
economic impacts on their supply chains. Latent infec-
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tions not detectable at harvest may also occur, increas-
ing difficulty to minimize losses caused by Colletotri-
chum pathogens (De Silva et al., 2017). Further inves-
tigations should be carried out to determine possible
cross-infection patterns considering other possible
hosts, and to understand effects of the mild climate of
Southern Italy on plant-pathogen interactions and dis-
ease development to investigate the epidemiology and
eventual spread of C. fioriniae.
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Summary. Nematodes with morphological characters of Bursaphelenchus arthuri, a
species of the Fungivorus group, first described in 2005 in China from imported conif-
erous packaging wood, were extracted from a centennial Pinus pinea tree with wilt-
ing symptoms in Coimbra, Portugal. Nematodes were transferred to Botrytis cinerea
cultures to establish a nematode isolate which was characterised using morphologi-
cal, morphometrical and molecular methods. Restriction fragment length polymor-
phism (RFLP) analysis carried out with five endonucleases of amplified internal tran-
scribed spacer (ITS) of the rDNA region, revealed the characteristic restriction pattern
described for Bursaphelenchus arthuri. Sequencing of the D2-D3 expansion region of
the large subunit (LSU) of rDNA confirmed this identification. Phylogenetic analysis
based on multiple sequence alignment of selected D2-D3 sequences showed that the
Portuguese B. arthuri isolate formed a separate group, along with the other B. arthuri
isolate from Taiwan available in GenBank, from those of other isolates of closely relat-
ed nematodes species belonging to the Fungivorus group. This study is the first report
of B. arthuri in Europe and from P. pinea.

Keywords. Centennial tree, D2-D3 expansion region sequencing, morphobiometrics,
nematode, PCR-ITS-RFLP.

INTRODUCTION

Bursaphelenchus can be divided into several groups based on morphologi-
cal and molecular analyses. The Xylophilus group includes the phytoparasitic
species Bursaphelenchus xylophilus Steiner and Buhrer, 1934 (Nickle, 1970),
the causal agent of pine wilt disease (EPPO, 2024). Bursaphelenchus arthuri
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Burgermeister, Gu and Braasch, 2005, a mycetophagous
nematode species first described in China from conifer-
ous packaging wood imported from Taiwan and South
Korea (Burgermeister et al., 2005), belongs to the Fun-
givorus group, which comprises other species such as: 1)
B. hunti (Steiner, 1935) Giblin-Davis and Kaya, 1983; 2)
B. sychnus Rithm, 1956; 3) B. steineri Rithm, 1956; 4) B.
fungivorus Franklin and Hooper, 1962; 5); B. gonzalezi
Loof, 1964; 6) B. seani Giblin-Davis and Kaya, 1983; 7)
B. thailandae Braasch and Braasch-Bidasak, 2002; 8) B.
willibaldi Schonfeld, Braasch and Burgermeister, 2006; 9)
B. braaschae Gu and Wang, 2010; 10) B. kiyoharai Kan-
zaki, Maehara, Aikawa, Masuya and Giblin-Davis, 2011;
11) B. arthuroides Gu, Wang and Zeng, 2012; 12) B. para-
thailandae Gu, Wang and Chen, 2012; 13) B. tadamien-
sis Kanzaki, Taki, Masuya and Okabe, 2012; 14) B. penai
Kanzaki, Giblin-Davis, Carrillo, Duncan and Gonzalez,
2014; 15) B. sycophilus, Kanzaki, Tanaka, Giblin-Davisa
and Davies 2014; 16) B. kesiyae Kanzaki, Aikawa, Mae-
hara and Thu, 2016; 17) B. rockyi Wang, Fang, Maria, Gu
and Ge, 2019; and 18) B. suri Kanzaki, Kruger, Greeff and
Giblin-Davis, 2022 (Gu et al., 2012; Wang et al., 2019;
Kanzaki et al., 2014; 2016; 2022). Since the first detection
of B. arthuri in China from coniferous packaging wood
imported from Taiwan and South Korea, this nematode
was later identified in imported wood from Republic of
Korea, the United States of America, China, and Japan
(Gu et al., 2006; 2008).

In the present study, wood samples from an isolated
P. pinea Linnaeus, 1753 tree displaying severe wilting
symptoms were collected, and were assessed for pres-
ence of the EPPO A2 quarantine organism, B. xylophilus
(the pinewood nematode), and for other Bursaphelenchus
species. Nematodes resembling B. arthuri were separated
from these samples and propagated in fungus cultures.
Subsequent characterisation and identification were
accomplished based on the morphological and morpho-
metric characteristics of females and males and based
on molecular characteristics of the ITS rDNA region
using PCR ITS-RFLP and D2-D3 LSU rDNA sequenc-
ing. A phylogenetic analysis was also built with the mul-
tiple sequence alignment between D2-D3 LSU rDNA
sequences available on databases.

MATERIALS AND METHODS
Nematodes extraction and culture establishment
Wood samples (trunk and branches) were collected
from a centennial P. pinea tree showing wilting symp-

toms in Coimbra, Portugal. The samples were then cut
into small pieces (< 1 cm wide). Nematodes were extract-

Hugo Silva et alii

ed from these pieces using the tray method (White-
head and Hemming, 1965; EPPO, 2013) and were hand-
picked and transferred to Botrytis cinerea grown at 25°C
on malt extract agar to obtain a nematode isolate, as
described by Fonseca et al. (2008). The nematode isolate
obtained was identified (see below) as Bursaphelenchus
arthuri and designated as BaPtl.

Morphobiometrical characterisation

Fifteen females and 15 males were killed by heat in a
drop of water on a cavity glass slide, and were mounted
in water, photographed, and their morphological and
morphometric characters were analysed. Photographs
were taken with a Leica DM 2500 bright field light
microscope (Leica) using a LeicaDFC 450 digital camera
(Leica). Measurements (Tables 1 and 2) were carried out
using Microsystem LAS Interactive Measurement Soft-
ware Version 4.0.0. (Leica) (Silva et al., 2023).

DNA extraction and amplification of ITS-rDNA and
D2-D3 rDNA regions

DNA from nematodes collected from a culture plate
(mixed developmental stages) was extracted with the
DNeasy Blood and Tissue Mini Kit (Qiagen), following
manufacturer’s instructions, and were quantified using
Nanodrop 2000C (ThermoScientific). The ITS rDNA
region containing partial 18S and 28S and complete
ITS1, 5.8S and ITS2 sequences was amplified using 50 ng
of extracted DNA, 1x of NZYTaq II Master Mix (Nzy-
tech), and 0.4 pM of the primers 18SF 5-CGTAACAA-
GGTAGCTGTAG-3 (Ferris et al., 1993; EPPO 2023) and
28SR 5" TTTCACTCGCCGTTACTAAGG-3’ (Vrain, 1993;
EPPO, 2023). Reactions were carried out in a Thermal
Cycler (Bio-Rad), with an initial denaturation step of 95°C
for 2.5 min, followed by 40 reaction cycles of 95°C for 30
s, annealing at 55°C for 30 s, extension at 72°C for 1 min,
and a final extension at 72°C for 5 min. The resulting
amplification product was used for RFLP analysis.

The D2-D3 expansion region of LSU rDNA was
amplified in a 50 pL reaction using 50 ng of DNA, Ix
NZYTaq II Master Mix (Nzytech), and 0.4 uM of prim-
ers D2A (5 ACAAGTACCGTGAGGGAAAGTTG-3)
and D3B (5-TCGGAAGGAACCAGCTACTA-3’) (Ley
et al., 1999). All reactions were conducted in a Bio-Rad
Thermal Cycler, with an initial denaturation step of
95°C for 2.5 min, followed by 40 reaction cycles of 95°C
for 30 s, annealing at 56°C for 30 s, extension at 72°C
for 1 min, and a final extension at 72°C for 5 min. The
resulting amplification product was purified with the
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NZYGelpure Kit (Nzytech), according to manufacturer
instructions, and used for sequencing.

Restriction fragment length polymorphism analysis

RFLP analysis was carried out on the amplified
ITS rDNA PCR product following Burgermeister et al.
(2009) and EPPO (2023) protocols, using the five restric-
tion endonucleases Hinfl, Alul, Haelll, Mspl, and Rsal
(Amersham Biosciences), according to the manufactur-
er’s instructions. The restriction products were separated
by electrophoresis on 1.5% agarose gel.

Sequencing and phylogenetic analysis

The amplified D2-D3 LSU rDNA product was
sequenced in both strands using an Automatic Sequenc-
er 3730xl with BigDyeTM terminator cycling condi-
tions, at Macrogen Company (Seoul, Korea), employing
the same primers used in the PCR (above). Sequenc-
es obtained were analyzed with BioEdit (Hall, 1999).
BLAST (Altschul et al., 1997) was used to search for
homologous sequences in the databases, and selected
sequences were aligned using BioEdit. Phylogenet-
ic analysis was carried out in MEGA 11 (Tamura et
al., 2021), using the Neighbor-Joining method (Sai-
tou and Nei, 1987) with 1000 bootstrap replications,
and employing the Jukes-Cantor substitution model.
Ambiguous positions were removed from each sequence
pair (pairwise deletion option) using the D2-D3 LSU
sequences alignment.

RESULTS
Morphobiometrical characterisation

Female and male nematodes (Figure 1, A to F) had
key diagnostic morphological characters consistent with
the original description of B. arthuri (Burgermeister et
al., 2005): heat relaxed form almost straight, only slight-
ly ventrally arcuate when heat-killed; lip region offset
by a constriction; head with six lips; stylet slender with
only very slight basal swellings; median bulb rounded
to elongated oval with conspicuous valve plates central-
ly placed (Figure 1 E); nerve ring located closely poste-
rior to the median bulb; excretory pore position approx.
half to one body diameter behind the median bulb at
level with intestine. Female (Figure 1 A): vulva a trans-
verse slit without flap; ovary outstretched; conspicuous
post uterine branch extending over two-thirds of vulva
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to anus distance (Figure 1 B); anus slightly protrud-
ing; tail slightly ventrally bent and with finely rounded
terminus (Figure 1 C). Male (Figure 1 D): tail region
sharply curled ventrally when killed by heat; posterior
anus lip slightly protruding; spicules paired and straight
with a high rounded condylus and rostrum in the mid-
dle position; distal ends of spicules rounded without
a cucullus; tail with a distinct, oval-shaped terminal
bursa with a pointed terminus, which can be seen in
dorso-ventral position; small tubercle observed close to
the anus indicates presence of a single pre-anal papilla
(Figure 1 F).

Morphometrics of the female and male nematodes
were compared with other morphometric data for B.
arthuri (Burgermeister et al., 2005). Most of the mor-
phometric data for the females and males were within
the range of the nematodes measured in the original
species description (Burgermeister et al., 2005), apart
of the total body length, and a and ¢ ratios, which
were smaller than those in the original description
(Tables 1 and 2).

100 um

Figure 1. Light micrographs of the Portuguese Bursaphelenchus
arthuri isolate (BaPtl). A; female (entire body): B; part of a female
reproductive system; C; female tail: D; male (entire body): E; ante-
rior region: F; male tail. 1; vulva: 2; anus: 3; stylet: 4; median bulb:
5; spicule.
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Table 1. Morphometric data of Bursaphelenchus arthuri females
from Portugal (BaPtl) and Taiwan. Values are means + SD, and
those in parentheses are minima and maxima.
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Table 2. Morphometric data of Bursaphelenchus arthuri males from
Portugal (BaPtl) and Taiwan. Values are means + SD, and those in
parentheses are minima and maxima.

Females

Males

Charmetr Portugal (0= 15)  RRA RS Chanacer Portugal(n = 15) (i
(BaPtl, this study) al., 2005) (BaPtl, this study) al., 2005)
Linear (um) Linear (um)
709.3 £ 55.9 961.9 + 62.4 671.4 + 63.3 922.8 £ 35.3
Body length (L) (601.5-828.8) (827-1069) Body length (L) (564.2-784.7) (882-980)
. 244 +23 . 24.0 £ 2.6
Greatest body width (GBW) Q13205 7 Greatest body width (GBW) 200-298) T
15.0 £ 0.7 16.4 £ 1.0 14.2 £ 0.8 15.7 £ 0.8
Stylet length (14.1-16.8) (14.0-17.7) Stylet length (12.7-15.7) (15.1-17.4)
. 22615 . 204 £ 1.9
Median bulb length (199-257) T Median bulb length 179-247) T
. . 172 £ 1.6 . . 16.0 £ 1.9
Median bulb diameter (s2-217) T Median bulb diameter (135-198)
Anterior end to end of 709+59 Anterior end to end of 69.0+£58
median bulb (AEMB) (56.3-78.6) median bulb (AEMB) (56.3-79.6)
. 60.1 £ 4.7 . 344 +£3.2
Tail length (TL) @462 7 Tail length (TL) 299-404)
. 120+ 09 . 140+ 14
Body width at anus (BWA) 107-138) T Body width at anus (BWA) 124177y 7
. 499.0 + 40.4 . 14.4 +£ 1.0** 19.4+ 1.4%
Anterior end to vulva (432.2-583.9) Spicule length (12.9-15.8) (16.0-20.9)
Vulva to anus (i?lz 1—1 91 17f) ————— Ratio
i a=L/GBW 28.1+1.8 31.9+ 3.0
Ratio A (24.7-30.8) (27.0-36.0)
292+ 1.7 339+1.5 98 £ 1.1
a=L/GBW (25.0-31.7) (31.2-35.7) b,=L/DAEMB 85-113) 7
10.1 £1.2 19.6 £ 1.6 273+1.2
b,=1/AEMB (84-124) 7 c=L/TL (17.7-23.1) (25.9-29.8)
11.9+£ 0.8 15.0 £ 1.7 . 25+0.3 2.2 +0.1
c=L/TL (10.6-13.6) (13.6-19.1) c=TL/BWA (1.8-2.9) (2.1-2.3)
s 50+0.5 48 +04
¢=TL/BWA (3.9-5.6) (4.2-54) * Measured as bow.
- - ** Measured by curved median line.
Percentage
V = Distance anterior end to 70.4 £ 1.3 723+ 1.0
vulva x 100/L (68.5-73.0) (70.8-73.7)

Molecular identification

Sequencing and phylogenetic analysis

Restriction fragment length polymorphism analysis

The BaPtl ITS rDNA regions PCR amplification
resulted in a product with length approx. 950 bp. The
restriction patterns obtained through digestion with the
five endonucleases (Figure 2), corresponded with those
previously described for B. arthuri (Burgermeister et al.,
2009; EPPO, 2023).

The sequence of BaPtl D2-D3 LSU rDNA was
deposited in the GenBank database under the acces-
sion number PQ304253. Phylogenetic analysis revealed
that the corresponding BaPtl D2-D3 LSU rDNA clusters
together with other B. arthuri isolate submitted in the
GenBank and formed a clear separate group (Figure 3).
This analysis confirms the identity of isolate BaPtl as B.
arthuri.
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MM PCR Hinfl- Alul Haelll Mspl Rsal

Figure 2. ITS-RFLP patterns of the Portuguese Bursaphelenchus
arthuri (BaPtl) with the restriction endonucleases Hinfl, Alul,
Haelll, Mspl and Rsal. MM—DNA Molecular Marker (Gene Rul-
ler™ 100 bp Plus DNA Ladder).

DISCUSSION

To date, B. arthuri has only been detected in Ningbo
Port, China, from coniferous packaging wood import-
ed from Taiwan, South Korea, USA, China and Japan
(Burgermeister et al., 2005; Gu et al.,, 2006; 2008). In
the present study, B. arthuri was detected, for the first
time, associated with a P. pinea tree. In addition, from
this tree, other Aphelenchoididae nematodes were found
co-existing, including Potensaphelenchus stammeri (Silva
et al., 2023), demonstrating that wilting coniferous trees
can be reservoirs of different nematode species.

The morphology of the Portuguese B. arthuri BaPtl
isolate, is consistent with the diagnostic morphological
characters outlined in the original description of this
nematode (Burgermeister ef al., 2005), and most of the
morphometric data of females and males are in accord-
ance with the original description (Burgermeister et al.,
2005). The morphometric differences found in total body
length and a and c ratios could be because nematodes
measured in the present study were previously main-
tained in fungus cultures for a few weeks. Previous nem-
atode morphometric studies have demonstrated correla-
tions between some morphometric characters and envi-
ronmental variables (Amin, 2007; Grzelak et al., 2020;
Nguyen et al., 2023).

Bursaphelenchus arthuri morphological and mor-
phometric differentiation is difficult within the Fungi-
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Figure 3. Phylogenetic tree generated by the Neighbor-Joining
method using the multiple sequence alignment between D2-D3
LSU rDNA sequences. A Aphelenchoides besseyi sequence was used
as the outgroup. Bootstrap values are shown at branch points, and
the scale bar indicates 0.050 substitutions per site.

vorus group (Burgermeister et al., 2005), making molec-
ular methods (ITS-RFLP analysis and rDNA region
sequencing) useful for the species diagnosis. ITS-RFLP
analysis, through digestion with Hinfl, Alul, Haelll,
Mspl, and Rsal endonucleases, matched with the previ-
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ously described pattern for B. arthuri species (Burger-
meister et al., 2009; EPPO, 2023), confirmed the species
identification. Furthermore, the phylogenetic analysis,
using the BaPtl D2-D3 rDNA sequence, showed that
the Portuguese isolate clustered together with other B.
arthuri isolate with D2-D3 sequences available in the
databases, making a separate phylogenetic group from
those formed by other isolates closely related to nema-
todes of the Fungivorus group. This clearly identified the
BxPtal isolate as belonging to B. arthuri.

Kanzaki et al. (2016) divided the Fungivorus group
into four subgroups based on morphological charac-
teristics, and placed B. arthuri in the same subgroup
as B. hunti, B. gonzalezi, B. fungivorus, B. seani, and B.
arthuroides. In the present study, phylogenetic analysis
placed together, in the same phylogenetic branch, the
species B. fungivorus, B. seani, B. arthuroides, and B.
arthuri available in GenBank, supporting the previously
made subgroup division (Gu et al., 2006). Among these
species, phylogenetic analysis showed that B. arthuroides
is most closely related to B. arthuri. Morphologically,
these two species are also very similar, with small differ-
ences in the shapes of the female tail and in the spicule
(Gu et al.,, 2012).

The present study is the first report of the presence
of B. arthuri in Portugal and in Europe. Species identifi-
cation was based on species-specific morphological diag-
nostic characters and was confirmed by PCR-ITS-RFLP
analysis and D2-D3 LSU rDNA sequencing. In addition,
this study identifies P. pinea as a new host for B. arthuri
adding new information to the occurrence of Bursap-
helenchus species in Europe.
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Short Notes
Alternaria alternata causing necrosis on leaves,
fruits, and pedicels of olive plants in Italy
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Summary. This paper is the first report of symptoms caused by Alternaria alternata on
aboveground organs of olive plants in Italy. On leaves, symptoms included spots and
necroses frequently associated with damage caused by the olive thrips (Liothrips oleae).
On fruits, symptoms included browning and necroses of pedicels, necroses of fruitlets
soon after fruit set, and rot and mummification of mature fruit. Several isolates of A.
alternata with identical morphological features and DNA sequences were associated
with all the different symptoms. The impacts of A. alternata on olive production can
be severe, and infections to fruit pedicels are particularly relevant as they cause severe
fruit fall soon after fruit set.

Keywords. Olea europaea, leaf spot, fruit rot.

INTRODUCTION

The presence of Alternaria spp. on olive plants (Olea europaea L.) was
first associated with infections of drupes and high yield losses in 2001 in
the Languedoc-Roussillon region of France (Alaux, 2002). In 2008, Alter-
naria alternata (Fries) Keissler was isolated in Spain and was associated with
soft rot of mature olive drupes showing grey-white skins and mummifica-
tion (Moral et al., 2008). A survey conducted in in Morocco showed pres-
ence of A. alternata in all the sampled olive orchards (Chliyeh et al., 2014).
More recently, A. alternata has been identified as a causal agent of olive leaf
spots in Turkey (Basim et al., 2017), leaf and fruit spots in Pakistan (Alam
and Munis, 2019), bud and blossom blight in Greece and Bosnia and Her-
zegovina (Lagogianni et al., 2017; Crnogorac et al., 2023), and necroses on
olive tree cuttings in Greece (Tziros et al., 2021). In the last 8-10 years, in
Calabria (Southern Italy), similar symptoms have been observed in olives,
which did not match any disease previously reported in Italy. These Symp-
toms had different frequencies and severities, depending on microclimatic
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Figure 1. Symptoms caused by infections of Alternaria alternata on pedicels and leaves of Olea europaea. (A) Localized browning (top
arrow) and extended necrosis (bottom arrow) of the pedicel. (B) Necrosis of the apical part of a pedicel and detachment of the fruitlet. (C)
Extended necrosis of a pedicel and consequent death of the fruitlet, which remained attached to the plant. (D) Close-up of a necrotic pedi-
cel. (E) Olive branch with dead fruitlets due to infections of A. alternata on the pedicels. (F) Leaf spots caused by A. alternata, probably in
association with Liothrips oleae.

areas (orchards), olive cultivars and years. Overall, how-
ever, symptoms were observed in a large area extending
for more than 150 km in the east coastal area of Catan-
zaro and Reggio Calabria. Often, whole production areas
were lost. Symptoms included (i) browning and necroses
of fruit pedicels (Figure 1 A, B, C, D, E); (ii) leaf spots
and necroses frequently associated with damage caused
by the olive thrips, Liothrips oleae (Figure 1 F); (iii)
necroses on fruitlets soon after setting (Figure 2A, B);
immature fruits (Figure 2C); and (iv) rots of mature
fruits with grey-white skins and subsequent mummifica-
tion (Figure 2 D).

The present study aimed to determine if A. alternata
was responsible for all the symptoms described above,
carrying our in vitro isolations and re-inoculations to
confirm the role of this fungus as a pathogen of olive
plants.

MATERIALS AND METHODS
Pathogen isolation

Samples of symptomatic olive tree organs (leaves,
pedicels, fruitlets, and mature fruits) were collected in
2017 and 2022 from a representative orchard of cv. Caro-
lea located in Sellia Marina, Catanzaro, southern Italy
(GPS 38.894225, 16.716885), and in vitro isolation of the
causal agent was attempted. Olive tree samples were sur-
face sterilized by dipping them for 15 s in a 2% sodium
hypochlorite solution, rinsed twice in sterile distilled
water, and then dried on sterile absorbent paper. Small
pieces of tissues were dissected and placed on Potato
Dextrose Agar (PDA) plates, containing ampicillin and
streptomycin (200 pg mL™?) to prevent bacterial growth.
The plates were then incubated at 25+1°C under a 12 h
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Figure 2. Symptoms caused by Alternaria alternata infections on olive fruits in different growing phases. (A and B) Necrotic areas around the
floral calyx and in the equatorial zone of young fruits soon after setting. (C) Necrotic areas on an immature fruit. (D) Rotten mature fruit.

light 12 h dark regime. Dark mycelium developed from
most of the dissected tissues, and mycelium from the
margins of these colonies was transferred to fresh PDA
plates to establish pure cultures. Stock cultures of these
isolates are maintained at 4°C and at -20°C at the Uni-
versity of Reggio Calabria.

Morphological, molecular and phylogenetic analyses of iso-

lated fungi

The morphology of colonies, hyphae and conidia
of sixteen representative isolates (four from each of
the sampled olive organs) was observed after growing
pure cultures on PDA at 23°C for 10-15 d. Four iso-
lates (one from each sampled olive organ) were identi-
fied by Sanger-sequencing six gene regions (ITS, GAP-
DH, RPB2, TEF1, ALTAIL, and ENDOPG) commonly
used as barcode genes for Alternaria sect. Alternaria
(Woudenberg et al., 2015). DNA extraction, amplifica-
tion, and sequencing were carried out as described by
Schena et al. (2014), and sequences of each gene were
manually curated using the software ChromasPro
v.2.1.10.1.

A phylogenetic tree was built with concatenat-
ed sequences of the six genes, using representative
reference sequences of Alternaria sect. Alternaria
(Woudenberg et al., 2015). In addition, sequences were
aligned and compared with available sequences of A.
alternata previously associated with olive diseases
(Alam and Munis, 2019; Tziros et al., 2021; Crnogorac
et al., 2023). Sequences were aligned with MUSCLE,
and were used to build a phylogenetic tree using the
Maximum Likelihood method and the Tamura-Nei

model with 1,000 bootstraps, as implemented in
MEGA 11 (Tamura et al., 2021).

Pathogenicity tests

Pathogenicity tests were carried out on detached
fruits and leaves of three olive varieties (Coratina, Lec-
cino, and Nocellara etnea). Fruits and leaves (n = 40 per
organ and cultivar) were surface sterilized by immersion
in a 1% sodium hypochlorite solution for 1 min, washed
twice with tap water, air-dried, and then wounded in
the equatorial zones with a needle (fruits) or a scalpel
(leaves). Half of the fruits and leaves (n = 20 for each
cultivar) were each inoculated with 20 uL of a conidium
suspension (=10° conidia mL™") of the pathogen, while
the other half (n = 20 for each cultivar) were inoculat-
ed with sterile water. These detached leaves and fruits
were then placed in plastic boxes to maintain high rela-
tive humidity. A similar set of tests were carried out for
leaves of 2-year-old potted plants (n = 3) of the olive
cultivar Carolea. Due to practical difficulties for surface
sterilizing potted plants, leaves (n = ten per plant) were
each wounded with a scalpel without preliminary steri-
lization, and were then inoculated as above and covered
with a transparent plastic bag. A set of ten leaves for
each plant were inoculated with sterile water as inocu-
lation controls. Lesion diameters on detached fruits and
leaves was recorded 7 d after inoculation, and differences
between plant varieties were assessed tested using ANO-
VA of these data. Data analyses were carried out with R
v4.4.0 (R Core Team, 2020), using Base R and stats pack-
ages for statistical tests and the ggplot2 package (Wik-
man, 2009) for data visualization.
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RESULTS AND DISCUSSION

Five days after isolation, white mycelium developed
from most dissected tissues, and this turned dark later
due to abundant sporulation (Figure 3 A). Developing
conidiophores were dark green to brown and were short,
septate, and branched. Conidia were ellipsoidal each
with a short beak and many transverse septa. Sixteen
representative isolates (four from each of the sampled
olive organs) had identical morphological features of col-
onies, hyphae, and conidia, were tentatively identified as
Alternaria spp. (Simmons 2007).

The molecular analyses of the four sequenced iso-
lates gave identical results for the ITS, GAPDH, RPB2,
TEF1, ALTA1, and ENDOPG genes (GenBank Accession
number, respectively, PP762481, PP783612, PP783614,
PP783613, PP783615, and PP783616). BLAST analy-
ses of the sequences showed 100% identity with sev-
eral corresponding sequences of reference strains of
Alternaria alternata (GenBank Accession numbers
KP124341, KP124195, KP125117, KP124809, KP123889,
and KP124042). The phylogenetic analysis confirmed
the identity of the isolates from olive (Figure 3 B).
After trimming sequences to an even length, ITS, TEF,
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and ENDOPG sequences of the isolates were identical
across all isolates previously reported on olive (Alam
and Munis, 2019; Tziros et al., 2021; Crnogorac et al.,
2023). Furthermore, ALT1 sequences were identical to
three of five previously reported sequences in Bosnia and
Herzegovina (OP972865, OP972866) (Crnogorac et al.,
2023) and Greece (MN512439) (Lagogianni et al., 2017),
differing for a single base (C instead of T) compared to
the other two Greek sequences (MN512440, MN512441).
Greater diversity was found within the RPB2 gene, as
seven bases differentiated the present study isolates
from two other isolates from Bosnia and Herzegovina
(OP038921 and OP038922) (Crnogorac et al., 2023).

For the pathogenicity tests, after 6 d at 20 £ 2°C, all
detached leaves (Figure 4 A) and fruits (Figure 5) inocu-
lated with A. alternata developed dark lesions resembling
those of natural infections, while non-inoculation con-
trol fruits and leaves remained asymptomatic. Alternaria
alternata was re-isolated from symptomatic samples,
tulfilling Koch’s postulates. Similarly, for the second set
of tests on potted plants, all the inoculated leaves devel-
oped necroses (Figure 4 B), while all the non-inoculated
control leaves were asymptomatic. ANOVA revealed sta-
tistically significant differences of sensitivity to inocu-

A. alternata CBS 102595
B A. alternata CBS 113014
A. alternata CBS 113013
os|| Alt1
Alt2
Alt3
— A. alternata CBS 195.86
{ A. alternata CBS 117143

A. alternata CBS 916.96

A. alternata CBS 115069

A. arborescens CBS 105.24

100 - A. arborescens CBS 109730
A. eichhorniae CBS 489.92
A. betae-kenyensis CBS 118810
A. iridiaustralis CBS 118486
A. gaisen CBS 118488
A. alstroemeriae CBS 118808
A. longipes CBS 539.94
A. gossypina CBS 104.32T
A. jacinthicola CBS 133751
A. burnsii CBS 107.38
A. tomato CBS 103.30
A. alternantherae CBS 124392

100

—i
0.01

Figure 3. (A) Representative colony of Alternaria alternata isolated from a young fruit of Olea europaea on potato dextrose agar after 4 d
incubation. (B) Phylogenetic tree constructed using concatenated sequences of ITS, GAPDH, RPB2, TEF1, ALTA1, and ENDOPG gene
regions (Woudenberg et al, 2015). Representative sequences obtained in the present study (Altl, Alt2, and Alt3) were analyzed with refer-
ence sequences of Alternaria sect. Alternaria (Woudenberg et al., 2015). Sequences were aligned with MUSCLE and used to build a phy-
logenetic tree using the Maximum Likelihood method and the Tamura-Nei model with 1,000 bootstraps, as implemented in MEGA 11

(Tamura et al., 2021).
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Figure 4. (A) Symptoms on detached leaves of cultivars Corati-
na (left), Leccino (middle), and Nocellara etnea (right), 6 d after
inoculation with Alternaria alternata. (B) Symptoms on leaves of a
potted olive plant cultivar Carolea 6 d after inoculation Alternaria
alternata.

lation among the cultivars, on leaves (F, 5, = 68.65, P <
0.001) and fruits (F, 5, = 62.78, P < 0.001). Tukey’s post-
hoc contrasts showed that on fruits, mean lesion diam-
eters (Figure 6, mean + sd) were greatest for the cultivar
Leccino (11.50 + 0.32 mm), followed by Coratina (7.42 +
0.72 mm) and Nocellara etnea (4.08 + 0.16 mm). Leaves

=i -
- E% - = -

of Coratina were more sensitive (mean lesion diameter =
11.09 + 0.97 mm) than those of Leccino (3.97 + 0.12 mm)
and Nocellara etnea (1.19 + 0.42 mm).

As indicated above, previous studies have report-
ed A. alternata as the cause of diseases in olive plants.
However, this is the first report of infections on olive
fruit pedicels. This is also the first report of the occur-
rence of A. alternata on olive plants in Italy. The same
pathogen has been shown to cause all the previously
reported symptoms on olive (Moral et al., 2008; Basim et
al., 2017; Lagogianni et al., 2017; Alam and Munis, 2019;
Crnogorac et al., 2023).

The present study results also showed differences in
susceptibility to A. alternata for different olive varieties.
The close similarity between sequences of the present
study isolates with those previously reported indicated
that observed differences in symptom incidence and
severity are likely to be related to environmental condi-
tions and host genotype rather than A. alternata strain.
This emphasises the importance of the cultivar choice
for to prevent the spread of this disease. Although fur-
ther investigations are required, the impacts of disease
caused by this pathogen were severe in the region sur-
veyed in the present study. Infections of fruit pedicels

0

g

Figure 5. Symptoms on fruits of Coratina (top), Leccino (middle), and Nocellara etnea (bottom) 6 d after inoculation with Alternaria alter-

nata.
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Figure 6. Mean lesion diameters on olive fruits (left) and leaves
(right) of cultivars Coratina, Leccino, and Nocellara etnea 6 d after
inoculation with Alternaria alternata. Barplots are means + sd for
each group. Pairwise comparisons are indicated as letters on top of
each barplot (Tukey’s multiple comparison procedure).

were the most relevant, as these caused many fruits to
fall from trees during the first developmental phases.
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New or Unusual Disease Reports

Cryptostroma corticale in Italy: new reports
of sooty bark of Acer pseudoplatanus and first
outbreak on Acer campestre
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Summary. Monitoring of emerging plant diseases in the Apennine mountains (central
Italy) identified Cryptostroma corticale as the cause of the disease sooty bark of maple
trees. The identified sites were located in rural or forested areas, next to buildings, in
villages or suburbs, and one site was in a forest. Samples of symptomatic tissues were
taken from Acer pseudoplatanus and/or A. campestre, as well as asymptomatic samples
from A. campestre and Aesculus hippocastanum. All samples tested positive to a spe-
cies-specific QPCR assay for the presence of C. corticale, indicating wide incidence of
the disease in the northern Apennines of Italy, after attempted eradication of the first
small group of infected plants were found in 2012.

Keywords. Maple, alien invasive species, emerging plant diseases, opportunistic path-
ogens, human health.

INTRODUCTION

Maple species (Acer spp.) are minority but important components
of forest biodiversity (Spiecker et al., 2009), and are commonly used in
urban settings (Pauleit et al., 2002; Sjoman et al., 2012) in Europe and in
North America due to their environmental adaptability (Pasta et al., 2016).
Maples are commonly planted in urban areas of Southern Europe, and the
use of European maple species has been encouraged due to their low pol-

Phytopathologia Mediterranea 63(3): 399-406, 2024
ISSN 0031-9465 (print) | ISSN 1593-2095 (online) | DOI: 10.36253/phyto-15744


http://www.fupress.com/pm
https://doi.org/10.36253/phyto-15744
https://doi.org/10.36253/phyto-15744
https://creativecommons.org/licenses/by/4.0/legalcode
https://creativecommons.org/publicdomain/zero/1.0/legalcode
https://orcid.org/0000-0003-3827-9505
https://orcid.org/0000-0002-7955-9207
https://orcid.org/0000-0002-9184-7965
https://orcid.org/0000-0001-6806-6135
https://orcid.org/0000-0003-2834-4684
https://orcid.org/0000-0002-5415-8124
https://orcid.org/0000-0002-3180-4226
mailto:luisa.ghelardini@unifi.it

400

len allergenicity compared to Acer negundo, which is
frequently found in cities (Acar et al., 2007; Lacan and
McBride, 2009; Chaparro and Terradas, 2010; Calat-
ayud and Carifianos, 2024). In Italy, maples trees are
widely favoured as urban greenery, and are common in
all major cities of the Alpine, Po Valley and Apennine
regions, as well as in other Mediterranean areas (Bartoli
et al., 2021). For example, in Rome, use of maple trees
has been encouraged because of their high rooting and
carbon sequestration capacities and low ozone-forming
potential. Acer platanoides is also valued for resistance
to wind damage and air pollution, and A. pseudopla-
tanus has phytostabilising activity against soil contami-
nants (Mirabile et al., 2015).

The health of maple trees is being increasingly chal-
lenged by Cryptostroma corticale (Ellis & Everh.) P.H.
Greg. & S. Waller (Ellis and Everhart, 1889; Gregory and
Waller, 1951), a pathogenic ascomycete considered non-
native in Europe, and the causal agent of the disease
sooty bark.

Cryptostroma corticale as first described by Ellis
and Everhart (1889) as Coniosporium corticale. The first
report of its presence in Europe was in 1945, in Wan-
stead Park in London, United Kingdom (Gregory and
Waller, 1951). The fungus is known as a pathogen and
saprophyte (Dickenson, 1980; Enderle et al., 2020), and
the endophytic stage was long assumed but only recent-
ly proven (Schlofler et al., 2023). Cryptostroma corticale
is opportunistic and causes symptoms when host trees
suffer stress caused by abiotic factors such as high tem-
peratures and drought (Dickenson, 1980; Enderle et al.,
2020). Reports of sooty bark periodically appeared after
especially warm and dry summer periods as occurred in
the 1960s and 1980s (Gregory and Waller, 1951; Moreau
and Moreau, 1951; Townrow, 1953; Plate and Schnei-
der, 1965; Young, 1978; Dickenson, 1980; Abbey and
Stretton, 1985). Reports of C. corticale in Europe have
increased since the drought years of 2003 and 2005
(Cech, 2004 ; Metzler, 2006 ; Robeck et al., 2008; Langer
et al., 2013; Koukol et al., 2014).

In Italy, the only published report of C. corticale
was in 2012, when a small plantation of heavily dam-
aged trees, clustered together, were identified at the for-
est edge on a mountain top in Bologna (Oliveira Longa
et al., 2016). No symptoms were observed on other Acer
plants growing in the surroundings, and the outbreak
was promptly eradicated.

Sooty bark symptoms include wilting, shoot dieback,
greenish yellow wood discolouration, and development
of blisters under host tree bark with subsequent heavy
sporulation after the blisters burst (Gregory and Waller,
1951). Young’s (1978) experimental evidence (reported in
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Dickenson, 1980) suggested that it takes a year or more
for severe disease development, although small young
trees may die within 10 months. The released spores of
C. corticale can also cause hypersensitive pneumoni-
tis in mammals (Towey et al., 1932; Braun et al., 2021).
Humans with heavy exposure to the spores, such as for-
est or paper mill workers, as well as people with pre-
existing lung diseases, are particularly at risk (Braun et
al., 2021).

This paper reports new outbreaks of the sooty bark
identified in the northern Apennines in Central Italy.

MATERIALS AND METHODS
Study sites and sampling procedure

Diseased plants were observed between 2022 and
2024 at seven locations in or at the base of the Apen-
nines (Figure 1). Details of these observations are listed
below.

- About 15 symptomatic A. pseudopatanus trees (c.
15-years-old), in a mixed species plantation with
Fraxinus excelsior, were found at Le Sassane (Gaggio
Montano. 44.233890 N, 10.975204 E, 700 m a.s.L.) in
the province of Bologna. The trees had been planted
on a slight slope with a potentially wet depressed
area at the slope base. The trees resembled those at
the first outbreak in Montovolo. Most of the trees
were severely damaged with typical sooty bark
symptoms, and some were dead. Samples of bark,
fungal stroma and wood were taken from five of the
symptomatic trees.

- Two dead A. pseudopatanus trees with sooty bark
symptoms were found on a road alongside a cul-
tivated field near Riola (Vergato, 44.237902 N,
11.052955 E, ¢ 420 m a.s.l.) in the province of Bolo-
gna. Wood and fungal stroma were sampled from
both trees.

- Symptomatic A. pseudoplatanus trees were found in
Castellonchio, in the province of Parma (44.546420
N, 10.004982 E, c. 910 m a.s.l.), which was followed
by a report issued by the Regione Emilia Romagna
(Ferrari and Bariselli, 2023). Here, in a small moun-
tain village surrounded by forests, a group of young
planted sycamores (circa hundred trees approx.
20-years-old) were heavily affected by the disease.
The trees had severe crown dieback, bark cracking
with abundant black stroma and fresh sporulation,
and many were dead at the time of discovery.

- A mature A. pseudoplatanus plant (approx. 100 years
old) with sooty bark symptoms (death of most of the
crown and conspicuous stroma with active fungal
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Figure 1. Infection sites (red dots, with year of discovery in parentheses) along the Appenines in Emilia Romagna (Bologna and Parma)
and Tuscany (Pistoia and Firenze). The geographical image is a shaded relief from Esri, DigitalGlobe, GeoEye, i-cubed, USDA FSA, USGS,
AEX, Getmapping, Aerogrid, IGN, IGP, swisstopo, and the GIS User Community (modified). The insert map of Italy was created at https://
www.mapchart.net/italy.html.

sporulation on the stems and branches) was identi-
fied in Monachino, a group of houses in a mountain
forest area in the province of Pistoia (44.02122 N,
11.03270 E, c. 710 m a.s.l.). The record was reported
by the Phytosanitary service of Tuscany (Regione
Toscana, 2024). Bark and fungal stroma were sam-
pled from the main stem of the plant. Next to the
diseased A. pseudoplatanus, an asymptomatic Aescu-
lus hippocastanum L. tree was growing. Since A. hip-
pocastanum is a known host of C. corticale (Young,
1978), and a recent report from Germany showed
that C. corticale also caused symptoms on Ae. hip-
pocastanum (Brenken et al., 2024), twig samples
from this tree were taken and analysed.

- In the vicinity of Marradi, province of Firenze

(44.103722 N, 11.73475 E, c. 515 m a.s.l.), five symp-
tomatic A. pseudoplatanus trees of unknown origin
in the private garden of an isolated country house

were affected. Samples of the bark with stroma were
taken from all the symptomatic trees as well as twigs
of one asymptomatic A. campestre tree growing
among the diseased trees.

- In Barberino di Mugello, province of Firenze

(43.997781 N, 11.181664 E, c. 695 m a.s.l.), approx.
15 symptomatic A. pseudoplatanus trees with 3- to
4-year-old sooty bark symptoms were observed in
a forested area close to the ancient monastic settle-
ment of Montecuccoli. Symptomatic bark tissue was
sampled from three of these trees.

— In Casalecchio di Reno (44.473327 N, 11.283565 E, c.

70 m a.s.l.), 42 A. campestre trees of putative natural
origin were found to be dead or symptomatic (exten-
sive crown dieback and visible fungal stroma from
bark cracks on the main stems and branches) in a
forested area, part of a large historic garden which
is transformed into a peri-urban park. Three addi-


https://www.mapchart.net/italy.html
https://www.mapchart.net/italy.html

402

tional symptomatic A. pseudoplatanus trees were

also surrounding private buildings in the immediate

vicinity. Bark and stroma were sampled from five of
the A. campestre trees.

Except in Riola and Barberino del Mugello, where
it was not known how long the maple trees had been
showing sooty bark symptoms, in the other cases decline
and death of the plants was rapid, as reported by the
locals or as observed by the authors of the present paper,
i.e. over one or two growing seasons.

Samples from all sites, consisting of a part of fun-
gal stroma, symptomatic shoots and wood samples, were
brought to the University of Florence for morphologi-
cal characterisation, and CNR laboratory facilities for
molecular characterisation. Samples were taken from
trees with stromatal spots on the trunks. Trunk tissues
were scraped to obtain spores, or pieces of bark with
stroma were excised with an axe and collected in sterile
plastic bags. A branch (approx. 2 cm at the base), with
multiple twigs, was cut from the asymptomatic Ae. hip-
pocastanum (in Monachino), and from the asymptomat-
ic A. campestre (in Marradi), to determine endophytic
presence of C. corticale.

Morphological and molecular identifications of samples

Spore samples were microscopically examined. Parts
of these samples were also inoculated onto malt extract
agar (3% MEA, Biotec) and then incubated at room tem-
perature with ambient light in order to isolate the fun-
gus. Isolation of C. corticale was attempted for all sam-
ples including spores.

DNA extraction

When isolations were achieved, isolates were grown
until they reached the margins of 90 mm diam. Petri
dishes containing 3% MEA covered by cellophane discs
(Celsa) of the same diameter. The mycelium was then
scraped from the cellophane and placed in 2 mL capac-
ity Eppendorf tubes each containing two tungsten beads
(3 mm, Qiagen) and placed at -80°C for 20 min. DNA
was likewise extracted from wood, bark and spore sam-
ples. These samples were then ground using a Retsch
Mill (MM 400, Retsch), set to 25 oscillations sec’! for 2
min. DNA was extracted from ground mycelium using
the EZNA Plant DNA Kit (Omega Bio-tek), according to
the manufacturer’s protocol. Total DNA concentrations
were estimated using the Tecan Infinite M Plex (Nano-
Quant Plate™). Eluted DNA samples were kept at -20°C
until analysis.
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DNA amplification

PCR was conducted only on the mycelium DNA,
using the ITS1 and ITS4 primer set (White et al,
1990) to amplify internal transcribed spacers 1, 2 and
the 5.8S gene. The PCR products were purified using
the mi-PCR Purification kit (Metabion International,),
and were sent for sequencing to Macrogen (Milan,
Italy). The acquired sequences (PQ339922, PQ339923,
PQ339924) were analysed using the BLASTn function
on www.ncbi.nlm.nih.gov.

DNA was also extracted from all samples, includ-
ing wood, spores and mycelium, and analysed by
qPCR, using the species-specific primers for C. corticale
described by Kelnarova et al. (2017) and Muller et al.
(2023). Asymptomatic samples taken from A. campestre
collected from Marradi and Ae. hippocastanum at the
Monachino site, were also analysed using qPCR.

RESULTS AND DISCUSSION

The spores observed with a microscope were mor-
phologically identified as C. corticale. The spores were
dark brown and ovoid, with average size of 5.7 x 3.9
pm (5.1-6.7 um x 3.4-4.4 um; n = 20; Figure 2), which is
consistent with the descriptions of C. corticale by Greg-
ory and Waller (1951) and Ellis and Everhart (1889). The
outgrowing mycelium from spores placed on MEA was
initially white and later turned brownish, as is charac-
teristic for this fungus. Cryptostroma corticale cultures
were successfully obtained from symptomatic trees of
Acer pseudoplatanus in Monachino and Marradi, and of
A. campestre in Casalecchio di Reno. For all the other
field sites, it was not possible to obtain cultures because
the stroma were dried. The BLASTn results for amplified
DNA extracts showed a 100% identity and query cover
matches for C. corticale strain CBS 216.52 (MH857008),
and for several other C. corticale strains.

The qPCR yielded positive results for C. corticale
for all the tested samples, including plant material from
asymptomatic maples and from Ae. hippocastanum. This
confirms presence of the fungus in the sampled asymp-
tomatic woody tissues. Although no symptoms were
observed on Ae. hippocastanum, the present results con-
firm previous observations that C. corticale can colonize
alternative hosts. Young (1978) reported saprophytic
infections by C. corticale on Ae. hippocastanum, and
Dickenson (1980) reported that C. corticale can sporu-
late on sterile autoclaved wood of several plant species,
including Ae. hippocastanum. In 2022 a diseased Ae.
hippocastanum tree, exhibiting black spore fissures, loss
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Figure 2. a) Sporulation on an Acer pseudoplatanus tree (photo credit: Stefano Romei). b) Spores of Cryptostroma corticale obtained during
sampling. ¢) Culture of C. corticale isolated from material from Marradi (Accession number: PQ339924). d) View of the underside of the
same culture. e) Symptoms of C. corticale infection on Acer campestre. f) Acer pseudoplatanus trunk with sporulation of C. corticale and cut
surface with typical staining and white rot (photo credits: Stefano Romei).
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of bark and death of crown parts, was identified in Trier,
Germany (Brenken et al., 2024). This report showed that
in central Europe C. corticale is also causing isolated
damage on Ae. hippocastanum, posing a threat to urban
areas in central Italy. During the monitoring of the pre-
sent study, symptomatic (Casalecchio di Reno, Figure
2) and asymptomatic (Marradi) A. campestre trees were
found to be infected by C. corticale. From the present
study, Acer campestre hence appears to be a similarly
common host for C. corticale. Dickenson (1980) showed
that A. campestre was similarly susceptible to C. corticale
infections as A. pseudoplatanus, but this host has rare-
ly been observed to show natural symptoms in Europe
(Moreau and Moreau, 1951; Anon, 1952 cited in Dicken-
son, 1980). This is most likely due to the sporadic occur-
rence of A. campestre in central Europe.

Cryptostroma corticale usually causes disease when
trees are stressed by drought and above average tem-
peratures (Gregory and Waller, 1951; Dickenson, 1980;
Enderle et al., 2020). Over the course of the monitoring
carried out in the present study, recent disease outbreaks
with viable spores were found in Sassane, Castellonchio,
Monachino and Casalecchio di Reno. The trees in Casa-
lecchio di Reno had died over the course of the previous
year. The symptoms observed in Riola and Barberino di
Mugello were not fresh, and very few spores could be
found. The symptoms from these two regions were esti-
mated to be approx. 2-4 years old. The disease in Bar-
berino di Mugello could have been due to a change in the
forest structure, due to establishment of a fire protection
strip, where few solitary trees were left standing. The sud-
den change from a closed forest to open field conditions
is likely to have triggered the sooty bark outbreak in this
area. The report in Barberino del Mugello is the only
report of this disease in a forested area and not close to
buildings. Outbreaks in urban areas would generally be
unsurprising due to increased temperatures, harsh inso-
lation, pollution and soil compression conditions, and
trees standing at large distances from each other. This
combination of conditions is known to cause severe water
deficit in crowns of maple trees (Close et al., 1996).

Sooty bark outbreaks are currently found along a
portion of the northern Apennines in central Italy. Fur-
ther spread of this disease is likely along the Apennines
and to urban areas. Spores of C. corticale are estimated
to disperse within a radius of at least 300 km (Muller
et al., 2023). Burgdorf et al., (2022) reported a C. corti-
cale spore count of 277 spores cm? d!' during July and
August 2019 in northern Bavaria, Germany, a year with
many reported infections. Fifty-four percent of sycamore
trees in the surveyed stand had visible sporulating trunk
fissures. Numbers of counted spores varied over the year
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and were greatest during summer and early autumn
(Burgdorf et al., 2022). These results indicate potentially
high infection pressure during summer period in north-
ern Bavaria, where trees are stressed due to high temper-
atures and drought.

Identifying the pathway for introduction and the
local sources of inoculum will be challenging, since C.
corticale can survive endophytically for long periods
before becoming pathogenic (Kelnarova et al., 2017),
and infection pressure can be high when bark fissures
are present (Burgdorf et al., 2022). The potentially infest-
ed area is assumed to be large, especially regarding the
reports of C. corticale spread by Muller et al., (2023).
Often outbreaks are not detected or identified due to
lack of knowledge and awareness, or effective controls,
and are not eradicated prior to spore production, fur-
thering spread of the fungus.

Emergence of sooty bark poses a threat for trees in
the Mediterranean region. A large part of Italy has cli-
matic characteristics favourable to the establishment of
C. corticale. Furthermore, summer drought is forecast to
occur during the next few decades in the Mediterrane-
an region and parts of temperate Europe (Kottek et al.,
2006). This and the popularity of maples as urban green-
ery (Pauleit et al., 2005; Augustinus et al., 2024) increas-
es the importance of selecting suitable provenances and
genotypes of A. pseudoplatanus and A. campestre, which
can adapt to the increasingly challenging environmental
conditions that are likely to occur.

This emphasizes the need for awareness and caution
regarding the disease sooty bark of maple trees. Espe-
cially for urban areas, this disease poses threats for con-
servation of established and valuable trees, but potential-
ly also for human health.
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Summary. Antifungal properties of nanoparticles (NPs) of copper oxide (CuO), titani-
um dioxide (TiO,), and silica dioxide (SiO,) were compared to the fungicide thiophan-
ate-methyl for controlling root rot and wilt of chickpea, caused by, respectively, Rhizoc-
tonia solani and Fusarium oxysporum f. sp. ciceris. Different concentrations (10, 20, or
40 ppm) of the NPs were assessed for their ability to inhibit fungal growth in vitro.
All the nanoparticles had antifungal activity, with greatest effects at 40 ppm. CuO NPs
at 40 ppm gave 61% reduction for Rhizoctonia rot and 65% reduction for Fusarium
wilt. Alterations in the ultrastructure of the fungal mycelia were observed in response
to treating with CuO NPs. No differences in in vivo tests were observed between CuO
NPs and thiophanate-methyl for reducing root rot or wilt. Applications of CuO NPs
also enhanced growth and yield of chickpea plants. CuO NPs had antifungal proper-
ties, increased activities of peroxidase and polyphenol oxidase in chickpea plants, and
increased plant phenol contents. These results indicate that CuO NPs have potential as
effective, eco-friendly alternatives to conventional fungicides for controlling of root rot
and wilt of chickpea.

Keywords. Rhizoctonia solani, Fusarium oxysporum f. sp. ciceris.

INTRODUCTION

Chickpea (Cicer arietinum L.) is a highly nutritious legume, which is
grown in more than fifty countries and is as a major source of proteins and
carbohydrates for human and animal consumption. Through biological nitro-
gen fixation, chickpea plants also improve soil fertility (Jukanti et al., 2012).

Chickpea plants are susceptible to wilt, caused by Fusarium oxysporum
Schlecht emend. Snyd. & Hans. f. sp. ciceris (Padwick) Snyd. & Hans., and
root rot caused by Rhizoctonia solani J.G. Kithn (Choudhary et al., 2013; Zian
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et al., 2023). These diseases may adversely affect chickpea
growth metrics and crop productivity.

Using fungicides for control of fungal diseases offers
several benefits, including availability, effectiveness, and
fast action. However, the compounds have disadvantag-
es, including potential harmful impacts on human and
animal health, and development of fungicide resistant
pathogen races (Yadav et al., 2020). Environmental haz-
ards resulting from fungicide use have also been dem-
onstrated, and recent studies have been conducted to
find alternative treatments (Al-Askar et al., 2014; Rashad
et al., 2018; Rashad et al., 2020a; Rashad et al., 2022;
Zian et al., 2024). Novel approaches have therefore been
assessed to managed fungal diseases, and safeguard and
fortifty worldwide food security while mitigating finan-
cial setbacks, by seeking methods to limit the use of fun-
gicide compounds.

Nanotechnology can enhance crop production by
boosting input efficiency and reducing losses. The most
important benefit of using active nanomaterials is the
large specific surface area they provide to fertilizers
and pesticides. Furthermore, nanomaterials are can be
carriers of agrochemicals, providing precise and tar-
geted delivery of nutrients, leading to enhanced plant
protection. Gogos et al. (2012) indicated that nano-
technology can alleviate issues related to food produc-
tion as well as climate change by benefiting the envi-
ronment and aiding in disease management (Worrall
et al., 2018). Nanoparticle materials have unique phys-
icochemical features, including surface and quan-
tum effects, that distinguish them from bulk materi-
als. These effects enhance their ability to interact with
fungi and perform therapeutic functions (Boxi et al.,
2016). Nanoparticles have minute diameters (1 to 100
nm). They adhere to fungal surfaces and penetrate
and deposit into fungal cells, and have been shown to
exhibit antifungal properties. These features include
capacity to mechanically and physically harm cell
walls and membranes, and to alter cellular signals by
dephosphorylating potential integral peptide substrates
that are essential for cell survival and division. Perme-
ability of membranes is also increased, water channels
are obstructed, and microbial enzymes are deactivated,
reactive oxygen species effectively produced, respiration
is halted, and other metabolic pathways are modified.
All of these actions contribute to inhibition of fungal
growth (Allahverdiyev et al., 2011; Wang et al., 2014).
Nanoparticles can stimulate cell division, host callus
development, enhance root structure, increase shoot
length, leaf numbers, and overall biomass in many
plant species under stress and also in normal condi-
tions (Gohari et al., 2020).
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Silicon (Si) NPs can prevent pathogen infections by
enhancing host plant disease resistance. Because plants
transpire less, those with nanosilicon coatings have pro-
tection from high temperatures (Rastogi et al., 2019;
Rashad et al., 2021). Plant growth and yield can be also
be enhanced by Si NPs (Siddiqui and Al-Whaibi 2014;
Suriyaprabha et al., 2014). White rot was shown to be
less common in garlic and onion plants when exogenous
Si and silicate salts enhanced the action of host systemic
defense enzymes (Elshahawy et al., 2021). Silica treat-
ment triggered potato resistance against late blight by
improving the ethylene and jasmonic acid metabolism in
separated foliage and in whole plants (Xue et al., 2021).

Due to their photocatalytic and antibacterial char-
acteristics, nanoparticles of titanium dioxide (TiO, NPs)
and of other metal oxides have promise as agricultural
additives. TiO, NPs increased photosynthetic activ-
ity of cucumber and reduced infections caused by Pseu-
domonas syringae pv. lachrymans and Pseudoperono-
spora cubensis in field research conducted by Cui et al.
(2009). Servin et al. (2015) demonstrated how systemic
acquired resistance or direct suppression of disease-
causing organisms by nanoparticles of TiO,, CuO, and
ZnO could enhance in disease control programs.

Studies have demonstrated antifungal action of cop-
per oxide nanoparticles (CuO NPs) on F. oxysporum that
causes tomato wilt (Kanhed et al., 2014), and R. solani
(El-Shewy et al., 2019; Ismail, 2021). Abou-Salem et al.
(2022) also tested CuO NPs against F. oxysporum, Mac-
rophomina phaseolina, and Pectobacterium carotovorum,
which cause root rot in sugar beet. That study showed
that CuO NPs at 150 ug mL! was an effective treatment,
reducing disease incidence while enhancing vegetative
growth, improving physiological traits, and boosting
antioxidant enzyme activity. Elmer and White (2016)
found when eggplant and tomato plants were cultivated
in soil inoculated with F. oxysporum f. sp. lycopersici and
Verticillium dahliae, CuO was more effective than other
tested nanomaterials, including MnO, ZnO, NiO, TiO,
FeO, and AlO.

Systemic resistance induced by abiotic agents has
been extensively studied, since it enhances plant defense
against a wide range of phytopathogens. Triggered sys-
temic resistance involves several processes, including
generation of salicylic acid and antibiotics, and expres-
sion of the antioxidant enzymes peroxidase (POD), poly-
phenol oxidase (PPO), and other phenolic compounds.
Copper has many functions in plant physiological and
biochemical processes as an enzyme activator, and is
integral to numerous enzymes. Copper is also essen-
tial for plant growth and nutrition (Bowler et al., 1992;
Kasana and AliNiazee, 1997). Previous studies Nair and
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Chung (2014) showed that treatments with copper oxide
nanoparticles (CuO NPs) enhanced activities of ascor-
bate peroxidase (APX) and peroxidase (POD). Sarkar et
al. (2020) demonstrated that lentil plants treated with
CuO NPs had high activity of APX and superoxide dis-
mutase (SOD). Potato plants treated with CuO NPs had
enhanced PPO and POD activities (Ismail, 2021).

The present study aimed to investigate the efficacy
of nanoparticles of CuO, TiO,, and SiO, nanoparticles
in comparison with the fungicide thiophanate-methyl,
for suppressing R. solani and F. oxysporum f. sp. ciceris,
enhancing chickpea defense responses, affecting plant
growth parameters. Effects of CuO NPs on chickpea
ultrastructure were also assessed.

MATERIALS AND METHODS
Chickpea seeds

Chickpea seeds (cv. Giza-2) were obtained from the
Legume Research Department, Field Crops Research
Institute, ARC, Giza, Egypt.

Nanoparticles and fungicide

The three tested nanomaterials were purchased from
Nanotechnology & Advanced Nano-Materials Laborato-
ry (NANML), Plant Pathology Research Institute (PPRI),
Giza, Egypt. These were: CuO NP (25 + 5 nm particle
size (Supplementary data), and previously characterized
by Ismail (2021); Ti,O NP (45 £ 5 nm particle size (Sup-
plementary data); and SiO, NP (50 + 23 nm particle size)
(Supplementary data). Sterilized distilled water was used
to produce all stock solutions. A Transonic 420 sonica-
tor (Elma) was used to sonicate nanoparticle suspen-
sions for 30 min before they were applied as seed soak-
ings or included in sterilized plant growth medium. The
chemical fungicide (thiophanate-methyl (Topsin-M70
70% WP, Cairo Chemical Company, Egypt) was used for
comparisons with the three nanomaterials.

Chickpea root rot and wilt pathogens

Two virulent isolates (Zian et al., 2023), one of
R. solani (accession No. OR074128) and the other of
F. oxysporum f. sp. ciceris (accession No. OR074126),
were used in this study. These isolates were previously
obtained from chickpea fields in the Ismailia governo-
rate, Egypt, where they had caused symptoms of wilt
and root rot.
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Screening the tested nanoparticles for antifungal activity

CuO NP, TiO, NP, and SiO, NP were each assessed
at 10, 20, and 40 ppm against R. solani and F. oxyspo-
rum f. sp. ciceris and compared to thiophanate-methyl.
Initial stock solutions of nanoparticles were prepared
at concentrations of 1000 ppm, and were diluted with
sterile deionized water to obtain these concentrations.
Before being utilized in experiments, the solutions were
maintained at 4°C. The agar dilution procedure reported
by Fraternale et al. (2003) was used for in vitro assays.
The prepared concentrations of nanoparticles and thi-
ophanate-methyl at 200 ppm were added to sterilized
potato dextrose agar (PDA) before solidification, and the
amended agar was poured into Petri dishes (9 cm diam.).
Agar discs (5 mm diam.) were taken from the margins
of 7-d-old cultures of the test fungi and placed individu-
ally in the center of each plate. PDA plates without nan-
oparticle or fungicide amended media and inoculated
with the assessed fungi served as experimental controls.
The plates were then incubated at 25 + 2°C for 7 d, and
radial growth of the fungi was measured after 4 and 7
d of incubation. Each treatment was applied in four rep-
licates, and the assay was repeated twice. Inhibition of
mycelium growth of the two tested fungi was calculated
using the procedure of Kaur et al. (2012).

The equation used for calculating inhibition percent-
age of the fungi was:

Inhibition % =

x 100

where C = radial growth in control plates, and T = radi-
al growth in the treatment.

Transmission electron microscopy studies

Effects of CuO NP on the ultrastructure of the R.
solani and F. oxysporum f. sp. ciceris were assessed by
taking samples from cultures used in the nanoparti-
cle antifungal assessments (above), after 3 d incubation.
Morphological modifications in the hyphal cell struc-
tures of the two fungi were assessed using transmission
electron microscopy (TEM). Specimens (1 mm? each)
were taken from each treated colony. The samples were
added to phosphate buffer and then washed in a 3%
glutaraldehyde solution, and then fixed in potassium
permanganate solution for 5 min. The specimens were
then dehydrated for 30 min using absolute ethanol, with
immersion in nine ethanol concentrations (10 to 90%),
for 15 min in each concentration. The samples were then
treated in a graded epoxy resin and acetone series, fol-
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lowed by immersion in pure wax, then loaded onto cop-
per grids, followed by staining in uranyl acetate and lead
citrate. A JEOL JEM 1010 transmission electron micro-
scope running at 70 kV was used to observe the stained
sections (Amin, 2016; Amin et al., 2020; Amin et al.,
2022).

Cytotoxicity bioassay

Cytotoxicity bioassays were carried out using the
cell line WI-38, ATCC" CCL-75 (normal human fetal
lung fibroblasts). For preparation of the cell monolayer,
the cells were grown on fetal bovine serum (FBS) medi-
um and adjusted at 5 x 10° cell mL™. In a 96 well plate,
200 pL of cell culture was added to each well, except the
peripheral wells which were used as blanks. The plate
was then incubated at 37°C for 24 h. To investigate CuO
NP cytotoxicity, the nanoparticles were serially diluted
in culture medium. The test was carried out in three
replicates, with three plates (media only) as experimental
controls. After 24 h, the plate was assessed using MTT
assay on a microplate ELISA reader (M965 Mate 2.0).
Inhibition percentages were calculated for each nanopar-
ticle each concentration (Rashad et al., 2021). The half-
maximum inhibitory concentrations (ICs,s) were deter-
mined using the Graph Pad Prism program.

Hemolytic activity assay

This assay was carried out using 2 mL capacity tubes,
and the procedure of Farias et al. (2013), with minor
adjustments. CuO NP was serially diluted in 0.9% NaCl
solution. 100 pL of 1% rabbit red blood cell solution was
combined with 900 uL of the each nanoparticle dilution
in each microtube, and the microtubes were incubated
at 37°C for 1 h and then centrifuged for 5 min at 3000
rpm. Supernatant was then poured into a 96-well plate
(200 pL per well), and the absorbance of the supernatant
was determined (at 540 nm) using a spectrophotometer.
Experimental controls each used 900 pL of 0.9% NaCl
combined with 100 pL of the red blood cell suspension.
The CuO NP concentration required to achieve a 50%
inhibition of red blood cell hemolysis was used to obtain
the IC;, value for the tested nanoparticles.

Pot experiments
For inoculum preparation, Inoculum of the two fun-

gal pathogens (F. oxysporum and R. solani) was prepared
after the fungi were cultured on sorghum/sand (2:1 v/v)
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medium. This sterilized at 121°C and 1.5 air pressure for
20 min. Agar discs (5 mm diam.) from 4-d-old R. sola-
ni culture (mycelium) or 7-d-old F. oxysporum culture
(mycelium and spores) were used to inoculate the steri-
lized media. The bottles containing the inoculated media
for soil inoculation in pot tests were then incubated at
25+ 2°C for 15 d.

Pot experiments were carried out under natural con-
ditions to compare effects of CuO, TiO,, or SiO, NPs
with thiophanate-methyl for effects on root rot and wilt
of chickpea. The two pathogens were separately cultured
in glass bottles on sorghum/sand (3:1 w/w) medium for
15 d at 25 + 2°C. Each plastic pot (approx. 30 cm diam.)
was filled with 6 kg of soil (clay plus sand, 1:1 v/v) which
had been disinfected with formalin. Fungal inoculum
(mycelium and sclerotia of R. solani, mycelium and
conidia of F. oxysporum) was added at 2% of the soil
weight, as by Papavizas and Devey (1962). Inoculated
soil was watered and then allowed to rest for 1 week to
allow proliferation of the fungi. The Nanoparticles of
CuO, TiO, or SiO, were prepared at 40 ppm, along with
0.2% Tween 80, and were each used as chickpea seed
soaks for 2 h before planting. The fungicide thiophanate-
methyl was applied at 3 g kg™! seeds. The treated seeds
were then planted in the pots (five seeds per pot), and
the pots were regularly watered and fertilized. Each
experimental treatment was applied to four replicate
pots, and additional pots, seeded in sterile soil, were
used as non-inoculated controls for comparisons with
the treated pots containing the pathogens. The pots were
arranged in completely randomize experimental design,
and the experiment was repeated twice.

Assessments of damping-off and root rot of the
chickpea plants were carried out at 30 and 90 d after
planting. Numbers of plants affected were assessed as
percentages, respectively, of early and late wilt, in a simi-
lar manner, at 30 an 90 days using the following equa-
tions:

No. of un-germinated seeds after 15 days +
no.of dead seedlings after 30 days

Damping-off % = x 100
Total No. of sown seeds
No. of rotted seedlings after 90 days
Root rotted plants % = x 100
Total No. of sown seeds
No. of wilted plants after 30 days
Early wilt % = x 100
Total No. of sown seed
No. of wilted plants after 90 days
Late wilt % = x 100

Total No. of sown seed
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No. of survival plants after 90 days
Survived plants % = x 100
Total No. of sown seeds

The percentage that was reduced or increased above the
infested control was also determined using the subse-
quent calculation:

DI of Control - DI of treatment
Reduction or Increasing % = x 100
DI of Control

Effects of nanoparticles on the antioxidant enzymes and
total phenol contents

Fresh leaves were picked from chickpea plants 15
d after seed sowing, and extracts were made from the
leaves. The peroxidase (POD) and total phenol contents
(PPO) in these extracts were assessed (four replicates
each). POD activity in the chickpea leaf extracts was
assayed using the procedure of Chakraborty and Chat-
terjee (2007). PPO was extracted and assayed based on
the protocol of Sadasivam and Manickam (1996), and
total phenol content in the plants was determined as
described by Zilesin and Ben-Zaken (1993).

Field experiments

Field experiments were carried out at the Sers El-Lay-
ian and Etai El-Baroud farms of the Agricultural Research
Station during 2021/2022, assess the efficacy of CuO, TiO,
and SiO, nanoparticles for managing chickpea root rot

411

and wilt. Three replicates of each treatment were used a
randomized block design field trial. Each replicate com-
prised four rows (each 3 m long and 50 cm wide, cover-
ing 6 m? (2 x 3 m). Before planting, chickpea seeds were
soaked for 2 h in the same nanoparticle treatments used
in the pot experiment (described above). In each plot, one
seed per hill was planted on either side of the row ridge,
25 cm between each seed. The experimental control treat-
ment comprised soaking seeds in distilled water for 2 h..
At both sites, all normal agricultural practices were fol-
lowed during the trials. Proportions of damping-off, rot-
ten seedlings, wilted plants, and surviving plants were
recorded. At harvest, measurements of plant height, num-
ber of branches, number of capsules, seed weight, weights
of 100 seeds and total seed yield were determined.

Statistical analyses

The statistical program COSTAT version 6.4 was
used for statistical analyses of data. Mean values from
different treatments were compared using Duncan’s mul-
tiple-range test, and significance standards for compari-
sons of means were indicated as P <0.01 and P <0.05.

RESULTS
Effects of nanoparticles on the fungal growth
As indicated in Table 1, all the assessed nanopar-

ticles (CuO, TiO, and SiO,) at all tested concentrations
decreased mycelium growth of the two fungi. CuO NPs

Table 1. Mean colony diameters of Rhizoctonia solani and Fusarium oxysporum f. sp ciceris in agar amended with different concentrations of

three nanoparticles, or the fungicide thiophanate-methyl.

Concentration R. solani E oxysporum f. sp. ciceris
Treatment
(ppm) Mean fungal growth (mm) % reduction Mean fungal growth (mm) % reduction

Control - 9000 *® 0.0 9000 * 0.0
CuO-NPs 10 71.0 £ 1.0 ¢ 21.2 70.2 £ 0.2 ¢ 22.0

20 56.1+1.2 f 37.6 544 +0.7F 39.6

40 354+0.5h 60.7 31.1+0.91 65.3
TiO,-NPs 10 81.8+12° 09.0 75.8 +£0.8° 15.7

20 61.4+0.6° 31.7 59.1+£09¢ 34.4

40 40.8+0.78 54.6 383+0.7¢ 57.3
SiO,-NPs 10 748 £0.7 16.8 72.7 £0.6 19.1

20 57.8+0.71 35.7 55.1+0.81 38.8

40 39.5+13¢8 56.2 364+ 0.5 59.4
Thiophanate-methyl 200 00.0+0! 100.0 00.0+0 100.0

Means in each column accompanied by different letters are different (P < 0.01), as indicated by Duncan’s multiple-range test. Standard

deviations of the means are also indicated.
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at 40 ppm gave the greatest antifungal effects, by 61.7%
for R. solani and 65.3% for F. oxysporum f. sp. ciceris.
SiO, and TiO, NPs at 40 ppm also reduced growth of
these fungi. TiO,-NP at 10 ppm gave the least suppres-
sion of mycelium growth for both fungi. Inhibition of
fungal growth decreased with reductions in nanoparticle
concentrations, and F. oxysporum was less sensitive to
nanoparticles than R. solani. The fungicide thiophanate-
methyl completely suppressed growth of both fungi.

TEM observations

Figure 1 contains transmission electron micrographs
of transverse sections of R. solani hyphae. A normal and
organized cell (Figure 1a) is enclosed by a thin electron-
dense cell wall and a thin electron-lucent plasma mem-
brane. The cytoplasm contains a normal nucleus, vacu-
oles, and electron-lucent glycogen granules. In contrast,
R. solani hyphae treated with CuO NPs (Figure 1b) had
abnormal disorganized cells with cytoplasmic granula-
tion, numerous mitochondria and electron-dense bodies
that were enclosed by electron-dense cell walls.

Figure 2 a shows a normal untreated cell of F.
oxysporum f. sp. ciceris. The cell has a thin cell wall, a
thin plasma membrane, a normal nucleus, and mito-
chondria in the cytoplasm. Numerous electron-lucent
glycogen bodies were also present. Mycelium of F.
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oxysporum, treated with CuO NPs had many ultrastruc-
tural alterations (Figure 2b). The treated cell was irreg-
ular with thickening of the cell wall and plasma mem-
brane. Cytoplasmic granulation, an irregular large vacu-
ole and many electron-dense particles were also present.

Cytotoxicity of CuO-NPs

The CuO NPs had toxic effects on human lung fibro-
blast cells (WI-38), particularly at high concentrations.
Cytotoxicity of CuO NPs increased with increasing con-
centration, reaching complete mortality at 255 ppm (Fig-
ure 3a). At 40 ppm, the CuO NPs gave 80% cytotoxicity,
while its IC;, was 25.2 ppm. In contrast, the hemolytic
activity assay showed that CuO NPs did not have substan-
tial adverse effects on red blood cells (no toxicity at 100
ppm; Figure 3b). At 40 ppm, the CuO NPs gave 8% hemo-
lytic activity of red blood cells, and the IC, for the CuO
NPs was 440.1 ppm.

Pot experiments

All the treatments (nanoparticles or thiophanate-
methyl) reduced damping-off, root rot and wilt diseases
(Table 2). Thiophanate-methyl exhibited the greatest effi-
cacy. Least occurrences of root rot and wilt were record-
ed after treatments with CuO NPs. Plants treated with

Figure 1. Transmission electron micrographs transverse section of hyphae of Rhizoctonia solani. a) An untreated hypha has a thin electron-
dense cell wall (W) and a thin electron-lucent plasma membrane (P). The cytoplasm (Cy) has a normal nucleus (N), vacuoles (V), and
electron-lucent glycogen granules (arrowheads). b) A hypha of R. solani which was treated with CuO NPs has granulated cytoplasm (Gcy),
many mitochondria (M), and electron-dense bodies (arrows) that are enclosed by an electron-dense cell wall (W).
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Figure 2. Transmission electron micrographs of transverse sections of hyphae of Fusarium oxysporum f. sp. ciceris. a) An untreated hypha with
a thin cell wall (W), a thin plasma membrane (P), a normal nucleus (N), and mitochondria (M) in the cytoplasm (Cy). Numerous electron-
lucent glycogen bodies (G) were also observed. b) A hypha of E oxysporum which was treated with CuO-NPs had a thickened cell wall (W)
and plasma membrane (P). Cytoplasmic granulation (Cy), an irregular large vacuole (V) and many electron-dense particles were also observed.
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Figure 3. Cytotoxicity bioassay of CuO-NPs. Bioassay carried out at exposure time of 24 h on (a) human fetal lung fibroblasts (Vero), plus
(b) lung epithelial cells (BEAS-2B). Each value is the mean of three replicates (+ standard error). IC5y = the half-maximal inhibitory dose. *

= significant at P < 0.05, compared with experimental controls.

SiO, or TiO, NPs also had reductions in these diseases,
but to lesser extents than from CuO NPs. When the
plants were inoculated with either R. solani or F. oxyspo-
rum f. sp. ciceris, greatest plant survival occurred after
treatments with CuO NPs.

Effects of nanoparticles on the antioxidant enzymes and
total phenol contents

Applications of the different nanoparticles increased
oxidative enzyme activity and total phenol contents in

chickpea plants (Table 3). For inoculations with R. solani,
CuO NPs gave the greatest POD activity, followed by TiO,
NPs and thiophanate-methyl. PPO activity also increased
in response to CuO NP treatment, thiophanate-methyl,
or SiO, NP treatments. In the plants inoculated with F.
oxysporum f. sp. ciceris, the CuO NP treatments resulted
in the greatest activity levels of both POD and PPO.

The chickpea plants treated with nanoparticles had
high total phenolic contents. The greatest total phenolic
content was recorded for plants treated with CuO NPs.
Total phenol contents increased after treatments with
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Table 2. Mean disease parameters in pot trials, where chickpea plants were exposed to Rhizoctonia solani (A) or Fusarium oxysporum (B)

after treatments with different nanoparticles, or the fungicide thiophanate-methyl.

(A) Rhizoctonia solani:

Bandar F. Almiman et alii

Damping-off %

Rotted seedlings %

Surviving plants

Treatment ' ' - ) % % increase
Incidence % % reduction Incidence % % reduction °

CuO NPs 5.0+ 10 80.0 10.0 £11.5° 50.0 85.0 + 10 > 54.5
TiO,NPs 150+ 10° 40.0 10.0 £ 11.5° 50.0 750+ 1049 36.3
SiO, NPs 10.0 + 11.5 b 60.0 10.0 +11.5° 50.0 80.0 £ 0<d 45.4
Thiophanate-methyl 50+10¢ 80.0 5.0+ 10 b 75.0 90.0 + 11.5° 63.6
Inoculated control 250+ 10° - 200+0° - 55.0+10°¢ -
Non-inoculated control 0.0+0¢ - 00+0° - 100.0 £ 0% -

(B) Fusarium oxysporum f. sp. ciceris:

Wilted plants %

Surviving plants

Treatment Early wilt Late wilt % % increase
Incidence % % reduction Incidence % % reduction

CuO-NPs 5.0+ 10 b 66.7 50+ 10" 80.0 90.0 £ 11.5 ¢ 50.0
TiO,-NPs 5.0 + 10 b 66.7 10.0 £ 11.5° 60.0 850+ 10 41.7
SiO, -NPs 10.0 £ 11.5 % 33.4 10.0 £ 11.5° 60.0 80.0+0¢ 33.4
Thiophanate-methyl 00+£0°¢ 100.0 50+10° 80.0 95.0 + 10 % 58.4
Inoculated control 150+10° - 25.0+10° - 60.0£0°¢ -
Non-inoculated control 00+0¢ - 0.0+0° - 100.0 £ 0 ® -

Means in each column accompanied by different letters are different (P < 0.05), as indicated by Duncan’s multiple-range test. Standard

deviations of the means are also indicated.

CuO NPs, TiO, NPs, and thiophanate methyl, although
this effect was least for the fungicide. However, in com-
parison to the control, the use of SiO, NP treatments had
the least effects on overall phenol contents.

Field experiments

All the experimental treatments decreased root rot
and wilt of field-grown chickpea plants. Thiophanate-
methyl gave the greatest disease reductions at Etai El-
Baroud (Table 4), followed by treatments with CuO or
TiO, NPs, which also reduced disease incidence. The
SiO, NP treatment gave the least reduction in incidence
of the two diseases. At Sers El-Layian, thiophanate-
methyl was again the most effective treatment, giving
the greatest reduction in disease incidence. CuO and
SiO, NP treatments also had disease reduction efficacy,
but to a lesser extent than thiophanate-methyl. Howev-
er, The TiO, NP treatment was the least effective of the
tested treatments

Effects of nanoparticles on the chickpea growth parameters
in field conditions

After the nanoparticle treatments, chickpea growth
and yields were increased at both field trial sites (Table
5). Applications of thiophanate-methyl or CuO NP
treatments increased plant heights. All the treatments
increased chickpea branch numbers compared to the
experimental control. Thiophanate-methyl was most
effective treatment at Etai El-Baroud experiment, fol-
lowed by CuO NP and TiO, NP treatments. At the Sers
El-Layian Agricultural Research Station, thiophanate-
methyl was again the most effective treatment, followed
by treatments with CuO NPs or SiO, NPs.

In contrast to the control treatment, all yield param-
eters were increased by the different experimental treat-
ments, including 100 seed weights, numbers of capsules
per plant, and plant seed weights. The treatments with thi-
ophanate-methyl or CuO NPs at both trial sites produced
the greatest yield parameters. Thiophanate-methyl gave
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Table 3. Mean peroxidase and polyphenoloxidase activities, and total phenols, in chickpea plants receiving different nanoparticle and fungi-
cide treatments, and inoculations with either Rhizoctonia solani (A) or Fusarium oxysporum f. sp. ciceris (B).

Peroxidase Polyphenoloxidase Total phenols

Treatment (unit/mg protein/min) (unit /mg protein/min) (mg/g fresh leave weight)

Activity % increase Activity % increase Activity % increase
(A) Rhizoctonia solani
CuO-NPs 1.46 £0.03 * 217.3 1.48 £0.02 139.4 4.24£0.03° 100.7
TiO,-NPs 1.12 £ 0.04° 142.6 1.13+£0.03 ¢ 82.4 3.54 +0.02° 67.7
SiO,-NPs 0.83+0.1°¢ 79.8 1.28 £ 0.02° 107.4 2.64+0.01°¢ 24.9
Thiophanate-methyl 1.33 +£0.02* 188.5 1.42 +0.02* 128.9 2.68 £0.02 ¢ 27.1
Inoculated control 0.46 + 0.01 ¢ - 0.62+0.01¢ - 2.11+0.01¢ -
Non-inoculated control 0.36 + 0.01 ¢ - 0.51 +0.01 ¢ - 1.93 +0.02 ¢ -
(B) Fusarium oxysporum f. sp. ciceris
CuO-NPs 1.49 £0.03 ¢ 208.8 1.57 £ 0.02 2 114.8 4.25+0.02* 97.5
TiO,-NPs 1.21 £0.01°¢ 150.1 1.16 £ 0.01 ¢ 58.9 3.78 £0.02° 75.8
SiO,-NPs 0.93 +0.02 ¢ 92.3 1.32+0.02° 79.9 2.88 +0.02 4 34.0
Thiophanate-methyl 1.37 £ 0.01° 182.6 1.52 £ 0.02® 107.5 2.96 £0.01 ¢ 37.6
Inoculated control 0.48 £0.01 ¢ - 0.73+0.02¢ - 2.15+0.02¢ -
Non-inoculated control 0.36 + 0.01 f - 0.51+0.01°¢ - 1.93+£0.02F -

Means in each column accompanied by different letters are different (P < 0.01), as indicated by Duncan’s multiple-range test. Standard
deviations of the means are also indicated.

Table 4. Mean incidences of damped-off, rotted chickpea seedlings, or and wilted plants in two field trials (A and B) carried out during the
2021/2022 growing seasons.

Damping- off Rotted seedlings Wilted plant Surviving %

Treatment - - - X ) - N .
Incidence % % reduction Incidence % % reduction Incidence % % reduction Plants % Increase

(A) Etai El-baroud Agricultural Research Station

CuO-NPs 37+15°0 66.3 40+1.0° 58.7 40+0° 69.2 88.3 £2.5® 33.2
TiO,-NPs 40+20° 63.6 3.7+1.5° 61.8 60+1.0" 53.8 86.3 + 1.5 b 30.1
SiO,-NPs 50+1.0° 54.5 54+ 1.1° 44.3 60+1.0" 53.8 83.6+1.5¢ 26.0
Thiophanate-methyl 27+05° 75.4 30£0° 69.0 40+1.0° 69.2 90.3+0.5* 36.2
Control 11.0+1.0% - 9.7+ 1.5% - 13.0+2.6°2 - 663 +254 -
(B) Sers El-layian Agricultural Research Station

CuO-NPs 27+05¢ 66.2 300 55.2 43 +1.1°% 70.5 90.0 £1.7°2 27.3
TiO,-NPs 50+1.0° 37.5 47 +£05° 29.8 6.7£05° 54.1 83.6 +0.5° 18.2
SiO,-NPs 47 +1.1° 41.2 40+1.0°% 40.3 6.0+17° 58.9 853 +3.7° 20.6
Thiophanate-methyl 24+1.1°¢ 70.0 20+1.0¢ 70.1 26+ 1.1°¢ 82.2 93.0+£1.0* 31.5
Control 80+£1.0° - 6.7+05? - 146+1.1% - 70.7 £0.5¢ -

Means in each column accompanied by different letters are different (P < 0.05), as indicated by Duncan’s multiple-range test. Standard
deviations of the means are also indicated.

the greatest yield increases at Etai El-Baroud, followed by DISCUSSION
treatments with CuO NPs and TiO, NPs. The greatest seed
production obtained at Sers El-Layian was from treatments Plant disease control can be difficult in crop produc-

with thiophanate-methyl, CuO NPs or SiO, NPs. tion, and increases in fungicide resistance in phytopath-
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Table 5. Mean chickpea plant parameters at two field sites after applications of different treatments in two field trials (A and B) in the

2021/2022 growing season.

Trcament Plant height (m) 1, (0D cpenplant scctupn - seads o)
(A) Etai El-baroud Agricultural Research Station

CuO NPs 814 +55¢* 48+13? 266+1.0° 11.7 £ 0.8 " 29.0 + 1.1° 11103 +1.5°
TiO, NPs 81.0+25¢* 43+03% 254 +12°%® 11.3 £ 0.8 27.9+05° 1098.0 £ 23.4°
SiO, NPs 774 +3.0¢° 36+1.0° 23.8+13° 105+0.1°¢ 27.4+05° 1065.0 £ 7.2 ¢
Thiophanate-methyl 823 +59¢* 49+06° 271+1.6°% 127 +0.2° 320+20°% 12043 £ 13.6*
Control 67.0+1.7° 1.8+02¢ 194+08°¢ 7.0+024 185+ 0.7 ¢ 720.0 + 1244
(B) Sers El-layian Agricultural Research Station

CuO-NPs 1043 £ 4.1* 54+ 05° 27.1+14%® 13.4+01° 314+32% 11674 +26.6°
TiO, NPs 89.6 + 4.0 b 40+1.7 ® 255+1.0°¢ 11.7+£0.2 ¢ 27.7+0.6° 1092.0 £ 10.1 ©
SiO, NPs 94.0 +3.4° 4.5 +£1. @ 264 +1.1°% 123+ 0.1°¢ 283+0.7° 1110.7 £ 1.5¢
Thiophanate-methyl 1063 £3.0° 55+13°? 283 +0.8* 145+ 09°* 347 £45°* 12134 £ 189*
Control 81.6 £5.7 ¢ 2.3+0.05° 20.1+0549 8.6+0414 204 £05¢ 780.4 + 5.5 ¢

Means in each column accompanied by different letters are different (P < 0.05), as indicated by Duncan’s multiple-range test. Standard

deviations of the means are also indicated

ogenic fungi have become important. Fungicides are
frequently used to manage fungal infections and protect
crops, and frequent and inappropriate use of these com-
pounds has induced resistance in many economically
important fungi (Goffeau, 2008).

Significant effort has been applied to create non-
hazardous disease management practices. Nanoparticles
have been proposed as possible pesticide substitutes for
managing diseases caused by pathogenic bacteria. Nano-
particles can also have antifungal capabilities, are envi-
ronmentally benign, and are also cost-effective (Gupta
and Gupta, 2005; Nel, et al., 2006).

The present study has demonstrated that nanopar-
ticles of CuO, TiO,, and SiO,, at different concentra-
tions, reduced the fungal growth of F. oxysporum f. sp.
ciceris and R. solani, which are important pathogens of
chickpea. CuO NPs at 40 ppm had the greatest inhibi-
tory effects on these fungi, with growth reduction of
35% for R. solani and 31% for F. oxysporum f. sp. ciceris.
These results are similar to those from previous studies.
Hermida-Montero et al. (2019) showed that CuO NPs
contributed to development of reactive oxygen species
(ROS) and caused membrane damage in F. oxysporum.
They also reported decreases in fungal radial growth
and alterations in hyphal morphology of this fungus.
El-Shewy et al. (2019), using CuO NPs at 200 pL L7,
decreased growth of R. solani by 55%. Oussou-Azo et
al. (2020) noted that Cu NPs at 200 mg mL™! suppressed
growth of Colletotrichum gloeosporoides by 77%. Kanhed
et al. (2014) recorded strong activity of CuO NPs against

E. oxysporum, Alternaria alternata, Phoma distructiva
and Curvularia lunata.

Nanoparticles can physically and mechanically dam-
age fungal cell walls and membranes, give these materi-
als their antifungal properties. They can penetrate and
accumulate within fungal cells, and can influence cellu-
lar signaling at the molecular level by dephosphorylating
peptide substrates that are essential for cell viability and
division. They can also enhance membrane permeability,
block water channels, inhibit enzymes, and increase pro-
duction of reactive oxygen species produced. These activi-
ties can disrupt essential metabolic pathways leading to
the death or inhibition of fungi (Allahverdiyev et al., 2011;
Wang et al., 2014). Perez-de-Luque and Rubiales (2009)
also reported that extracellular enzymes and metabolites
may be released as a result of using nanoparticles.

Transmission electron micrographs of hyphae of F.
oxysporum f. sp. ciceris and R. solani verified the damage
caused by CuO NP treatments. Treating R. solani myceli-
um with CuO NPs gave abnormal and disorganized cells
with cytoplasm granulation, numerous mitochondria,
and electron-dense bodies enclosed by electron-dense cell
walls. Treated cells of F. oxysporum were irregular with
thickened cell walls and plasma membranes. Cytoplas-
mic granulation, irregular large vacuoles and many elec-
tron-dense particles were also observed. El-Shewy et al.
(2019) and Ismail (2021) observed similar effects to those
observed in the present study.

Results from the cytotoxicity assay showed that CuO
NPs were toxic to the test cells (IC5, = 25.2 ppm). At 40
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ppm, CuO NPs were toxic to WI-38 human lung fibro-
blast cells, giving 80% cell mortality. This corroborated
the conclusions of Katsumiti et al. (2018), who reported
high toxicity for CuO NPs towards human lung epithe-
lial cells (TT1 cells), with LCs, of 9.05 ppm. Cytotoxicity
can be caused by generation of reactive oxygen species
which cause oxidative stress to human cells and increas-
es in ROS production as the mechanisms of cytotoxicity
of CuO NPs. However, these cytotoxic effects depend on
numerous factors, including surface functionalization,
type of the tested cells, and concentration, size, shape,
exposure time, and dose of CuO NPs (Naz et al. 2020).
In contrast, no hemolytic effects were recorded from
CuO NPs on red blood cells (IC5, = 440.1 ppm).

The pot and field experiments of the present study
supported the findings from the in vitro experiments,
demonstrating that the nanoparticles reduced develop-
ment of root rot and wilt in chickpea plants. Among the
nanoparticles assessed, CuO NPs had the greatest dis-
ease reduction efficacy. CuO NPs had effects compara-
ble with the commercial fungicide thiophanate -methyl,
with CuO NPs and the fungicide giving the least root rot
and wilt incidences, compared to experimental controls.
This result is similar to those of El-Shewy et al. (2019)
who reported complete elimination of black scurf of
potato in field trials using CuO-NPs. Copper-based nan-
oparticles have also been shown to be efficacious against
fungal diseases, including tomato late blight caused
by Phytophthora infestans (Giannousi et al., 2013), and
Fusarium wilt and Verticillium wilt of tomato (Elm-
er and White, 2016). The study by Servin et al. (2015)
showed that nanoparticles of zinc oxide, titanium diox-
ide, and copper oxide provided effective disease manage-
ment by direct inhibition of pathogens or stimulation of
systemic acquired host resistance.

Previous research has demonstrated the mecha-
nisms of action of nanomaterials towards phytopatho-
gens. The biocidal effects of CuO NPs can be attributed
to their direct impacts, or through release of copper ions.
Because of the extensive surface area of CuO NPs, they
can strongly attach to microbial cells, releasing essential
cellular components and disrupting cell permeability
(Raffi et al., 2010). Oussou-Azo et al. (2020) showed that
copper interacts with microbes through permeabilization
of cell membranes, lipid peroxidation, alteration of pro-
teins, and nucleic acid denaturation, leading to cell death.

The present study has shown that the assessed nan-
oparticles, particularly CuO NPs, have the ability to
activate host plant defense systems against infections
caused by R. solani and F. oxysporum £. sp. ciceris. Activ-
ity levels of POD and PPO enzymes, and total phenols
were enhanced by all experimental nanoparticle treat-
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ments compared to the untreated experimental con-
trols. CuO NPs exhibited greatest stimulation of these
defense mechanisms among the experimental treat-
ments applied. Previous investigations have given simi-
lar results, where copper-based nanoparticles augmented
antioxidant mechanisms in plants, including the actions
of SOD as well as PPO enzymes, and total antioxidant
levels (Regier et al., 2015; Singh et al., 2017). El-Shewy
et al. (2019) reported that potato plants treated with
CuO NPs had increased POD and PPO activity. Nair
and Chung (2014) reported that soybean plants treat-
ed with CuO NPs had increased PPO and lignin lev-
els. They also showed high nanoparticle concentrations
increased enzyme activity. Sarkar et al. (2020) present-
ed results showing that presence of CuO NPs mediated
catalase activation, ascorbate peroxidase, PPO, and SOD
enzymes in tobacco plants.

Phenolic compounds have important roles in the
plant resistance against fungi and plant diseases through
mechanisms including causing hypersensitive cell death
and the lignification of cell walls (Rashad et al., 2020b).
The present study demonstrated that CuO NPs gave the
greatest phenol contents, which is similar to the results
of Sarkar et al. (2020). They reported increased produc-
tion of phenols and flavonoids after application of an
optimum concentration of CuO NPs. Biswas et al. (2012)
also discussed the role of phenols in the disease resist-
ance. Additionally, nanoparticles of ZnO, TiO, and CuO
have been shown to have uses in pathogen control pro-
grams by direct inhibition of disease-causing organ-
isms or induction of systemic acquired resistance in host
plants (Servin et al. 2015).

The present study field trials showed that the test-
ed nanoparticles reduced root rot and wilt of chickpea,
with CuO NPs) having the greatest disease reduction
activity, comparable to that achieved with the fungicide
thiophanate-methyl . The disease reductions from nano-
particle treatments was probably due to the large nano-
particle surface areas, facilitating robust adsorption to
pathogen organisms, compromising cell permeability,
and releasing vital components (Raffi et al., 2010). These
results are similar to those from other studies demon-
strating elimination of black scurf of potato by CuO NPs
(El-Shewy et al., 2019) and efficacy of copper-based nan-
oparticles against several fungal pathogens (Giannousi
et al., 2013; Elmer and White, 2016). Previous research
has also shown the effectiveness of nanoparticles of zinc
oxide titanium dioxide, and CuO for disease control by
either directly inhibiting pathogens or enhancing sys-
temic acquired resistance (Servin et al., 2015).

Applying nanoparticles of CuO, SiO,, or TiO,
through seed soaking increased chickpea growth and
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yield parameters. These enhancements were associated
with reductions in disease incidence, indicating pos-
sible induction of disease resistance in chickpea. Treat-
ment with CuO NPs had the greatest positive impact on
chickpea growth and yield parameters. These results align
with previous studies demonstrating the beneficial role
of copper for promoting plant growth and productivity.
Ngo et al. (2014) reported beneficial effects of copper on
plant growth. Elmer and White (2016) found that CuO
NPs outperformed other metallic oxide nanoparticles
for enhancing growth parameters of tomato and egg-
plant cultivated in soil inoculated with specific patho-
gens. Immersing wheat plants in Cu NPs accelerated their
growth (Yasmeen et al., 2015). Hafeez et al. (2015) demon-
strated that wheat growth was increased in soils amended
with Cu NPs at concentrations between 10 and 30 ppm.
Baskar et al. (2018) showed that treating eggplants with
CuO NP at 100 mg L' increased seedling root and shoot
lengths. Badawy et al. (2021) found that CuO NPs (50
ppm) enhanced growth parameters of wheat plants. The
present study gave similar results, showing that CuO NPs
increased chickpea plant growth and yield parameters in
the field trials. These increased seed yields indicate that
use of CuO NPs is likely to be advantageous for augment-
ing profitability of chickpea farming.

This study assessed nanoparticles of CuO, SiO,
and TiO, for antifungal effects against R. solani and F.
oxysporum f. sp. ciceris. In vitro experiments demon-
strated that increasing the concentrations of these nano-
particles increased inhibition rates of fungal growth and
reduced the fungal populations. In the pot experiments,
the tested nanoparticles, particularly at high concentra-
tions, enhanced the resistance of chickpea plants against
root rot and wilt. This was associated with increased lev-
els of host defense compounds. TEM observations showed
harmful alterations in cellular ultrastructures of R. solani
and F. oxysporum f. sp. ciceris due to exposure to CuO
NPs. These results indicate the potential for incorporat-
ing CuO NPs into management of Rhizoctonia rot and
Fusarium wilt of chickpea plants. The field experiments
further supported the effectiveness of these nanoparticles
for reducing disease incidence and promoting chickpea
growth and yield. CuO NP treatments are therefore rec-
ommended as potential alternative to potentially hazard-
ous fungicides for managing chickpea root rot and wilt.
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Summary. Xylella fastidiosa is a xylem-limited phytopathogenic bacterium under regu-
lation in the European Union as a priority pest. Given the potential risk posed by this
pathogen to cultivated and ornamental plants, mandatory annual surveys and labora-
tory testing are required in Member States to early detect outbreaks. In the course of
surveys carried out during early spring 2024 in the Apulia region (Southern Italy), X.
fastidiosa subsp. multiplex was identified using quantitative real-time Polymerase Chain
Reaction (qPCR), in a non-symptomatic sample from an almond tree (Prunus dulcis)
in an orchard located in Santeramo in Colle, in Bari province. Multilocus sequence
typing (MLST) was used to identify the subspecies and sequence type (ST) of the bac-
terium using the genomic DNAs extracted from the infected sample. Comparative
sequence analysis of the seven MLST allele genes indicated that the obtained nucleo-
tide sequences completely matched allele sequences of X. fastidiosa in PubMLST data-
base corresponding to the allelic profile (Sequence Type) ST26 related to subsp. multi-
plex. Bacterial colonies consistent in morphology with X. fastidiosa were isolated from
asymptomatic host samples and identity was confirmed by real-time PCR analysis. This
is the first report of detection of X. fastidiosa subsp. multiplex ST26 in the EU.

Keywords. Xanthomonadaceae, MLST, priority pest, sequence type, xylem-limited
bacterium.

INTRODUCTION

Xylella fastidiosa (Xanthomonadaceae) (Wells et al., 1987) is a gram-neg-
ative plant pathogenic bacterium comprising several subspecies, which are
pathogenic to a broad spectrum of host plants including agricultural crops
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of economic importance, ornamentals and natural veg-
etation (EFSA, 2023). The pathogen is limited to host
plant xylem tissues (Purcell and Hopkins, 1996), leading
to symptoms generally related to xylem vessel occlusion,
which include scorching of leaves and dieback that vary
in severity depending on the host susceptibility. The
pathogen is naturally transmitted by xylem sap-feeding
leathoppers (Cicadellidae) and spittlebugs (Cercopi-
dae) (Hopkins, 1989), and is spread over long distances
through movement of infected plant material or infec-
tious insect vectors (Purcell and Hopkins, 1996; Lourei-
ro et al., 2024).

Following the first confirmed report of X. fastidiosa
in the European Union (EU) in 2013, in Salento, Apulia
Region, Southern Italy (Saponari et al., 2013), where a
strain of X. fastidiosa subsp. pauca Sequence Type (ST)
53 (Giampetruzzi et al., 2015; Giampetruzzi et al., 2017)
was found to cause the Olive Quick Decline Syndrome
(OQDS) (Martelli, 2016; Saponari et al., 2017), EU emer-
gency measures against plant pests were updated with the
new plant health Regulation (EU) 2016/2031 (European
Commission, 2016). Under this regulation, X. fastidiosa
became a priority pest (European Commission, 2019),
and has been since subjected to mandatory annual sur-
veys by Member States to prevent its entrance and spread
within the EU (European Commission, 2020; European
Commission, 2024). As a result of extensive survey activi-
ties, X. fastidiosa has also been detected in France, Spain,
and Portugal (Denancé et al., 2017; Olmo et al., 2017;
Marco-Noales et al., 2021; Carvalho-Luis et al., 2022;
EFSA, 2023), in which several sequence types (STs) of the
bacterium belonging to different subspecies were identi-
fied on various plant species. More recently, X. fastidi-
osa subsp. multiplex ST87 has been found in the Tuscany
region of Italy (Saponari et al., 2019), and a new outbreak
of the subspecies fastidiosa ST1 emerged in a location in
the province of Bari in Apulia (Cornara et al., 2024).

Official inspections performed for the detection
and identification of the bacterium and its subspecies
are regulated by Commission Implementing Regulation
(EU) 2020/1201, amended and corrected by Commission
Implementing Regulation (EU) 2024/2507), that specify
which molecular tests must be used for the identification
of X. fastidiosa and its subspecies.

Inspections are based on visual surveys, and collec-
tion of representative plant samples for pathogen diag-
nosis to species level by real-time Harper PCR (Harper
et al., 2010, erratum 2013). Following the diagnostic con-
firmation of the positive detection of X. fastidiosa in pre-
viously free areas or in new plant host species, multilo-
cus sequence typing (MLST) analysis (Yuan et al., 2010)
is the most common test used for the assignment of
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positive samples to subspecies and Sequence Type (ST).
Real-time PCR methods based on Dupas et al. (2019)
and Hodgetts et al. (2021) can also be used for subspe-
cies assignment (CI Regulation (EU) 2024/2507).

This paper reports identification of X. fastidiosa sub-
sp. multiplex ST26 in a non-symptomatic sample from
an almond tree (Prunus dulcis) in an orchard in Apulia,
in the province of Bari (Southern Italy) (Europhyt out-
break notification n. 2549). This discovery occurred in
the context of the regional surveillance program for X.
fastidiosa associated with OQDS, enforced by the Plant
Health Service of the Apulia Region, and carried out by
the Regional Agency for Irrigation and Forestry Activi-
ties (ARIF).

MATERIALS, METHODS, AND RESULTS

Samples were randomly collected in March 2024,
from a site that included orchards in the municipal ter-
ritory of Santeramo in Colle, a few tens of kilometres
from the west of the X. fastidiosa subsp. pauca ST53
demarcated area (DA). The plant material delivered to
the laboratory of the Department of Soil, Plant and Food
Sciences, University of Bari (Italy) consisted of mature
lignified branches from non-symptomatic almond trees,
which were refrigerated until testing.

Samples were prepared by debarking the hard-
wood cuttings and scraping the exposed surfaces of the
wooden tissues with a sterile razor blade. From each
sample, 0.5 g of wood shavings were placed in extrac-
tion bags (BIOREBA®) and then ground in 5 mL (1:10
weight:volume) of CTAB extraction buffer using a semi-
automated homogenizer (Homex 7, BIOREBA®). Total
nucleic acids were extracted using a cetyltrimethylam-
monium bromide (CTAB) based method (Loconsole et
al., 2014; EPPO, 2023). Samples from an OQDS-infect-
ed and a non-infected plant were included in the DNA
extraction as positive (PIC) and negative (NIC) isolation
controls (EPPO, 2023).

DNA extracts were analysed by quantitative polymer-
ase chain reaction (QPCR) assays carried out according to
Appendix 5 of the EPPO Diagnostic Standard for X. fas-
tidiosa PM 7/24 (5) based on the protocol of Harper et al.
(2010, erratum 2013). Total nucleic acids of PIC and NIC
were run alongside the samples, and a negative amplifica-
tion control (NAC) was included. A positive amplification
control (PAC) consisting of a suspension at a known con-
centration of X. fastidiosa subsp. pauca ST53 cells was also
included in the same plate of the qPCR assay. According
to the guidelines issued by the Plant Health Service of
the Apulia Region (DDS no. 31 of 13 May 2022) for the



A Xylella fastidiosa subsp. multiplex strain from almond in Apulia, Southern Italy 425

monitoring and eradication of the pathogenic bacterium
at regional level, samples that produced by qPCR (Harper
et al., 2010) a quantification cycle (Cq) <32 were consid-
ered positive, while samples that did not exhibit exponen-
tial amplification were considered negative. If the Cq was
greater than 32 the result was considered undetermined,
and the sample was re-tested.

The qPCR assays for individual trees revealed pres-
ence of X. fastidiosa in one almond tree identified with
the code ID 19107. The Cq value produced for this sam-
ple by qPCR was 28,54. Both the negative (NIC and
NAC) and positive (PIC and PAC) controls produced the
respective expected results.

Consequently, an aliquot of DNA of this sample was
used for multilocus sequence typing (MLST) analysis
(Yuan et al., 2010), according to the Appendix 16 of the
EPPO Diagnostic Standard PM 7/24 (5) (EPPO, 2023), to
further characterize the X. fastidiosa genotype detect-
ed outside the X. fastidiosa DA. Amplicons with the
expected size were sequenced by Macrogen Inc., Seoul,
South Korea. Allele sequences were then assembled by
BioEdit Sequence Alignment Editor version 7.2.5 soft-
ware and analyzed using the PubMLST database (http://
pubmlst.org/xfastidiosa/) to identify allele types. Allele
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sequences amplified from the infected almond tree had
100% nucleotide identity with those of alleles leuA_5,
petC_3, malF_3, cysG_3, holC_6, nuoL_3, and gltT 5
corresponding to the ST26 genotype belonging to X.
fastidiosa subsp. multiplex (EPPO, 2023). The sequences
obtained for the MLST alleles were deposited in Gen-
Bank under accession numbers: leuA allele 5, PQ535574;
petC allele 3, PQ535575; malF allele 3, PQ535576; cysG
allele 3, PQ535577; holC allele 6, PQ515132; nuoL allele
3, PQ535578; and gltT allele 5, PQ535579. A phyloge-
netic network, inferred through the concatenation of the
MLST sequences of all X. fastidiosa (STs) retrieved from
the PubMLST database (Jolley et al., 2018), and con-
ducted using the Neighbor-Net method implemented in
Splits Tree4 (version 4.12.2) (Huson and Bryant, 2006),
indicated that the genotype ST26 shared close similarity
to a complex of strains of subsp. multiplex (Figure 1).

An aliquot of the DNA sample extracted from the
infected almond tree was also analyzed by real-time
tetraplex PCR assay (Dupas et al., 2019) to further con-
firm the isolated bacterium subspecies. This test was car-
ried out using the reaction volumes and amplification
conditions validated in the test performance study for
the X. fastidiosa subspecies identification previously con-

X. f. subsp. fastidiosa

X. f. subsp. sandyi

90

X.f. subsp. pauca

Figure 1. Neighbor net network analysis based on concatenated sequence alignments of the seven MLST genes representing distribution
and phylogenetic relationships of the 90 sequence types (STs) of X. fastidiosa belonging to the subspp. multiplex, morus, fastidiosa, sandyi or
pauca identified to date. The nextwork tree includes the ST26 (red font) identified in the present study.
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Figure 2. Results from multiplex real-time PCR based on primer
sets reported in Dupas et al. (2019). The blue exponential curves
were generated by the primer-probe set, labelled with fluorophore
FAM, which detected bacteria at species levels in the positive con-
trols, and in the sample ID 19107. The green exponential curve was
generated by the primer-probe set, labelled with HEX, which spe-
cifically detected subsp. fastidiosa in the positive control (Xff-Pos_
Ctrl). The orange exponential curves were generated by the primer-
probe set, labelled ROX, which detected the subsp. multiplex in the
positive control Xfm-Pos, and in the sample ID 19107. The violet
exponential curve was generated by the primer-probe set, labelled
Cy5, which detected subsp. pauca in the positive control Xfp-Pos.
Negative amplification controls (NIC-Neg_Ctrl and NTC-Neg_Ctrl)
are also indicated. Quantification cycles are indicated on the x axis,
and relative fluorescence units (RFUs) are indicated on the y axis.

ducted by the Official Laboratories of the Italian Nation-
al Plant Protection Organization (NPPO), with coordi-
nation of the National Reference Laboratory, constituted
by the Council for Agricultural Research and Econom-
ics, Research Centre for Plant Protection and Certifica-
tion (CREA-DC) (Pucci et al., 2023). For the assay, PACs
were provided by CREA-DC and consisted of DNA
extracted from plant samples infected by isolates of X.
fastidiosa subsp. fastidiosa, subsp. multiplex or subsp.
pauca. The tetraplex real-time PCR assay detected and
identified subsp. multiplex in the sample ID 19107, pro-
ducing a Cq value of 27.47 (Figure 2). All DNAs extract-
ed from the PAC tested positive for the corresponding
target subspecies of X. fastidiosa when using the appro-
priate subspecies-specific primers and probes, while no
amplification reaction occurred for the other subspecies.
No signal amplification was observed for the NAC.
Attempts were made to isolate the bacterium. Ligni-
fied portions (length 4 to 8 cm) recovered from cuttings
of non-symptomatic host plant branches that had tested
positive by qPCR were surface sterilized in a laminar flow
hood by soaking for 2 min in 2% (v/v) sodium hypochlo-
rite solution and 2 min in 70% ethanol, and then rinsed
three times each for 2 min in sterile distilled water. The
tissue portions were then each cut in half, squeezed with
sterile pliers by pressing the external ends, and the freshly
cut faces were blotted onto buffered cysteine-yeast extract
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Figure 3. Bacterial colonies of X. fastidiosa subsp. multiplex ST26
isolated from almond tree branches on buffered cysteine yeast
extract (BCYE) agar 30 d after isolation.

(BCYE) medium (Wells et al., 1981). The inoculated plates
were then incubated at 28°C in the dark for at least 30 d
and were periodically observed using a light microscope
for appearance of colonies with morphological character-
istics typical of X. fastidiosa (Wells et al., 1981; 1987) (Fig-
ure 3). Typical colonies were re-isolated and their identity
as X. fastidiosa was confirmed using the qPCR assay of
Harper et al. (2010, erratum 2013).

DISCUSSION

The subsp. multiplex of X. fastidiosa is native to
North America (Nunney et al., 2019), and is known to
have a wide plant species host range. This includes peach
(P. persica), plum (P. domestica), almond (P. dulcis), and
several forest and shade trees (Schaad et al., 2004; Nun-
ney et al., 2013; Nunney et al., 2019). Strains of X. fasti-
diosa subsp. multiplex have also been reported in associ-
ations with olive (Krugner et al., 2014), and with grape-
vine (Almeida and Purcell, 2003). To date, in the Euro-
pean Union, strains belonging to the ST6, ST7, ST81 and
ST87 of X. fastidiosa subsp. multiplex have been reported
on almond and other hosts, including cultivated and
ornamental species in Corsica, mainland France, the
Balearic Islands, in Spain, and in Italy in Tuscany and
Lazio (EFSA, 2022; Trkulja et al., 2022). The strain ST26
identified in Apulia is distinct from those found in other
Italian and European regions, indicating that ST26 has
been introduced from a different and unknown location.

Xylella fastidiosa subsp. multiplex ST26 has been
previously detected only on P. domestica in Brazil, where
it was thought to have been introduced from the North
America (Coletta-Filho et al., 2017). ST26 is reported to
mainly affect stone fruit trees (Prunus spp.), particularly
plum (Coletta-Filho et al., 2017; Nunney et al., 2019).
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After the notification of detection of X. fastidiosa
multiplex ST26 to the competent Plant Health Service
of the Apulia Region, a DA was established, and emer-
gency control measures have been carried out to limit the
spread of the bacterium to surrounding areas, in accord-
ance with the legislative provisions under Regulation
(EU) 2020/1201 (European Commission, 2020) amended
by Regulation (EU) 2024/2507 (European Commission,
2024). A monitoring campaign is currently underway (in
2024) to determine the extent of the epidemic outbreak.
Further research is required to consider the host range of
ST26, seasonal development of the leaf scorch symptoms
this strain causes, and the presence of infective vectors.
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Summary. Venturia asperata (Ascomycetes) was first described in 1975, as a saprotroph
on overwintered apple leaf litter, and then, in 2007, as the cause of atypical apple scab
symptoms on scab-resistant apple cultivars in southern France, and later in northern
Italy and China. Information on V. asperata is limited. This study expanded knowledge
by comparing development of pseudothecia and ascospore discharge in V. asperata and
V. inaequalis. Leaf litters with pseudothecia of V. asperata or V. inaequalis were pre-
pared, and a spore trap was placed above each litter. Over the 2-year study, pseudothe-
cia of the two pathogens developed differently: V. asperata had delayed pseudothecium
maturation and emptying in relation to degree day accumulation, compared to V. inae-
qualis. The ascospore release for V. asperata was also delayed, commencing and ending
later than V. inaequalis. The delayed spore ejection and pseudothecium development of
V. asperata compared to V. inaequalis may partly explain the late onset of symptoms in
orchards during each growing season. These results have implications for plant protec-
tion strategies on scab-resistant apple cultivars, in particular under warm climates that
occur in the Mediterranean region.

Keywords. Apple scab, disease management, epidemiology, light, resistant cultivars.

INTRODUCTION

Use of apple cultivars resistant to scab, caused by Venturia inaequalis
(Cke.) Wint., is increasing worldwide, with clear advantage in reductions in
use of fungicides with potential negative impacts on human health and the
environment (Didelot et al., 2016). However, reduced fungicide applications
could create favourable conditions for other diseases, including fruit rots,
sooty blotch, or Marssonina blotch, which all thrive in the absence of regular
fungicide applications (Ellis et al., 1998; Boutry et al., 2023).
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The main source of resistance to scab in apple cul-
tivars for more than 50 years has been the Rvi6 (=Vf)
gene (Caffier et al., 2012, Gessler and Pertot, 2012;
Didelot et al., 2016). An important drawback of mono-
genic host resistance is that it may be overcome, and
virulent, resistance breaking strains of V. inaequalis have
become dominant in several countries in Europe (Parisi
et al., 1993, 2004; Gessler and Pertot, 2012; Patocchi et
al., 2020). In 2007, atypical apple scab symptoms were
observed for the first time in southern France, on fruit
of cultivars carrying the resistance gene Rvi6. Initially,
these symptoms were reported on the cultivar Ariane/
Les Naturianes®, and in the following years on the cul-
tivars Co-op 38/GoldRush® and Prima. Morphological
and molecular analyses and pathogenicity tests showed
that the causal agent of the scab-like symptoms in
France was not V. inaequalis but was Venturia asperata
Samuels & Sivan. (Caffier et al., 2012).

Venturia asperata (Ascomycetes) was first described
in New Zealand by Samuels and Sivanesan (1975), and
was later reported in Canada by Cortlett (1985). In both
locations, V. asperata was reported as a saprotroph,
growing on overwintered apple leaves on the ground,
with no symptoms observed on fruit and leaves in grow-
ing seasons. In 2012, atypical apple scab symptoms were
recorded in Italy (Cesena, Emilia-Romagna Region), on
the fruit of cultivar CIVG198/Modyi’, a resistant cultivar
carrying the Rvi6 gene (Turan et al., 2019). Symptoms
were more severe at fruit harvest, and became estab-
lished in the following years. Morphological and molec-
ular analyses of isolates from conidia and ascospores
confirmed that V. asperata was the causal agent of these
atypical scab symptoms (Turan et al., 2019). In 2018, V.
asperata was reported on the Rvi6 gene resistant cultivar
in a commercial orchard in the province of Trento, Italy
(Gualandri et al., 2021; Prodorutti et al., 2023). Venturia
asperata was also reported in the nearby province South-
Tyrol in 2019 (Ottl, 2021), and in other regions of north-
ern Italy (Piemonte, Veneto, Friuli Venezia Giulia; Ersch-
bamer, 2024). In 2018, V. asperata was reported from the
Heilongjiang Province in China (Zhou et al., 2021).

Venturia spp. are hemibiotrophic fungal pathogens.
They overwinter as saprophytes in host plant leaf litter
on orchard soil, where pseudothecia mature in late win-
ter and spring, producing ascospores that cause prima-
ry infections. Subcuticular mycelia develop in fruit and
leaves, producing conidiophores and conidia that emerge
through the cuticles. During this parasitic stage, Ven-
turia spp. can only infect particular hosts, and V. inae-
qualis and V. asperata are the only Venturia spp. known
to cause scab symptoms on apple (Caflier et al., 2012;
Turan et al., 2019). Conidia and ascospores of V. inae-
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qualis and V. asperata differ in shape and size and can
be distinguished morphologically (Samuels and Sivane-
san, 1975, Caflier et al., 2012; Turan et al., 2019).

Little information is available on the epidemiol-
ogy of V. asperata. Caflier et al. (2012) carried out a sin-
gle season trial comparing release of ascospores from
V. asperata and V. inaequalis. The first ascospores of
both fungi V. inaequalis and V. asperata were detected
in March, but those of V. inaequalis were detected at
the beginning of that month, and those of V. asperata
at the end. However, both species had coincident peak
release and depletion of ascospores. Pathogenicity tests
in France and Italy revealed difficulties in reproduc-
ing symptoms on apple leaves and fruit following artifi-
cial inoculations of conidia of V. asperata (Caflier et al.,
2012; Turan et al., 2019). The symptoms were weak and
appeared later than those caused by V. inaequalis, and
few or no conidia were recovered from lesions developed
on fruit and leaves. This suggests that climatic condi-
tions for infection and sporulation of V. asperata differ
from those for V. inaequalis (Caflier et al., 2012), or that
V. asperata may be a weaker parasite than V. inaequalis.

Daylight has been shown to affect ascospore dis-
charge of V. inaequalis (Brook, 1969, 1975; MacHa-
rdy and Gadoury, 1986; Gadoury et al., 1998; Rossi et
al., 2001; Stensvand et al., 2009), but no information is
available for light effects on V. asperata. If rain started
during night-time, and there was continuous leaf wet-
ness for the next 24 hours, most ascospores of V. inae-
qualis (98%) were discharged between 7:00 and 18:00
(MacHardy and Gadoury, 1986). The peak of ascospore
numbers was reached between 11:00 and noon, with a
noticeable increase in ascospore discharge beginning at
approx. 7:00, i.e., 2-3 hours after sunrise (MacHardy and
Gadoury, 1986). Similar results were reported by Rossi et
al. (2001) in northern Italy, where 93% of the ascospores
of V. inaequalis were ejected during daylight, with most
became airborne within the first two hours after sunrise.

Venturia asperata should be considered an emerg-
ing pathogen of apples, spreading in key apple-growing
regions of Europe, with symptoms appearing on culti-
vars carrying the Rvi6 gene. For this reason, there is a
need for epidemiology on this pathogen, particularly
to determine whether the conditions and timing for
infections align with, or differ from, those of V. inae-
qualis. Increasing knowledge on the epidemiology of V.
asperata also has practical implications for management
of apple scab, because this may influence the timing of
fungicide treatments for disease control. Future breed-
ing programmes and selection of scab-resistant cultivars
should also consider host susceptibility to V. asperata,
alongside V. inaequalis.
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The present study aimed to fill knowledge on the
epidemiology of V. asperata, by comparing the devel-
opment of pseudothecia and ascospore discharge with
those of V. inaequalis. The objectives were to character-
ize: i) development of pseudothecia, and ii) ascospore
discharge in relation to rainfall and degree-day accumu-
lation; and iii) assess effects of daylight on ascospore dis-
charge.

MATERIALS AND METHODS

Apple fruit and leaves with suspected symptoms of
V. asperata infections were collected on 3 September 2018
from an organic commercial orchard of cultivar Modi,
located in Romagnano municipality (Trento Province, Ita-
ly; coordinates 45.995053°N, 11.118136°E). Symptoms and
fungal propagules on the host samples were described,
and compared with those caused by V. inaequalis, on
fruit and leaves collected from an organic commercial
orchard of ‘Golden Delicious’ in the same general location
(46.010059°N, 11.112870°E). The samples from fruit and
leaves were then processed for molecular and morphologi-
cal identification of the putative causal agent. To obtain
monosporic isolates, fruit skin was cut from the margins
of brownish suberose patches on fruit, or small pieces
were cut from dusty patches on leaves, for these sample
sources resembling symptoms and signs of V. aspera-
ta, and a drop of water was put on each host lesion. The
drop was then transferred to, and plated on, potato dex-
trose agar (PDA; Oxoid) containing chloramphenicol (100
mg mL"; Sigma), and then incubated at 18°C. After 24 h,
individually germinated conidia were picked up under
stereomicroscope observation, and transferred to PDA +
chloramphenicol, and incubated at 18°C.

After development of isolates, two monosporic cul-
tures obtained from fruit and two from leaves were used
in molecular analyses. Total genomic DNA was extract-
ed from mycelia using Nucleospin Plant II (Macherey-
Nagel), and the ITS region was amplified using the
primer Vasp (5-GTCTGAGAAACAAGTAATAG-3),
specific for V. asperata (Stehmann et al., 2001), in com-
bination with ITS4 (White et al., 1990). After sequenc-
ing of the PCR products of the two isolates from fruit, a
BLAST search was carried out in the NCBI database.

To confirm presence of V. asperata in the field, fruit
and leaves from the same ‘Modi’ orchard were sampled
in 2019 and 2020, from August to October each year,
and assessed for molecular identification of this fungus.

To assess evolution of disease incidence, the ‘Modi’
apple orchard was monitored at the end of each grow-
ing season in 2019, 2020 and 2021. The proportions of

diseased fruit and shoots were calculated by randomly
checking symptoms on 500 fruit immediately before
harvest, and on 50 shoots before start of leaf fall. Just
before leaf fall, on 31 October 2019 and 5 November
2020, apple leaves with symptoms of V. asperata were
collected in the ‘Modi” orchard, from trees where no
fungicides had been applied during the growing sea-
sons. At the same time, apple leaves with symptoms of
V. inaequalis were collected from untreated trees in the
‘Golden Delicious’ orchard.

Leaves from the two cultivars were immedi-
ately placed on the ground in two separated plots
(each plot containing leaves of one cultivar), in San
Michele all’Adige (Trento Province, Italy; 46.189922°N,
11.135227°E). A sample of the collected leaves from each
sampled orchard (‘Modi’ or ‘Golden Delicious’) was
observed under a light microscope to confirm presence
of infections of, respectively, V. asperata or V. inaequa-
lis, by assessing morphological characteristics of conidia
and conidiophores (Figure 2). At an experimental site in
San Michele all’Adige, the collected leaves were placed in
two plots in a grass meadow. The plots each measured 2
x 2 m, and were 100 m apart from each other and at least
100 m away from any apple trees, to avoid cross-contam-
ination (MacHardy, 1996). Additionally, a plot (2 x 1 m)
of leaf litter was placed adjacent to each of the 2 x 2 m
plots, and was used for monitoring of pseudothecia. To
confirm that V. asperata pseudothecia developed in the
leaf litter of ‘Modi’, in 2020 maturing pseudothecia were
collected from leaves overwintered in the leaf litter, and
were directly subjected to PCR with specific primers for
V. asperata, using the methods described above.

The plots were prepared as described in Prodorutti
et al. (2024). Grass was removed by light soil tillage, and
a layer of leaves was placed on the soil above a white
non-woven fabric (permeable polypropylene, Ortoclima,
Tenax s.p.a.), which prevented earthworms from degrad-
ing the leaves. Each plot was then covered with a wire
mesh (1 x 1 cm) to keep the leaves in place. The leaves
(approx. 150 m) were placed in a single layer, avoiding
overlapping.

Development of pseudothecia of V. asperata and V.
inaequalis was evaluated weekly, in 2020 and 2021, from
the first week of March to mid-July, in order to cover the
complete primary season for ascospore maturation and
release. Each week, ten leaves were randomly selected
from the leaf litter from each cultivar (Modi or Golden
Delicious), and 60 pseudothecia were randomly har-
vested and observed under a light microscope. Pseudo-
thecia were harvested from leaves previously soaked in
water for 10 min, and were then crushed on glass micro-
scope slides and classified in three groups (“immature”,
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“mature”, or “empty”) according to their stages of devel-
opment. The immature pseudothecia included stages
from pseudothecium initials to pseudothecia with most
asci containing non-pigmented (immature) ascospores.
For the “mature” group, most asci contained septate and
pigmented (mature) ascospores. Pseudothecia were clas-
sified as empty if most of the asci were empty or aborted
(Prodorutti et al., 2024). The percentages of immature,
mature, or empty pesudothecia (out of 60) were calcu-
lated for each assessment.

On 27 February 2020 and 24 February 2021, a vol-
umetric spore trap (Myco-trap, Paul Illi Mech.) was
placed above each leaf litter, in the middle of each plot.
During the entire primary season for ascospore matu-
ration and release, ascospores of the two Venturia spp.
(Figure 2) captured by the spore traps were counted on
each rainy day (= 0.2 mm rain d'). A microscope tape
was mounted on a 7-d rotating clock cylinder in each
spore trap. The microscope tapes were cut in pieces
representing single days, placed on glass slides, and
ascospores were counted using a light microscope (200
x magnification). Ascospore counting on the tapes was
carried out by assessing along three parallel horizontal
lines of each glass slide (Mandrioli, 2000). The daily total
number of counted ascospores (sum of the three hori-
zontal lines per slide) for each spore trap was calculated,
and was used to compute total seasonal ascospore ejec-
tion and percentage of the total numbers of ascospores
trapped during each season.

To study the effect of daylight on the ascospore
release of V. asperata, hourly counting of spores was
carried out in the days when rain started before sun-
rise (https://www.timeanddate.com/sun/) and continued
after sunrise. In these days, ascospore counting on each
tape (at 400 x magnification) was carried out by assess-
ing 24 vertical lines of the slide, corresponding to each
hour of the day.

Weather data were recorded by a weather sta-
tion (model TMF 500, Nesa s.r.l.), located at the San
Michele all’Adige experiment site. Tree budbreak of the
two cultivars (Modi or Golden Delicious) was assessed
in the 2020 and 2021. Because budbreak of ‘Modi’ (27
February, 2020; 24 February, 2021) was earlier than for
‘Golden Delicious’ (3 March, 2020; 1 March, 2021), sum-
mation of degree days (DDs, base 0°C) from budbreak
of cultivar ‘Modi’ to the last day of ascospore ejection
and to the emptying of pseudothecia was used to com-
pare data of the two Venturia species. Hours and related
hourly data reported here refer to solar hour (Central
European Time, CET). A leaf wetness (LW, min h') sen-
sor (Vantage Pro, Davis Instruments Corporation) was
placed on the ground to assess hourly wetting of the leaf
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litter. Total solar irradiation (TSI, MJ m2) was recorded
each hour, at 2 m above the ground.

‘Tidyverse’ packages (Wickham et al., 2019) of R
language (version 4.4.1; R Core Team 2024) were used to
handle data and generate plots. Cumulative proportions
of empty pseudothecia of the two Venturia spp. were
modeled as a function of scaled accumulated DDs since
‘Modi” budbreak, using binomial regression. A mixed
effect model (glmer, package Ime4) was used, with sam-
pling date as random effect. Different link functions
were compared using the Akaike information criterion
(AIC). The contribution of additional fixed effects (Ven-
turia species, year, and their interactions) were assessed
using likelihood ratio tests (LRTs). Scaled DDs were
back transformed for interpretation.

The probability of observing ascospores on any
given hour was modeled as a function of presence
of light (TSI above zero) and LW at the ground level,
using binomial regression. Similarly, hourly ascospore
ejection intensity was modelled with count regression
models using TSI. In all cases, the mixed effect model
(glmer, package Ime4) was used with sampling date as
random effect.

RESULTS

Symptoms and signs on apple fruit were atypical
apple scab spots, being less intense compared to scab
lesions caused by V. inaequalis (Figure 1). The lesions
on fruit developed first as small slightly grey spots, that
slowly enlarged and then evolved into necrotic suberose
spots, each surrounded with a light and smooth ring.
Spots on fruit usually had less clear edges and were
lighter (brownish) in appearance compared to those
caused by V. inaequalis (grey to black; Figure 1). Leaf
lesions caused by V. asperata were less distinct and more
irregular compared to leaf lesions caused by V. inaequa-
lis. Leaf lesions caused by V. asperata appeared only on
abaxial leaf surfaces as velvety-grey spots, in contrast
to those caused by V. inaequalis which were present on
both surfaces of infected leaves (Figure 1). Observations
with a light microscope showed that conidiophores and
conidia, and pseudothecia and ascospores, collected
from infected fruit and leaves in Romagnano, matched
well with previous descriptions of V. asperata (Samuels
and Sivanesan, 1975; Caffier et al., 2012; Turan et al.,
2019; Shen et al., 2020), that these structures differed
from those of V. inaequalis (Figure 2). Conidiophores
and conidia of V. asperata emerging on fruit or leaf epi-
dermides were observed using stereo and light micro-
scopes, developing from the margins of necrotic suber-
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Figure 1. Fruit and leaves of apple cultivar Modi (top row) with (from left to right) sporulating lesions of Venturia asperata and leaf lesion
detail, and of cultivar Golden Delicious (bottom row) with (left to right) sporulating lesions of V. inaequalis and leaf lesion detail.

ose spots on fruit or from spots on leaves (Figure 2).
PCR with species-specific primers for V. asperata from
monospore isolates obtained from fruit and leaves each
gave the expected 450 bp product, and BLAST analy-
ses of the sequences of the two isolates from fruit were
100% identical to the published sequence of V. asperata
(KX156341). Consensus sequences of the two isolates
were submitted and deposited in GenBank nucleotide
database (accession nos. MT459450 and MT459451). The
PCR analysis of pseudothecia collected on overwintered
leaves of ‘Modi’ showed DNA amplification at 450 bp,
and the PCR from symptomatic fruit and leaves samples
collected in 2019 and 2020 confirmed establishment of
V. asperata in the ‘Modi’ orchard.

Symptoms of V. asperata on apple fruit and leaves
appeared later in the growing seasons than those caused
by V. inaequalis. Symptoms caused by V. asperata on
fruit occurred from the end of July to early August, and
on leaves from September to October. The first symp-
toms of V. inaequalis infections on leaves appeared in
April, and on fruit in May-June.

Monitoring of symptoms of V. asperata in the
orchard showed increases in percentage of infected fruit
at harvest (early September), from 1.2 to 9.4%, from
2019 to 2021 (Table 1). On ‘Modi’, only one to two spots
per infected fruit were typically observed, and three to
four or more spots were found on approx. 20% of symp-

Table 1. Incidence of Venturia asperata symptoms on apple fruit
and shoots during 2019, 2020 and 2021 in an orchard of cultivar
Modi located in Romagnano (Italy).

Symptomatic Symptomatic
Year  Day/month fruit (%)? Day/month shoots (%)?
2019 06/09 1.2 23/10 40.0
2020 04/09 5.6 06/11 100.0
2021 03/09 9.4 22/10 100.0

2500 fruit assessed.
b 50 shoots assessed.

tomatic fruit. At the end of the growing seasons (late
October to early November), high proportions of shoots
were symptomatic (i.e., at least one leaf with scab per
shoot), resulting in disease incidence of 40% in 2019, and
100% in 2020 and 2021 (Table 1). In the three years of
monitoring, all fruit and shoots in the untreated trees
of ‘Golden Delicious’ showed symptoms of V. inaequalis
(100% incidence).

Pseudothecia of the two Venturia spp. developed
differently in the 2-year trial. Pseudothecia of V. asper-
ata had delayed maturation and emptying of ascospores
compared to pseudothecia of V. inaequalis (Figure 3, C
and D). The periods of detection of mature V. inaequa-
lis pseudothecia were similar in the 2 years (13 March to
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Figure 2. Pseudothecium with asci, ascospores, conidiophores, and conidia (left to right) of Venturia asperata (top) and Venturia inaequalis
(bottom).

Table 2. Development of pseudothecia of Venturia inaequalis and V. asperata in San Michele all’Adige (Italy) in 2020 and 2021.

Period with mature pseudothecia

Peak of maturation

DDs of 95% empty pseudothecia®

Year (day/month) (day/month)

V. inaequalis V. asperata V. inaequalis V. asperata V. inaequalis V. asperata
2020 13/03 to 29/05 08/05 to 26/06 24/04 22/05 1,181 1,744
2021 10/03 to 26/05 27/04 to 08/07 27/04 03/06 1,009 1,941

2 Degree days (DDs, base temperature 0°C) from budbreak of cultivar Modi to 95% of the pseudothecia empty (data predicted by the probit

model).

29 May in 2020; 10 March to 26 May in 2021). Mature
pseudothecia of V. asperata were present from 8 May
to 26 June in 2020, and from 27 April to 8 July in 2021
(Table 2). The peaks of proportions of mature pseudo-
thecia of V. inaequalis were observed on 24 April (37%
of mature pseudothecia) in 2020, and 27 April (32%)
in 2021. Venturia asperata had greatest proportions of
mature pseudothecia on 22 May (23%) in 2020, and on 3
June (15%) in 2021 (Table 2). These dates were approx. 1
month after equivalent dates for V. inaequalis.

The probit model gave overall better fits for pseudo-
thecium emptying rate than logistic regression, and the
probit model better represented data for V. inaequalis
than for V. asperata (Figure 3, C and D). The triple inter-
action Venturia species x year x cumulative DDs was
statistically significant (LRT = 9.7, df = 1, P = 0.0019),
indicating that both the onset and rate of pseudothecium

emptying were different for the two species for the two
years. In both years, onset of emptying and the time of
95% empty pseudothecia predicted by the probit model
were reached later for V. asperata than V. inaequalis (563
DDs later in 2020, 932 DDs later in 2021; Table 2). The
difference in accumulated DDs between the two species
when pseudothecia started emptying was similar in 2020
and 2021 (z = 0.8, P = 0.85). Rates of pseudothecium
emptying were also similar for the two species in 2020 (z
= 0.7, P = 0.5), but yearly variations in the rates of pseu-
dothecium emptying were detected for V. asperata (z =
3.4, P = 0.0008), as the rate for V. asperata was slower in
2021, while a similar emptying rate was observed for V.
inaequalis in 2020 and 2021 (z = 1.7, P = 0.09).

The periods of ascospore release were different for
the two Venturia species, and were later for V. asperata
than for V. inaequalis (Table 3; Figure 3, A and B). The
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Figure 3. Degree-day accumulation (base temperature 0°C) since budbreak of apple cultivar Modi in 2020 and 2021 (San Michele all’Adige,
Italy), in relation to the following. A, percentage of cumulated seasonal trapping of ascospores of Venturia asperata (black line) and V. inae-
qualis (grey line). B, percentages of the seasonal ascospores of V. asperata (black bars) and V. inaequalis (grey bars) released per day on days
with rain (= 0.2 mm). C and D, percentages of immature, mature, and empty pseudothecia during the season for ascospore release of V.
inaequalis (C) and V. asperata (D). Weekly assessments of 60 pseudothecia per species were evaluated in each year. Pseudothecia emptying
was modelled using the probit model, represented by the white line. E, Daily rainfall (mm).

first ascospores of V. asperata were trapped at the end
of April in both years, and continued until early July.
Ascospore discharge of V. inaequalis commenced in
mid-March and ended in early June in 2020, and com-
menced in early April and ended in the second half of
June in 2021 (Table 3). Total numbers of ascospores
released during entire seasons were greater in both years
for V. asperata than for V. inaequalis. The difference
was most noticeable in 2021, with V. asperata releasing
almost three times the number of ascospores compared
to V. inaequalis (Table 3). The peaks of ascospore ejec-
tion occurred later for V. asperata. In 2020, this was

reached 26 April (at 667 DDs) for V. inaequalis and 11
May (at 911 DDs) for V. asperata, corresponding to
33.1% of the seasonal ascospore amount for V. inaequalis
and 31.3% for V. asperata (Figure 3 B). In 2021, the peak
of ascospore release for V. inaequalis was reached on 11
April (21% of the seasonal ascospores were trapped; 486
DDs), and that for V. asperata was on 15 May (24% of
the seasonal ascospores were trapped, 935 DDs) (Figure
3 B). The time of 95% of trapped ascospores was reached
earlier in V. inaequalis (435 DDs earlier in 2020 and 56
DDs earlier in 2021) than the equivalent periods for V.
asperata (Figure 3 A; Table 3). The 95% DD accumula-
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Table 3. Rainfall data, numbers of ascospores of Venturia inaequalis and V. asperata trapped, and degree days recorded, in San Michele

allAdige (Italy) in 2020 and 2021.

Total numbers of ascospores®

Period of ascospore release
P DDs for 95% ascospore release®

Year TOt(arlnl;?:)T:fau (day/month)

V. inaequalis V. asperata V. inaequalis V. asperata V. inaequalis V. asperata
2020 452.2 5,474 6,742 14/03 to 06/06  26/04 to 03/07 965 1,400
2021 3332 9,823 28,350 11/04 to 23/06  28/04 to 08/07 1,048 1,104

2 Rainfall was recorded from budbreak of cultivar Modi to the last day of ascospore ejection from V. asperata.
b Total number of ascospores collected by volumetric spore traps in the season.
¢ Degree days (DDs, base temperature 0°C) from budbreak of cultivar Modi to the time of 95% of seasonal ascospore trap count.
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Figure 4. Hourly release of ascospores of Venturia asperata on four days when rainfall commenced before, and ended after sunrise. A) 15
May 2020, B) 17 May 2020, C) 12 May 2021, D) 25 May 2021. Sunrise occurred at 04:42 (Central European Time) on 15 May 2020, at 04:40
on 17 May 2020, at 04:46 on 12 May 2021 and at 04:32 on 25 May 2021. Vertical bars represent the hourly rainfall (mm), and horizontal
bars indicate times when leaf wetness was recorded at ground surface. The solid line represents the hourly numbers of counted ascospores,

and the vertical dashed lines indicate time of sunrise.

tions for empty pseudothecia and for ascospore ejection
were similar in both years for V. inaequalis, and for V.
asperata in 2020. However, in 2021 V. asperata reached
95% empty pseudothecia at 1,941 DDs compared to
1,104 DDs for 95% ascospore ejection (Table 2; Table 3).
The last ascospores were trapped ca. 4 weeks later for V.

asperata than V. inaequalis in 2020 and ca. 2 weeks later
in 2021 (Table 3).

The total rainfall measured during the primary
season was greater in 2020 (452 mm) than in 2021
(333 mm; Table 3). The rainfall conditions necessary to
observe the potential diurnal periodicity of ascospore
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release of V. asperata (rain started before and contin-
ued after sunrise) were fulfilled during 4 d of substan-
tial ascospore trapping, i.e., on 15 and 17 May 2020, and
12 and 25 May 2021 (Figure 4). Sunrise occurred at 4:42
and 4:40 on 15 and 17 May 2020, and at 4:46 and 4:32
am on 12 and 25 May 2021. The patterns of ascospore
release were similar in the four days, but total num-
bers of ascospores counted in 2020 were less than those
counted in 2021. Very few ascospores were trapped
from midnight to 4:00 am each day, and ascospore trap-
ping began to increase after sunrise (from 5:00 to 7:00
am). From 7:00 to 9:00-10:00 am each day numbers of
trapped ascospores rapidly increased, with exponen-
tial trends. Greatest numbers were detected at 10:00 am
on 15 May and 17 May 2020, and 25 May 2021, and at
9:00 am on 12 May 2021. After these times, there were
rapid declines in ascospore numbers, with values close
to zero after 5:00-6:00 pm each day (Figure 4). In each
of the four days, the TSI was above zero from 6:00 am
to 8:00 pm. In these time intervals, the proportions of
ascospores counted per 24 h ranged from 96.4% on 15
May 2020 to 98.9% on 25 May 2021.

Similar rainfall conditions were recorded in the four
days when hourly counting of ascospores were carried
out. Rain started during the night and continued until
early-mid morning. Small rainfall amounts (0.2 - 0.8
mm h), as occurred on 25 April 2021, induced relevant
ascospore ejection. The LW measured at soil surface was
recorded continuously through 24 h on 15 May 2020.
In the other three events, LW was recorded for 2 to 5 h
after rainfall ceased (Figure 4).

Both LW at the soil surface (LRT = 6.2, P = 0.01)
and light (LRT = 14.4, P < 0.001) significantly increased
probability of detecting ascospores in the spore traps.
The odds ratio (OR) of observing ascospores during light
hours, as opposed to dark hours, was 37 (z = 2.624, P
= 0.009), while the OR for wet hours compared to dry
hours was 16 (z = 2, P = 0.045). Hourly ascospore ejec-
tion intensity was over-dispersed, and was adequately
modelled using a negative binomial distribution. Light
had an exponential effect on the numbers of ascospores
ejected, with an Incidence Rate Ratio (IRR) indicat-
ing that ejection was 38 times more intense during light
hours compared to dark hours (z = 12, P < 0.001), and
seven times more intense during wet hours compared to
dry hours (z = 5.5, P < 0.001). Within the limited data-
set, ascospore release intensity was better modelled as a
function of light intensity, increasing linearly with the
log of TSI (LRT = 38, df = 0). This relationship can be
expressed as: Ejection intensity = 28 x (TSI + 0.01)%82,
for TSI values ranging from 0 to 3.03 MJ m™ during
dry hours. For wet hours, ascospore release intensity

was eight times greater than for dry hours. There was
no interaction between the effect of TSI and wetness on
ascospore release (P = 0.96).

DISCUSSION

In the present study, symptoms of V. asperata
infections on apple fruit, and timing of their appear-
ance, were similar to those previously described in
France (Caflier et al., 2012), and in Italy (Turan et al.,
2019). However, these symptoms were observed for
the first time on leaves in a commercial orchard of the
apple cultivar Modi. Caffier et al. (2012) were able to
induce sporulating lesions of the pathogen on leaves of
the apple cultivar Ariane, in controlled conditions and
after artificial inoculations with conidia of V. asperata,
and the symptoms they observed were weak and dif-
ficult to detect. In the present study, late appearance of
leaf symptoms (September-October) was observed, with
symptom intensity increasing towards leaf fall. Symp-
toms were confined to abaxial leaf surfaces and resem-
bled late secondary infections of V. inaequalis, although
lighter in appearance than for V. inaequalis. Because the
symptoms of V. asperata on leaves are weak and often
difficult to detect, confirmation through microscopic
morphological analyses or molecular identifications are
essential. The weak symptoms caused by V. asperata,
observed both on fruit and leaves, could be due to fewer
hyphae and conidia growing in each lesion, compared to
V. inaequalis (Caffier et al., 2012; Turan et al., 2019).

Over the three years of observations, increases in
incidence of symptoms and signs of V. asperata was
observed in the monitored ‘Modi’ orchard, reaching
almost 10% on the fruit in 2021. This increase over the
3 years may be partly due to gradual build-up of over-
wintering inoculum in infected leaf litter. The greater
numbers of ascospores captured in 2021 compared to
2020, and the increasing incidence of disease, indicat-
ed increased overwintering of inoculum of the patho-
gen. High incidences of lesions caused by V. asperata
on fruit of apple cultivars with Rvi6 gene resistance to
V. inaequalis were observed in southern France (up to
60%; Caflier et al., 2012), and South Tyrol in Italy (up
to 17.5% in 2023; Erschbamer, 2024). Venturia asperata
has predominantly been reported in apple cultivars con-
taining the Rvi6 gene, mostly under organic manage-
ment regimes. The limited use of fungicides, often only
applied early in each growing season, probably facilitat-
ed outbreaks of V. asperata in the organic orchards with
scab resistant cultivars. Little and unclear information is
available about the presence of V. asperata on scab-sus-
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ceptible (non-resistant to V. inaequalis) apple cultivars.
Strict management of apple scab and greater competition
of V. inaequalis in an orchard may lead to underestima-
tion of the presence and spread of the less competitive V.
asperata on these cultivars.

Pseudothecia of V. asperata had delayed matura-
tion and ascospore emptying compared to V. inaequa-
lis. The first mature pseudothecia were observed over a
month and a half later than those of V. inaequalis, and
the peak of maturation occurred about one month later
for V. asperata than for V. inaequalis. The earlier onset of
ascospore ejection for V. inaequalis in both years, and the
slower rate of pseudothecium emptying for V. asperata in
2021, suggest that the two Venturia spp. have inherently
different ejection patterns. As it was observed for the
effect of irrigation on pseudothecium development (Pro-
dorutti et al., 2024), probit regression gave a better fit for
pseudothecium emptying rates, and better represented V.
inaequalis than V. asperata, which is another indication
that the two species have differences in seasonal develop-
ment of their pseudothecia and ascospores.

In both years, the ascospore release for V. asperata
was delayed compared to V. inaequalis, with initiation
and peak of ascospore release occurring later in V. asper-
ata than in V. inaequalis. In 2021, the first ascospores of
V. inaequalis were detected almost a month later than in
2020, likely due to the prolonged dry period in March
and early April of 2021. Extended dry periods delay
pseudothecium maturation and extend ascospore release
seasons of V. inaequalis (Stensvand et al., 2005), and this
is also likely to be the case for V. asperata.

The less prominent difference in cease of ascospore
release between the two fungi in 2021 than in 2020 may
have been partly due to a more rapid breakdown of leaf lit-
ter of ‘Modi’ than ‘Golden Delicious’, although no records
of leaf degradation were made in the present study.

Caffier et al. (2012) reported that the first
ascospores of V. asperata were trapped approx. 20 d
later than those of V. inaequalis, but that the peaks in
ascospore release and end of ejection were observed
at the same time for both species. The discrepancies
between the present study results and those obtained
in France may be due to the different methods used
for leaf litter preparation. Caffier et al. (2012) placed
leaves on ground covered by grass, so the leaves may
have degraded more rapidly than in the present study
experiments. Weekly development of pseudothecia of
V. asperata had not been previously studied, and it was
here shown that the periods of pseudothecium matura-
tion and ascospore release overlapped.

Light triggered ascospore discharge of V. asperata
in a manner similar reported for V. inaequalis (Brook,
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1969; 1975; MacHardy and Gadoury, 1986; MacHardy,
1996; Gadoury et al., 1998; Rossi et al., 2001; Stens-
vand et al., 2009). As for V. inaequalis, increases in V.
asperata ascospore discharge were observed during the
first 2 to 3 h after sunrise, and even small amounts of
rain (0.2 mm h') were sufficient to induce substantial
ascospore ejection. Similar to previous reports for V.
inaequalis (MacHardy and Gadoury, 1986; Rossi et al.,
2001), on average approx. 98% of the ascospores were
released during daylight hours between 6:00 am to 8:00
pm. However, in the three days when LW was recorded
until 10:00 to 12:00 am (2 to 5 h after the rain stopped),
more rapid decreases in ascospore numbers were detect-
ed compared to 15 May 2020, when LW was recorded
continuously for 24 h.

The OR and IRR values for ascospore ejection of V.
asperata were both high and were similar, indicating
the importance of light in triggering ascospore release.
This suggests that the observed inhibition of release
during dark conditions may have been proportional to
numbers of ascospores primed for ejection, indicating
a light-dependent regulatory mechanism of ascospore
release, similar to that observed for V. inaequalis. The
observations that ejection intensity was well-represented
by the log of light intensity, and that no residual pattern
was observed, indicate that the light effect rapidly satu-
rates above a certain intensity. The substantial difference
between the OR and IRR for the effect of wetness indi-
cates that while ascospore ejection is much more likely
during wet than dry periods, the total number of ejected
ascospores is less influenced by wetness than by light.
This implies that wet conditions are a primary trigger
for ascospore release, but do not significantly increase
the intensity of ejection. Again, this is similar to what
has been observed for V. inaequalis.

CONCLUSIONS

Delayed pseudothecium development and ascospore
ejection in V. asperata compared to V. inaequalis, may
partly explain the late appearance of symptoms caused
by V. asperata in apple orchards during the growing
seasons. Further research is necessary to identify the
optimal weather conditions for primary and secondary
infections by V. asperata in susceptible apple tissues, and
to define the latency period for this pathogen. The effi-
cacy of fungicides commonly used for management of V.
inaequalis should also be assessed for control of disease
caused by V. asperata.

Future apple breeding programmes should consider
resistance to emerging pathogens such as V. asperata,
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and specific control strategies should be developed to
address the delayed primary infections and late symp-
tom onset caused by this pathogen. In Europe, V. asper-
ata has been reported in northern Italy and southern
France, areas with temperate climates. Venturia asper-
ata probably has higher requirements of DD accumu-
lation for maturation of pseudothecia compared to V.
inaequalis. As climate change raises average tempera-
tures, this could favour the spread and virulence of V.
asperata in fruit-growing regions in Mediterranean are-
as and other areas across Europe and elsewhere, empha-
sizing that close monitoring of this pathogen in apple
orchards is important.
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Summary. Grapevine rupestris stem pitting-associated virus (GRSPaV; Foveavirus
rupestris, Betaflexiviridae) is the most widespread grapevine virus in most viticul-
ture regions, and this virus has high genetic variability. Genetic diversity of GRSPaV
in Algeria was examined, based on the complete capsid protein (CP) gene. Similarity
proportions between the CP sequences varied from 76% to 99%. The complete coding
sequence of Algerian GRSPaV isolate ALG99 (8,646 nt) was determined using high-
throughput sequencing and bioinformatic analyses. Algerian GRSPaV isolates clustered
into four groups, with most sequences in groups III and IV. This research is the first to
determine the genetic variability of GRSPaV in Algeria.

Keywords. GRSPaV, high throughput sequencing, RT-PCR.

INTRODUCTION

Grapevine rupestris stem pitting-associated virus (GRSPaV; Foveavirus
rupestris, Betaflexiviridae) (Martelli and Jelkmann, 1998; Petrovic et al.,
2003) is widespread in many wine-producing countries (Martelli et al., 1997;
Meng and Gonsalves, 2007; Morelli et al., 2011). GRSPaV is known to be
associated with rupestris stem pitting and vein necrosis in grapevine plants
(Martelli, 2014), and the virus induces typical stem pitting symptoms on the
indicator Vitis rupestris ‘St. George” (Goszczynski and Jooste, 2003). Howev-
er, definitive proof for the etiological role of this virus in stem pitting or vein
necroses is lacking (Meng and Rowhani, 2017). No insect vectors have been
related to the spread of GRSPaV, and its dissemination is explained by the
exchange of infected material (Meng and Gonsalves, 2003).
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GRSPaV particles are flexuous filaments particles of
length approx. 723 nm. Each particle contains a positive-
sense RNA molecule with a total of 8,725 nucleotides
(nt) (Meng et al., 1998; Zhang et al., 1998; Petrovic et al.,
2003). The GRSPaV genome contains five open reading
frames (ORFs), and is believed to be capped at the 5 end
and have a polyA tail at the 3" end (Meng and Gonsalves,
2007). ORFI encodes a polyprotein with domains includ-
ing a methyl transferase, a helicase, and an RNA-depend-
ent RNA polymerase (RARP) (Meng et al., 2013). ORF 2
encodes triple gene block protein 1 (TGBpl), ORF 3 tri-
ple gene block protein 2 (TGBp2), and ORF 4 encodes
triple gene block protein 3 (TGBp3), which are involved
in intra- and inter-cellular movement of the virus (Meng
and Gonsalves, 2007; Rebelo et al., 2008). The product of
OREF5 is the coat protein (CP), which is essential for viri-
on formation (Nolasco et al., 2000; Minafra et al., 2000;
Haviv et al., 2006; Meng et al., 2006; Meng and Li, 2010).

Considerable knowledge has been developed on this
virus in the past two decades. There is compelling evi-
dence that GRSPaV consists of a range of genetic vari-
ants that differ in their genome sequences. To date, the
genomes of 15 isolates have been completely of partially
sequenced, and eight clusters of viral variants have been
identified through phylogenetic analyses (Meng and
Rowhani, 2017). A comparison of the full-length genome
sequences of four Slovakian GRSPaV isolates and 14
sequences retrieved from GenBank showed four main
phylogenetic lineages within populations of the virus.
Additionally, genetic recombination and mutations may
have shaped GRSPaV evolutionary history contributing
to its genetic diversity (Glasa et al., 2017).

No genetic diversity study of GRSPaV has been con-
ducted in Algeria. Therefore, main objective of the pre-
sent study was to examine the variability of GRSPaV in
this country.

MATERIALS AND METHODS
Plant material

Ten infected grapevine accessions, including eight
of table grape cultivars and two cultivars of wine grapes,
were selected for this study (Table 1).

Nucleic acid extractions

Total nucleic acids (TNA) were extracted from
phloem tissues of the different grapevine accessions,
and were purified using the procedure of Foissac et al.
(2001). Selected samples were tested by reverse transcrip-
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Table 1. List and identifiers of GRSPaV strains sequenced and ana-
lysed in the present study.

Cultivar

type Accession number Strain Grapevine Cultivar
Table 0U862947.1 DZ-GRSPaV-N9 Dattier
grape OU862948.1 DZ-GRSPaV -N10  Cardinal
0U862949.1 DZ- GRSPaV -N11 Cardinal
0U862950.1 DZ-GRSPaV -N13 Cardinal
0U862951.1 DZ-GRSPaV-N14 Dattier
0U862952.1 DZ-GRSPaV-N15 Gros noir
0U862953.1 DZ-GRSPaV-N16 Dattier
PP976048.1 ALG99 Local
Wine 0U862954.1 DZ-GRSPaV-N17 Valensi
BP€ OUS62955.1 DZ-GRSPaV-NI8  Carignan

tion polymerase chain reaction (RT-PCR) for GRSPaV,
using the specific primers RSP52 and PSR53 (Rowhani
et al. 2000) to amplify approx. 905 nts of the entire CP
genes as well as 62 bp of the upstream CP and 63 bp of
the downstream CP.

Reverse transcription and amplification

TNA (10 pL) of each sample was mixed with 1 pL
random primers (1 pg uL?) and 1.5 pL sterile water, and
was then denatured at 95°C for 5 min. Reverse tran-
scription was carried out for 1 h at 39°C in a solution
of 8 U uL! Moloney murine leukaemia virus reverse
transcriptase (M-MLV RT; Invitrogen), 5 uL RT buffer
(1x), 8 mM DTT, and 200 pM dNTPs, in a final volume
of 25 pL with sterile distilled water. A volume of of the
synthesized cDNA (2.5 pL) was used for PCR amplifica-
tion, using a mixture of 1x Taq DNA polymerase buffer,
2 mM MgCl,, 200 uM dNTPs, 50 pM of each primer,
and 0.05 U pL™" of Taq DNA polymerase (Invitrogen
Corporation), and adjusted to a final volume of 25 pL
with sterile distilled water. PCRs each consisted of one
cycle at 94°C for 5 min; followed by 35 cycles each of
denaturation at 94°C for 35 s, annealing at 52°C for 45
s, and elongation at 72°C for 50 s; and a final extension
step at 72°C for 7 min. The PCR products were analysed
by electrophoresis in 1.2% agarose gel in 1x TBE buffer.

Sequencing and sequence analysis

The PCR products of ten GRSPaV isolates were
purified using the ExoSAP-IT purification kit (Affym-
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Table 2. Phylogenetic group GRSPaV reference sequences.

Accession number Strain Host plant Origin Phylogenetic group Reference

KR054735.1 LSL Vitis vinifera cv. China VII (Hu et al., 2015)
Riesling

FJ943356.1 ORPN24b V. vinifera USA VI (Alabi et al., 2010)

LT855243.1 AV99 Autochtones accession AV99 Tunisia VIII (Selmi et al., 2020)
V. vinifera cv. .

FR691076.1 MG Moscato Giallo Italy 1I (Morelli et al., 2011)

AY368590.1 Strain_Syrah ;;rvaz}rlty‘em v USA v (Lima et al., 2006)

AY881627.1 BS Hybrid Bertille USA 11 (Meng et al., 2005)
Seyve 5563

AF057136.1 CcGl V- rupestris cv. USA I (Meng et al., 2006)
St. George

AY368172.2 PN V. vinifera cv. USA v (Lima et al. 2009)

Pinot noir

etrix). Direct sequencing was carried out in both direc-
tions using the same primers as those used for RT-PCR
(above), on a 3734xl automated analyzer sequencer
(Applied Biosystems). The obtained sequences were
submitted to the European Nucleotide Archive (ENA)
(Table 1). Comparison of sequences of the CP gene of the
Algerian GRSPaV isolates obtained in the present study
with those of the different phylogenetic groups available
in GenBank (Table 2) was conducted using MEGA X
version 10.2.2 software.

Total RNA extraction and Illumina platform sequencing

The infected leaf sample ALG99 was placed in an
Eppendorf tube and immersed in RNA, and the result-
ing solution was sent to DNA-link Company, Republic of
Korea. The RNeasy® Plant Mini Kit (QIAGEN) was used
to extract RNA from plant samples according to manu-
facturer’s instructions. A TruSeq total RNA library prep
kit for total RNA sequencing was used by QIAGEN to
prepare an Illumina-NGS library. Total RNA sequences
were generated using NovaSeq6000, 2x101PE, (Platform:
Novaseq6000; Application: WTS/mRNA), after RNA
quality was checked with an Agilent 2100 Expert Bio-
analyzer. The raw reads were then trimmed using Trim-
momatic-0.39 and BBduk v 37.22 in Geneious Prime®
2024.0.5 (Kearse et al., 2012; http://www.geneious.com).

Map to reference

Geneious RNA was used to map the RNASeq data
(Sensitivity: Medium-Low) to the reference sequence.
The RNA clean reads were mapped against suspected

virus genomes using Geneious Prime® 2024.0.5 (Kearse
et al., 2012), and then consensus sequence was then
extracted. All 5,040 plant virus sequences from Gen-
Bank were also concatenated into one representative
sequence (76,145,671 nt), and this was mapped against
the whole RNA reads. The outcomes were shown in a
report that had a number of assembled reads, total used
reads, coverage and pairwise similarity.

Phylogenetic analyses

To construct the phylogenetic tree, multiple align-
ments were constructed with sequences from retrieved
from GenBank and originating from different world
regions (www.cbi.nlm.nih.gov). Alignments of 662 nt for
the CP gene were obtained using the Clustalw program
implemented in MEGAX10 software (Kumar et al., 2018).
The nucleotide sequences of the GRSPaV strains were
trimmed to obtain the best fits. Percent identity values
were calculated using p-distance methods. A phylogenet-
ic tree was constructed using the Neighbor Joining (NJ)
method with 2-parameter Kimura (1,000 bootstrap).

RESULTS
Sequence analysis

The nucleotide-level comparison of the sequenced
GRSPaV strains revealed sequence similarities rang-
ing from 76 to 99%. Among the strains, DZ-GRSPaV-
N18 had the highest similarity (99%) with the reference
strain CGl. In contrast, the least similarity (76%), was
observed between the reference sequences GRSPaV-
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MG and GRSPaV-PN, and between GRSPaV-PN and
GRSPaV-LSL.

The similarity proportions among the Algerian
GRSPaV strains was considerable. Nucleotide comparison
between the ten Algerian GRSPaV isolates showed simi-
larities ranging from 79 to 97% (Table 1). Isolates DZ-
GRSPaV-N9 and DZ-GRSPaV-N10 had the greatest simi-
larity (97%), as did isolates DZ-GRSPaV-N13 and DZ-
GRSPaV-N17. Isolates DZ-GRSPaV-N14 , DZ-GRSPaV-
N16, DZ-GRSPaV-N18, and ALG99 showed similarities
from 81 to 93%. Isolate ALG99 has 93% similarity with
isolates DZ-GRSPaV-N15 and DZ-GRSPaV-N18, indicat-
ing genetic diversity among these isolates. Overall, these
results highlight the considerable genetic diversity pre-
sent among the ten Algerian GRSPaV strains.

The isolates DZ-GRSPaV-N14, DZ-GRSPaV-N9, DZ-
GRSPaV-N15, and DZ-GRSPaV-N10 exhibited respec-
tive similarities of, respectively, 93, 94, 92, and 95% with
the reference strain Syrah, suggesting low genetic varia-
tion and close phylogenetic relationship with each other.
Compared with other reference strains, similarity per-
centages were 87 to 91% with GRSPaV-CGl, 81 to 82%
with GRSPaV-MG, 79 to 81% with BS, 80 to 84% with
GRSPaV-PN, and approx. 83 to 85% with ORPN24b,
GRSPaV-LSL, and AV99. This indicates that although
DZ-GRSPaV-N14, DZ-GRSPaV-N9, DZ-GRSPaV-N15,
and DZ-GRSPaV-N10 has strong resemblance to Strain
Syrah, they presented only moderate similarities with
other reference strains, suggesting genetic diversity
among these strains.

Isolates DZ-GRSPaV-N11, DZ-GRSPaV-N13 and
DZ-GRSPaV-N17 showed similarities from 91 to 96%.
Isolate DZ-GRSPaV-N17 and DZ-GRSPaV-N13 exhib-
ited close similarity (96%) with the reference strain BS,
indicating very low genetic variation. In contrast, DZ-
GRSPaV-N11 had 91% similarity with BS, indicating
strong resemblance but slightly greater variation. Com-
pared to other reference strains, these strains had simi-
larity identity percentages of 82 to 84% with GRSPaV-
CGl, 84 to 86% with GRSPaV-MG, and 77 to 78% with
Strain Syrah.

DZ-GRSPaV-N16 had 94% similarity with GRSPaV-
MG, indicating a close relationship and low genetic vari-
ation between these two isolates. Compared to other ref-
erence strains, DZ-GRSPaV-N16 had 91% similarity with
GRSPaV-CGl, 83% with BS, 85% with Strain Syrah, and
approx. 83% with other strains (GRSPaV-PN, ORPN24b,
GRSPaV-LSL, and AV99). These values suggest that DZ-
GRSPaV-N16 shares a strong resemblance with GRSPaV-
MG and GRSPaV-CGl, but moderate similarities with
other strains, indicating genetic diversity from these
other strains.
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Isolate DZ-GRSPaV-N18 had close similarity (99%)
with GRSPaV-CGl, indicating minimal genetic variation
between these two strains. Compared to other reference
strains, DZ-GRSPaV-N18 was similar to DZ-GRSPaV-
N16, 91% similarity with GRSPaV-MG and approx. 83 to
84% for the other virus strains. This indicates that DZ-
GRSPaV-N18 shared strong similarity with GRSPaV-CGl1
and GRSPaV-MG, but moderate similarities with other
strains, confirming genetic diversity among these strains.

The strain ALG99 had 93% similarity with DZ-
GRSPaV-N11 and 94% with DZ-GRSPaV-N13, indicating
strong genetic resemblance between these two strains.
Compared to reference strains, ALG99 had 81% simi-
larity with BS, 78% with GRSPaV-CGl, and 78% with
GRSPaV-MG, indicating greater divergence from these
strains. ALG99 was also 83% similar to GRSPaV-PN,
86% to ORPN24b, 77% to GRSPaV-LSL, and 83% simi-
lar to AV99. These results indicate that while ALG99
had moderate similarity with ORPN24b and AV99, and
ALG99 had more pronounced genetic divergence from
GRSPaV-PN and especially from GRSPaV-LSL. This sug-
gests considerable genetic diversity among these virus
strains.

Phylogenetic analyses

The phylogenetic analysis of the CP gene sequences
of Algerian isolates of GRSPaV, compared to sequences
from other countries, revealed nine distinct groups (Fig-
ure 1). Among these, four contained Algerian sequences:
Group I with one sequence (DZ-GRSPaV-N18), Group
IT with one sequence (DZ-GRSPaV-N16), Group III
with four sequences (DZ-GRSPaV-N17, DZ-GRSPaV-
N13, DZ-GRSPaV-N11, and ALGY99), and Group IV
with four sequences (DZ-GRSPaV-N9, DZ-GRSPaV-N10,
DZ-GRSPaV-N14, and DZ-GRSPaV-N15). This distribu-
tion showed that the Algerian sequences were primarily
in Groups III and IV, which also exhibited intra-group
diversity as well as varied genetic similarities with
GRSPaV sequences from other countries.

The intra-group similarity proportions for the CP
gene of the GRSPaV isolates indicated high genetic
homogeneity within each group. The intra-group simi-
larity was from 96 to 99%, while the inter-group propor-
tions were from 81 to 90%.

The Groups I and VII isolates had the greatest intra-
group similarity (99%), indicating low genetic variation
within these groups. Group VI isolates had 97% similarity,
also close intra-group relatedness. The isolates in Groups
II, IIL, IV, and VIII had lower intra-group similarity per-
centages (95% for Group II, 94% for Groups III and IV,
96% for Group VIII). These results indicate moderate to
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Figure 1. Phylogenetic tree of GRSPaV strains, constructed with sequences of a 662nt fragment of the viral capsid protein (CP) gene,
obtained in this study and retrieved from GenBank, with percentage bootstrap support (=50%) with 1,000 bootstrap replicates indicated on
each tree branch. The CP gene of apple stem pitting virus strain KF321967.1 was used as the outgroup. @ indicates Algerian sequences, and

B indicates the reference sequence for the group.

low genetic variation within these groups. These results
indicate that some GRSPaV groups consisted of genetically
similar strains, while others had greater genetic diversity.
The between group similarity analysis showed that
the GRSPaV isolates in Groups I and IT had 90.47% simi-
larity, indicating close phylogenetic relationship. Similar-
ly, Groups III and V, with 87.97% similarity, had strong

resemblance. In contrast, most of the groups had moder-
ate similarity proportions (80 to 85%) with other groups,
such as Groups II and IV (84.52%), IV and VI (84.49%),
III and VT (85.52%), and VII and IV (84.34%). Isolates in
Group IX had similarities ranging from 41.53 to 43.00%
with other Group isolates, indicating that the Group IX
isolates were genetically distinct from the other groups.
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Grapevine rupestris stem pitting-associated virus isolate ALG99 (PP976048)

.l RNA-dependent RNA polymerase 47 -> 6,532

fed triple gene block protein 1 6,563 -> 7,228
|l triple gene block protein 2 7,230 -> 7,583
B triple gene block protein 3 7,504 -> 7,746
kil coat protein 7,756 -> 8,535

Figure 2. Genome organization of isolate ALG99 of grapevine rupestris stem pitting-associated virus. There are five open reading frames
(ORFs) in the genome. ORF1 encodes RNA-dependent RNA polymerase protein (47 to 6,532 nt). ORF 2 represents triple gene block pro-
tein 1 (TGBp1) (6,563 to 7,228 nt). ORF3 encodes triple gene block protein 2 (TGBp2) (7,320 to 7,583 nt). ORF4 encodes triple gene block
protein 3 (TGBp3) (7,504 to 7,746 nt). The last ORF represents the coat protein (7,756 to 8,535 nt).

Total RNAseq data generated by the Illumina plat-
form included 47,034,642 short reads of 101 bases. In
Geneious software, all RNA reads were paired and
mapped against suspected virus and viroid genomes.
The assembled reads were 8,484 against the sequence
of GRSPaV and produced a consensus sequence of
8,546 bp. The coverage was 96.5% and the GC content
was 43.2%. The sequence covering the whole coding
regions was deposited in GenBank as accession num-
ber PP976048. The genome of GRSPaV isolate ALG99
had five open reading frames. ORF1 codes a RARP with
6,486 nt and 2,161 residues. ORF2 represents triple gene
block protein 1 (TGBpl), with 666 nt and 222 residues.
ORF3 encodes triple gene block protein 2 (TGBp2),
with 354 nt and 118 residues. ORF4 encodes triple gene
block protein 3 (TGBp3), with 243 nt and 81 residues.
The last ORF represents the coat protein gene, with
780 nt and 260 residues. The nucleotide alignment with
the reference virus genome GRSPaV isolate 12G4102D
(MZ484760) was 97.1%, while the amino acid alignments
for each ORF were 98.4% for ORF1, 98.2% for ORF2,
99.1% for ORF3, 98.8% for ORF4 and 99.2% for the coat
protein (Figure 2).

DISCUSSION

GRSPaV is the predominant grapevine virus report-
ed in Algeria, with an infection rate of 57.92% (Bachir
et al., 2019). The prevalence of this virus in Algerian
vineyards is not surprising, as it is a prevalent virus in
many grapevine-producing countries (Martelli, 1993;
Digiaro et al., 1999; Meng and Gonsalves, 2007; Fiore et
al., 2016; Selmi et al., 2017; Morelli et al., 2011). The high

incidence in the vineyards can mainly be attributed to
dissemination through grapevine propagation material.
Natural transmission of GRSPaV has not been described,
although the virus has been reported with high inci-
dence from most regions where grapevines are cultivat-
ed, and in wild grapevines in the Mediterranean basin
(Pacifico et al., 2016; Selmi et al., 2020).

Examination of nucleotide relationships between the
GRSPaV isolates for CP genes showed that similarities
were from 76 to 99%. The Algerian strain DZ-GRSPaV-
N18 exhibited the greatest similarity (99%) with the
CGl1 strain. The analysis showed that some strains are
strongly related. For example, strains DZ-GRSPaV-N09,
DZ-GRSPaV-N10, DZ-GRSPaV-N14, and DZ-GRSPaV-
N15 had high nucleotide similarity but were different
from strains DZ-GRSPaV-N11, DZ-GRSPaV-N13, and
DZ-GRSPaV-N17, which had 92 to 97% similarity. The
two strains DZ-GRSPaV-N16 and DZ-GRSPaV-N18 had
low similarity with each other and with other Algerian
strains. These results are consistent with those reported
elsewhere. Selmi et al. (2020) showed high CP gene vari-
ability of Tunisian strains, with nucleotide similarity
ranging from 71 to 100%. Hu et al. (2015) reported high
variability of Chinese strains, with nucleotide similar-
ity from 82 to 98%. Alabi et al. (2010) reported signifi-
cant genetic variability in strains in the United States
of America, for CP and RdARP genes of GRSPaV, with
nucleotide similarities from 79 to 100%.

A phylogenetic study of the CP gene was carried out
for the strains sequenced and for strains downloaded
from GenBank. The phylogenetic tree constructed con-
firmed the results obtained during the nucleotide com-
parisons of the Algerian strains, and reveals the presence
of nine distinct groups. The Algerian GRSPaV sequences
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obtained from wine and table grape varieties clustered
into four groups: I, II, III, and IV, with the majority
(eight) of the sequences clustered in groups III and IV.
The Selmi et al. (2020) phylogenetic analysis showed that
the Tunisian GRSPaV sequences clustered into four main
groups: I, IL, III, and IV, with group III containing main-
ly strains from commercial grapevines. However, Selmi et
al. (2020) showed the presence of two new groups con-
sisting of Tunisian strains from spontaneous and autoch-
thonous cultivated grapevines. This suggests that con-
fined natural habitats could be sources of virus diversity.
Several studies have examined the distribution of
GRSPaV variants. Meng et al., (2006) reported that phy-
logenetic analyses based on the CP gene for strains from
table and wine grapes in the United States of America,
Canada, and Italy were in Groups I, I, III, and IV. They
reported that 68% of GRSPaV were Group I and II vari-
ants, and 24% were Group III variants, and only 8% were
Group IV variants. Hooker (2017) also reported that
more than 50% of the variants in the United States of
America clustered in Group IV, and 23% were in Group 1.
These virus strain variations may be due to the
broad commercialization of Vitis plant material infect-
ed with these variants. Further studies on the infection
rates of autochthones and wild grapevine varieties are
required to provide understanding of the distribution
and evolution of GRSPaV in different regions of Algeria.
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Summary. Publications between 2000 and 2024 on plant pathogenic species of Heli-
cotylenchus nematodes were reviewed using bibliometric analyses with VOSviewer
software. Sequences in GenBank for the same period were used to reconstruct phy-
logenetic relationships and correctly assign all the Helicotylenchus sequences in the
database. The Scopus database was selected for its professional standards, international
visibility, broad coverage, and controlled-vocabulary thesaurus available for indexing
and retrieving documents. GenBank collects nucleotide sequences and relevant bib-
liographic and biological annotations for sequence analyses. This study highlighted
research trends and specific complexities of working with Helicotylenchus, and the suit-
ability of molecular markers used for identification of the main pathogenic species and
confirmation of occurrence of species complexes or cryptic species.

Keywords. Nematodes, phylogeny, VOSviewer.

INTRODUCTION

Members of Helicotylenchus Steiner, 1945 are emerging concerns because
of their broad host ranges and high numbers in soils (da Silva et al., 2023).
These nematodes are cosmopolitan with more than 230 species distributed
around plant roots, occurring in most soil samples of cultivated and uncul-
tivated soils. They are known as spiral nematodes, through their coiled habi-
tus mortis (Firoza and Magbool, 1994; Decraemer and Geraert, 2006; Uzma
et al., 2015). Helicotylenchus spp. are migratory ectoparasites that complete
their life cycles in the soil, feeding on cortical parenchyma tissues of colo-
nized roots. Several species are semi-endoparasites, penetrating plant tissues
with their anterior body regions (Wouts and Yeates, 1994) attacking outer
cortical tissues of host plant roots, reducing ability of roots to adsorb water
and nutrients (Subbotin et al., 2011; Crozzoli, 2014; Xia et al., 2022). Infesta-
tions of Helicotylenchus spp. do not directly reduce crop yields, so their true
impacts on agricultural production remain unclear.
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Increasing numbers of papers report the wide dis-
tribution of Helicotylenchus, its wide host range, and
association with other plant-parasitic nematodes. A few
Helicotylenchus spp., including H. digonicus Perry, 1959,
H. dihystera (Cobb, 1893) Sher, 1961; H. indicus Sid-
diqi, 1963, H. multicinctus (Cobb, 1893) Golden, 1956,
H. pseudorobustus (Steiner, 1914) Golden, 1956, and
H. oleae Inserra, Vovlas and Golden, 1979, are consid-
ered pathogenic, as they are abundant in soil and cause
damage to agricultural crops and turfgrass (Subbotin
et al., 2015; Rybarczyk-Mydlowska et al., 2019; Mwa-
mula et al.,, 2020; Mwamula and Lee, 2021; Mwamula
et al., 2024). Recently, H. multicinctus, H. dihystera, H.
varicaudatus and H. erythrinae have been reported as
important pathogens of banana (Riascos-Ortiz et al.,
2020), and H. cavenessi, H. microcephalus and H. micro-
lobus are pathogens of agricultural crops and turfgrass
(Subbotin et al., 2011; Mwamula and Lee, 2021; Mwa-
mula et al., 2024).

Helicotylenchus consists in many species with con-
servative morphology but phenotypic plasticity, lead-
ing to potential species misidentification. Subbotin et al.
(2011) demonstrated that H. pseudorobustus is a species
complex exhibiting high intraspecific variability at the
genetic level.
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The present review aimed to explore trends and
research activity in the scientific literature on Helicoty-
lenchus spp., for the five well-characterized pathogenic
species during the period 2000 to 2024. To achieve this,
a bibliometric and sequence analyses in the Scopus data-
base by using VOSviewer software (van Eck and Walt-
man, 2010) and in GenBank database, respectively,
were carried out. The Scopus Database was selected for
the large and multidisciplinary content, its professional
standards, international visibility, broad coverage, and
controlled-vocabulary thesaurus available for indexing
and retrieving documents (Zong et al., 2012; Alryalat et
al., 2019; Baas et al., 2020). The GenBank database col-
lects nucleotide sequences and relevant bibliographic
and biological annotations for sequence analyses.

MATERIALS AND METHODS

The literature search was carried out from the Sco-
pus database (https://www.scopus.com/), using the key-
word “Helicotylenchus” in paper titles, abstracts, and
keyword lists, and selecting studies published from 2000
to September 2024 in indexed journals (Figure 1). No
language restriction was made. The titles of all identified

— S EUEMCES

== 0.5719

R*=0,6232

2014 2015 20ls 2017 2018 2019 2020 2021 2022 2023 2024

Figure 1. Publications and sequence trends relating to Helicotylenchus spp. between 2000 and 2024. The publications were retrieved from
the SCOPUS database and sequences were from GenBank in the subject areas.
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articles and their abstracts were also screened to ensure
reliability of the search.

Bibliometric analysis

Bibliometric network analysis of Helicotylenchus liter-
ature was conducted using VOSviewer software (van Eck
and Waltman, 2010), allowing creation of maps using bib-
liometric data. The output results consisted of maps show-
ing several clusters, in different colours, and links based
on keywords. Each cluster reflects groups of keywords
that are strongly related. In the graphics, each node size
is represented by a circle, the larger the circle at the node
indicates greater the number of references on Helicotylen-
chus spp. The strongest relatedness between terms is also
indicated by curved lines. Each network map can provide
a temporal perspective on average publication per year,
and a density visualization map was produced to indicate
the most important areas of research. The time axis indi-
cates research interest at the beginning of the study peri-
od (blue zone), while the yellow zone indicates the emerg-
ing direction in the research.

All selected papers were further analysed using the
terms ‘co-authorship countries network” and ‘co-occur-
rence’. Co-authorship countries network used the terms
“researchers” and “research institution” for each coun-
try, providing a map with several clusters, in different
colours, linked to each other according to the number
of papers that authors have jointly published. Co-occur-
rence of author keywords analysis, using the Boolean
operators “Helicotylenchus dihystera” OR “Helicotylen-
chus digonicus” OR “Helicotylenchus pseudorobustus”
OR “Helicotylencus indicus” OR “Helicotylenchus mul-
ticinctus” AND “plants”, produced an overlay visualiza-
tion map showing the number of papers in which the
keywords were found, and distance between terms indi-
cate relationships of the terms, while the lines connect-
ing the nodes indicated how many times a specific Heli-
cotylenchus sp. is present on a specific host plant. With
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the requirement that a keyword occurs at least ten times,
4792 keywords met this threshold.

Sequence retrieval

Genbank at NCBI contains multiple types of nucleo-
tide sequences from different sources and directly from
authors, providing an interface for searching, visualiza-
tion, and analysis of sequences.

Using “Helicotylenchus” as query in GenBank, 1113
sequences were found as submitted from 2000 to Sep-
tember 2024 (Figure 1). In addition to making use of
search terms, a manual check was carried out on each
resulting number of sequences per species and per
molecular marker, to ensure accuracy. All sequences of
Helicotylenchus were then re-analysed using the terms
“ribosomal DNA”, “mitochondrial COI gene”, “mito-
chondrial COII gene” and “hsp90”. This analysis also
delivered 1113 sequences, 513 corresponding to D2-D3
expansion domains of the 28S rRNA gene, 291 to partial
18S rRNA gene, 211 to the ITS region, 86 to the mito-
chondrial COI gene, one to COII, and 11 sequences cor-
responding to the hsp90 gene.

The total number of Helicotylenchus sequences was
then screened to obtain ribosomal and mitochondrial
sequences belonging to the five major pathogenic spe-
cies, H. dihystera, H. pseudorobustus, H. digonicus, H.
multicinctus and H. indicus retrieved from 2000 to 2024
(Table 1).

Phylogenetic analysis

The retrieved sequences for D2-D3, ITS and COI
were aligned by MAFFT version X and edited by using
BioEdit software. For D2-D3 alignment, 99 sequences
between lengths 600 and 700 bp were used, with Hop-
lolaimus galeatus (EU626787) used as the outgroup.
For ITS alignment, 100 sequences between lengths 800

Table 1. Helicotylenchus sequences belonging to the five pathogenic Helicotylenchus species that have been released between 2000 and 2024.

Molecular markers

Helicotylenchus Total number of
species ITS 18S 28S COIl COII hsp90 sequences

H. dihystera 71 46 149 4 1 0 271

H. pseudorobustus 10 73 58 10 0 1 152

H. digonicus 9 11 25 3 0 1 49

H. multicinctus 9 5 25 0 0 0 39

H. indicus 2 7 2 0 0 0 11

Total 101 142 259 17 1 2 522
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and 1000 bp long were used, with Rotylenchus pumilus
(JX015436) used as the outgroup. COI, 47 sequences
were used, with Heterodera elachista (MH144207) as
the outgroup. Phylogenetic analyses of both sequence
datasets were based on Bayesian inference (BI), using
MrBayes 3.1.2 (Ronquist and Huelsenbeck, 2003). The
best-fit model of DNA evolution was selected employing
the Akaike Information Criterion (AIC), using JModel-
Test V.2.1.10 (Darriba et al., 2012) for all the datasets: a
general time-reversible model with invariable sites and
a gamma-shaped distribution (GTR + G + I) was used
for COL, a general time-reversible model for ITS and a
gamma-shaped distribution (GTR + G) distributed rates
across sites for 28S. For this analysis, the best-fit models
(including the base frequencies), the proportion of invar-
iable sites, gamma distribution shape parameters, and
the substitution rates derived from the AIC, were subse-
quently applied within Mr Bayes.

The Markov chain Monte Carlo search was carried
out separately for each dataset, using four chains for 2 x
10° generations, sampled at intervals of 100 generations.
Two runs were carried out for each analysis. Following
the elimination of 25% of samples for the burn-in and
evaluating convergence, the remaining samples were
retained for in-depth analyses. The resulting topolo-
gies were used to generate a 50% majority-rule consen-
sus tree, with posterior probabilities (PP) calculated
for appropriate clades. The phylogenetic trees from all
analyses were visualized, using iTOL (Letunic and Bork,
2021), and were edited with GIMP version 2.10.32 (avail-
able at http://www.gimp.org).

RESULTS
Bibliometric analysis

The literature search for Helicotylenchus spp. in Sco-
pus identified 627 documents published between 2000
to September 2024 (Figure 1). These were of three types:
607 were scientific articles (96.8%), 12 reviews (1.9%),
and eight edited book chapters (1.3%). This showed few
papers at the beginning of the temporal period and
increasing and then constant interest in Helicotylen-
chus during the period. The low number of publica-
tions is probably because most Helicotylenchus spp. do
not directly lead to significant reductions in crop yields,
and only a few species are considered as crop pathogens
(Subbotin et al., 2011; Briicher et al., 2019). A total of 160
scientific journals published papers (at least 1 per year)
on Helicotylenchus, but only five journals published large
numbers of papers. These were Nematropica (55 papers),
Nematology (47), Journal of Nematology (38), Archives

Alessio Vovlas et alii

of Phytopathology and Plant Protection (22) and Applied
Soil Ecology (21 papers). The main research topics of
studies on Helicotylenchus spp. were soil nematode com-
munities, molecular and morphological characterization,
and control strategies.

Co-authorship countries network

Figure 2 shows the map of co-authorship analysis
among countries. Reports on occurrence of Helicotylen-
chus spp. were from a total of 89 countries, but using a
threshold of five publications per country, 42 countries
were selected for the co-authorship network map. The
most productive country was the United States of Amer-
ica (USA), with 114 papers, followed by India (64), Brazil
(61), and China (53 papers). Figure 2 shows seven main
clusters in different colours, highlighting high level of
co-operation/collaboration. The USA had strong relation-
ships with many of the countries with the greatest link
strength. Belgium also had strong interactions with oth-
er countries. Of the 480 papers on Helicotylenchus, 221
reported the occurrence of Helicotylenchus spp. in asso-
ciation with nematode communities, and the remaining
papers reported morphological, molecular and phyloge-
netic analyses, and nematode control strategies.

Co-occurrence author keywords

The overlay visualization map (Figure 3) provides
the average publication year for keywords, summariz-
ing the dynamics of old and emerging words. Each
term is represented by a circle, and the size of each cir-
cle depends on the number of publications in which the
term was found, and the distance between two terms
indicates the relationships between them. The close rela-
tionships between terms are also highlight by curved
lines, and the same colour identifies terms strongly
related with each other. Figure 3 shows increasing use
of the keywords H. dihystera and H. multicinctus, fol-
lowed by banana, musa, maize, sugarcane, soybean,
and cotton, during the period assessed. The density
visualization map showed that grain and cereal crops
(Avena spp., Secale spp., Zea spp., Triticum spp.) were
the crops assessed early in the assessment period, and
more recently assessed crops were peanut, coffee, cocoa,
or tomato (brighter yellow colour). The density map
also shows that Helicotylenchus spp. have been found on
numerous woody plants, and that H. multicinctus and H.
digonicus have been recently recorded as pests on date-
palm (Phoenix dactylifera). Several papers have reported
H. digonicus on pines, oaks, and in olive groves, and this
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Figure 2. Co-authorship network map (developed with VOSviewer) showing countries where research on Helicotylenchus spp. has been
carried out between 2000 and 2024. Each node number indicates the number of publications for each country, and the node size indicates

occurrence of keywords.

nematode has been more recently detected on prunus,
peach, and walnut. Research interest in H. pseudorobus-
tus has increased, occurring in Malus sp. and Prunus sp.
orchards.

Sequence analysis

A total of 1113 Helicotylenchus sequences were
recorded in the GenBank database between 2000 and
September 2024, corresponding to 513 sequences for
D2-D3 expansion domains of the 28S rRNA gene, 291
for the 18S rRNA gene, 211 for ITS, 86 for COI, one for
COIL and 11 for hsp90. Forty-seven percent (522) of the
total sequences belonged to the five major known patho-
genic Helicotylenchus species (Table 1), 259 corresponded
with D2-D3 expansion domains of the 28S rRNA gene,
142 to the 18S rRNA gene, 101 to the ITS region, 85 to
mitochondrial COI, one to COII, and two to the hsp90
gene. Table 1 emphasizes the increase of sequence num-
bers during the 2000 to September 2024 period.

Phylogenetic analyses were reconstructed, based on
D2-D3 expansion domains, ITS, and partial mitochon-

drial COI sequences of the major pathogenic Helicoty-
lenchus spp. The topologies of the D2-D3 and ITS trees
agree with those in research literature (Figures 4 and 5),
confirming that several sequences in Genbank were mis-
identified and sometimes displayed sequencing mistakes,
as has been elsewhere reported (Mwamula et al., 2024).
Helicotylenchus pseudorobustus (type A), H. micro-
lobus (type B), and H. digonicus (type A) were closely
related to each other, and H. dihystera showed sister rela-
tionships with these three species types. Helicotylenchus
digonicus (type B) grouped with H. crassatus. Presence
along the tree of different sequence groups erroneously
indicates presence and occurrence of species complexes.

DISCUSSION

The main objective of this study was to evaluate
reported research on Helicotylenchus, with particular
focus on the major pathogenic species, and spatio-tem-
poral trends between 2000 and September 2024. The
increasing trend in annual numbers of publications on
Helicotylenchus spp. reflects increasing interest by the
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Figure 3. Cluster visualization of co-occurrence keywords for host plants and five plant pathogenic Helicotylenchus species. Each node num-
ber indicates the number of documents for the keywords, and the size of each node indicates the occurrence of the keywords. Different
colours represent groups of terms that are strongly related to each other, and the curved lines indicate strong relationships between terms.

international nematologist community (Figure 1). The
analysis of authorships and collaboration showed that
researchers from the USA were the greatest contributors,
followed by those from China, India, and Brazil (Figure
2), and that USA researchers have most collaborations
with other countries. The keyword co-occurrence net-
work map showed that the plant pathogenic Helicoty-
lenchus species, particularly H. dihystera and H. mul-
ticinctus and their host plants are increasingly impor-
tant research topics (Figure 3). The density visualization
map showed that pathogenic Helicotylenchus species
mainly attack banana, followed by musa, maize, sugar-
cane, soybean, and cotton, and this map also showed
that grain and cereal crops (Avena spp., Secale spp.,
Zea spp, Triticum spp.) were the earliest studied in the
review period, with other crops more recently attracting
researcher attention. Pathogenic Helicotylenchus species
have also been found on several woody plants in recent
years. These observations indicate that climate changes
may have increasingly act affected Helicotylenchus abun-
dance, and new crops can be attacked and new pathogen
species may evolve.

Helicotylenchus comprises more than 230 spe-
cies, and most of these have conserved gross morphol-
ogy, so molecular identification followed by sequencing

of molecular markers has been useful to discriminate
among species. This has been confirmed by the increas-
ing number of sequences in GenBank over the 2000
to 2014 period (Figure 1). Most sequences in GenBank
belong to the most important plant pathogenic species
of Helicotylenchus (Table 1). Several publications have
reported incorrect sequences present in the public data-
base, due to sequencing errors, misidentifications, and
identification errors based on nematode morphology.
In the present review, all D2-D3 and ITS sequences of
the pathogenic Helicotylenchus, released in the database
until September 2024, were used for phylogenetic analy-
ses to correctly identify Helicotylenchus species by clus-
ters. The phylogenetic trees illustrated in Figures 4 and 5
have identical topologies, showing that H. pseudorobustus
sequences form three subgroupings (92% support), one
containing the sequences of H. pseudorobustus, the sec-
ond containing sequences identified as H. digonicus type
B, and the third with sequences belonging to H. micro-
lobus, as has been reported by Subbotin et al. (2015) and
Mwamula et al. (2020). This confirms that H. pseudoro-
bustus and H. microlobus are valid species, closely related
but genetically distinct from each other. Helicotylenchus
digonicus populations clustered in different groupings,
types A and B, suggesting possible existence of spe-
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Figure 4. Phylogenetic relationships among the five pathogenic Helicotylenchus species, as indicated using a Bayesian 50%
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consensus tree inferred from D2-D3 expansion domains of the 28S rRNA gene sequence alignment under a transversional with gamma-
shaped distribution model (GTR + G). Posterior probabilities of greater than 0.50 are given for appropriate clades, and the scale bar indi-

cates expected changes per site.
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Figure 5. Phylogenetic relationships among the five pathogenic Helicotylenchus species, as indicated using a Bayesian 50% majority rule
consensus tree inferred from ITS sequence alignment under a transversional with gamma-shaped distribution model (GTR+ G). Posterior
probabilities of greater than 0.50 are given for appropriate clades, and the scale bar indicates expected changes per site.
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Figure 6. Phylogenetic relationships among the five pathogenic Helicotylenchus species using Bayesian a 50% majority rule consensus tree as
inferred from COI sequence alignment, under a transversional with correction for invariable sites and a gamma-shaped distribution model
(GTR + I + G). Posterior probabilities of more than 0.50 are given for appropriate clades. The scale bar indicates expected changes per site.

cies complexes or cryptic species, and further study is  species group are separated from the others. It is interest-
required to elucidate this suggestion. The mMitochon-  ing to note that only H. pseudorobustus and H. oleae COI
drial COI phylogenetic tree (Figure 6) confirms that each  sequences contain stop codons, indicating genetic code
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alterations or the occurrence of pseudogenes (Palomares-
Rius et al., 2018; Rybarczyk-Mydlowska et al., 2019).

In conclusion, our observations reveal an increase
of host plants infected by Helicotylenchus spp. and this
could be explained by the species complexes of these
nematodes. Identification of Helicotylenchus spp. there-
fore required polyphasic approaches, combining mor-
phology, molecular and phylogenetic analyses, to cor-
rectly discriminate Helicotylenchus species, and through
that knowledge, development of effective nematode man-
agement strategies. Bibliometric analysis is a method
that can be useful for understanding past research, and
development of new knowledge leading to worthwhile
research advances.
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Juprt KOLOZSVARINE NAGY?, J6zser FODOR?, ZortAN BOZSO!, JANOS
AGOSTON>*, Dines DLAUCHY3, LAszré PALKOVICS>#5, LORANT
KIRALY?, ANDRAs KUNSTLER?, ILp1iké SCHWARCZINGER!

IHUN-REN Centre for Agricultural Research, Plant Protection Institute, Budapest, Hun-
gary

2 HUN-REN-SZE PhatoPlant-Lab, Széchenyi Istvdn University, Mosonmagyarévdr, Hun-
gary

3 National Collection of Agricultural and Industrial Microorganisms, Institute of Food Sci-
ence and Technology, Hungarian University of Agriculture and Life Sciences, Budapest,
Hungary

# Department of Plant Sciences, Albert Kdzmér Faculty of Mosonmagyardvdr, Széchenyi
Istvan University, Mosonmagyardévdr, Hungary

* Agricultural and Food Research Centre, Albert Kazmér Faculty of Mosonmagyarovdr,
Széchenyi Istvan University, Mosonmagyarévdr, Hungary

*Corresponding author. E-mail: agoston.janos123@gmail.com

Summary. In spring of 2023, leafy gall symptoms were detected on plants of evergreen
candytuft (Iberis sempervirens ‘Pink Ic€’) in Hungary. Bacteria isolated from gall-like
tissues of short, stunted shoots, and showing a characteristic appearance on selective
culture media were investigated using bacteriological and molecular methods, and
phylogenetic analysis. Nucleotide sequences of the 16S rRNA gene, fasD and vicA
genes were determined. Pathogenicity of selected isolates was confirmed on garden
pea (Pisum sativum “Tristar’). Characterization of the investigated isolates indicated the
presence of Rhodococcus fascians in 1. sempervirens. This is the first report identifying
the causal agent of leafy gall from this plant in Hungary.

Keywords. Bacterial plant disease, evergreen candytuft, fasciation.

INTRODUCTION

Evergreen candytuft (Iberis sempervirens L., Brassicaceae) is a popu-
lar ornamental subshrub plant which is native to the Mediterranean basin
(POWO, 2024). One of its bacterial pathogens (Putnam and Miller, 2007)
is the Gram-positive Rhodococcus fascians (Tilford 1936) Goodfellow
1984 [syn. Rhodococcoides fascians (Tilford 1936) Val-Calvo and Vazquez-
Boland 2023], the only known phytopathogenic Rhodococcus species. This
pathogen impairs development and growth of a wide range of host plants,
including developmental abnormalities, many of which can be mimicked
by application of the plant hormone cytokinin (Jameson et al., 2019). These

Phytopathologia Mediterranea 63(3): 465-473, 2024
ISSN 0031-9465 (print) | ISSN 1593-2095 (online) | DOI: 10.36253/phyto-15357


http://www.fupress.com/pm
https://doi.org/10.36253/phyto-15357
https://doi.org/10.36253/phyto-15357
https://creativecommons.org/licenses/by/4.0/legalcode
https://creativecommons.org/publicdomain/zero/1.0/legalcode
https://orcid.org/0009-0000-4385-2447
https://orcid.org/0000-0002-5420-1559
https://orcid.org/0000-0002-4608-775X
https://orcid.org/0000-0002-1088-4271
https://orcid.org/0000-0003-4425-6684
https://orcid.org/0000-0002-1850-6750
https://orcid.org/0000-0001-9769-8297
https://orcid.org/0000-0002-3473-1181
https://orcid.org/0009-0007-9353-3920
mailto:agoston.janos123@gmail.com

466

growth disorders include hyperplasia, stunting and for-
mation of leafy galls, which are masses of differentiated
tissues compacted into small spaces (Cornelis et al.,
2001; Putnam and Miller, 2007; Stes et al., 2013). These
galls can reduce host plant vigour and make affected
plants unmarketable. Rhodococcus fascians infections
are often not obvious due to the bacterium’s ability to
be latent or to induce mild symptoms, which may lead
to rapid spread by vegetative host propagation material
(Putnam and Miller, 2007). To avoid severe econom-
ic losses, sanitation and prevention are the primary
means of disease management, because the pathogen
can spread in plant sap and on cultivation tools (Gor-
don et al., 2024).

Leafy gall was first reported nearly 100 years ago
from the United States of America on sweet peas (Lath-
yrus odoratus L.) (Brown, 1927). The disease is now
widely distributed (CABI, 2022), and R. fascians is a
regulated non-quarantine pest based on Regulation
2019/2072 of the European Union concerning Rubus
plants, with a 0% threshold for the planting material
(EU, 2019). Accordingly, a policy in the Netherlands
requires abnormal Lilium bulbs to be destroyed dur-
ing flower bulb production (de Best et al., 2000). Dur-
ing regular visual assessments of Hungarian perennial
plant nurseries in 2023, unusual, leafy gall-like symp-
toms were observed on some Iberis plants in container
production.
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MATERIALS AND METHODS

Sources of plant material, visual assessments and isolation
of the potential pathogen

In spring of 2023, a general visual assessment of sev-
eral Iberis sempervirens cultivars was carried out at four
major Hungarian perennial plant nurseries, which pro-
duce approx. 50% of the total perennial plant output of
the country. At each nursery, all potted plants were sep-
arated from the soil by a drainage layer and weed barrier
cloth. The Iberis cuttings had originated from Germany
and the Netherlands in autumn 2022. During spring of
2023 plants of I. sempervirens ‘Pink Ice’, a popular Iberis
cultivar with narrow leaves and racemes of pale pink
flowers, showed characteristic symptoms of leafy gall in
two nurseries. The symptomatic plants had leafy galls,
which developed primarily at the plant bases (Figure 1).
Based on these symptoms, plant material was collected
and tested for the presence of R. fascians.

Symptomatic stems and leaves of the collected plant
samples were homogenized without surface disinfection
using mortar and pestle in phosphate buffered saline
(PBS) pH 7.4, prior to dilution plating onto cyclohex-
imide-amended (100 ppm) D2 agar (Kado and Heskett,
1970) plates. This medium favours growth of Rhodococ-
cus spp. (syn. Corynebacterium spp.). Inoculated plates
were incubated in the dark at 27°C (Klement et al., 1990)
for 4 days, after which small, circular, convex, mucoid

Figure 1. Symptoms of leafy gall detected on Iberis sempervirens ‘Pink Ice’ plants. A: Dense clusters of deformed leafy shoots (red arrows),
compared to symptomless I. sempervirens ‘Fischbeck’ plants (B and C).
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and glistening orange shade colonies were selected for
purification and organism identification.

Characterization of pathogenic isolates

Phenotypic characterization of selected isolates was
carried out according to standard methods (Klement et
al., 1990; Schaad et al., 2001) using the R. fascians strain
NCAIM B.01614 isolated by W.J. Dowson from chrysan-
themum as a reference strain.

Genomic DNA was extracted from 23 colonies by
suspending them in 50 pL sterile nuclease-free water,
then boiling (10 min at 99°C) and centrifuging (10 min
at 4°C, 16700 g) each bacterial suspension separately.
Supernatants were used as templates for PCR-ampli-
fication of the partial 16S rRNA gene using universal
primers 27F/1492R (Lane, 1991), while the fasD (encod-
ing isopentenyltransferase) gene fragment amplified
with fasD-F/FasD-R primer pair, and the vicA (encod-
ing malate synthase) gene fragment amplified with the
vicA44-F/vicA737-R primer pair were used according to
Park et al. (2021) (Table 1).

DNA sequencing of the PCR amplified products of
the three loci were carried out for species identification of
the bacterial isolates. The isolated bacteria were identified
mainly on the basis of 16S rRNA and the virulence gene
fasD sequence analyses, while vicA was used to compare
the relationships among the Rhodococcus strains.

Amplified DNA products of two isolates (IsHul and
IsHu2) and the strain NCAIM B.01614 were selected for
sequence analysis and were purified using a high pure
PCR product purification kit (Roche) according to the
manufacturer’s protocol. The sequences obtained (Mac-
rogen Europe BV, Amsterdam, The Netherlands) were
compared with publicly available sequences of plant-
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associated Rhodococcus strains derived from NCBI data-
bases by BLAST (https://blast.ncbi.nlm.nih.gov/Blast.
cgi), and were used to construct a phylogenetic tree of
26 Rhodococcus isolates and a Streptomyces strain as the
outgroup. Phylogenetic analysis was carried out using
MEGA software version 11 (Tamura et al., 2021) after
multiple alignments of sequence data were achieved
using the ClustalW algorithm. The amplified 16S rRNA,
fasD, and vicA gene regions were concatenated into a
single data set of 2406 sites, and were incorporated into
a single phylogenetic tree using the Maximum Likeli-
hood method and Tamura-Nei model (Tamura and Nei,
1993).

Pathogenicity tests

Pathogenicity tests were carried out according to
Dhaouadi et al. (2021), with modifications. Germinated
seeds of garden pea (Pisum sativum L. ‘“Tristar’) were
inoculated with 19 bacterial isolates carrying the fasD
gene. Following surface disinfection, the pea seeds were
placed between moistened sterile blotting papers in 9 cm
Petri dishes in the dark at constant 20°C for 4 days. The
germinated seeds were then inoculated by shaking in
bacterial suspensions (1028 CFU mL™) for 2 h at 125 rpm
at room temperature. Treatment with PBS served as a
negative control. Three seeds inoculated with each isolate
were then sown into autoclaved soil-peat mixture (1:1),
and were incubated in a growth chamber at 25°C/20°C
16 h/8 h light/dark cycles for 14 days. Re-isolations of R.
fascians from symptomatic seedlings inoculated with iso-
lates IsHul or IsHu2, or from a PBS-treated negative con-
trol plant, were carried out following the isolation proce-
dure described above, and pathogen identity was assessed
by colony PCR using fasD-specific primers.

Table 1. Oligonucleotide primers and PCR conditions applied in the present study.

Cycling conditions
denaturation (initial

Primer Nucleot)id sequence Target Aizglgltc}? " and. repeated),' Reference
(5>3) gene (bp) annealing, extension,
cycle number, final
extension
27F AGAGTTTGATCMTGGCTCAG 95°C / 5 min, 95°C
/30s,59°C/ 30s,
1492R GGTTACCTTGTTACGACTT I6SIRNA 1517 250 1 90 s, 35, 720¢ Lane 1991
/5 min
fasD-F ATTGTTGTTGCCGACCGTATC 95°C / 3 min, 95°C
fasD-R AAGGACGCCGTGCTCGACATAC JasD 373 /20s,55°C/30s, Parketal,
vicA44-F TCCTATTCGATTTCGTCGAGAAG vicA 604 72°C / 60 s, 40, 72°C 2021

vicA737-R GGGTCGATCTGGATCTCGAA

/ 10 min
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A further pathogenicity test was carried out with the
three selected isolates (IsHul, IsHu2, and IsHu3), which
had caused characteristic symptoms. The strain NCAIM
B.01614 was used as a positive control and PBS was used
as the negative control.

The numbers and lengths of plant shoots grown
from ten treated seeds per isolate were measured at 14
days post-inoculation. Means and standard deviations
for these data were calculated and statistical analysis was
performed using the Kruskal-Wallis test with Statistica
software (StatSoft, Inc.).

RESULTS

During surveys conducted in 2023 in nurseries in
Hungary, abnormal growth of Iberis sempervirens plants
was observed at two different locations (Table 2).

Table 2 shows marked susceptibility of the cultivar
‘Pink Ice’, as compared to other cultivars assessed. During
the 2023 growing season, the symptomatic plants became
severely weakened and they were unable to overwinter.

Following isolations of bacteria from symptomatic
plant samples, colonies typical of R. fascians formed on
D2 agar, nutrient-broth yeast extract agar (NBY), and 1%
glucose nutrient agar (GNA). The isolated bacteria were
Gram-positive, aerobic, non-motile, with urease activ-
ity, were unable to grow at 36°C, and did not tolerate 7%
sodium chloride, in line with data outlined by Klement et
al. (1990) and Schaad et al. (2001).

Nineteen isolates tested were positive by PCR for
the plasmid-associated virulence gene fasD, which is
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present in the fasciation (fas) operon in R. fascians,
while the chromosomal malate synthase gene vicA was
found in all 23 isolates. Sequence analyses showed that
isolates IsHul and IsHu2 had 100% sequence iden-
tity within 16S rRNA, fasD and vicA gene fragments.
Comparison with sequences available in GenBank
indicated that isolate IsHul belonged to R. fascians.
The sequences of IsHul and NCAIM B.01614 were
deposited in NCBI GenBank under accession num-
bers PP125720 and PP125739 for the partial 16S rRNA
gene, PP130585 and PP130586 for fasD, and PP130584
and PP130587 for vicA.

Rhodococcus isolates used for sequence analyses and
construction of a phylogenetic tree are shown in Table 3.

The 16S rRNA gene sequence comparisons in
NCBI GenBank revealed 100% identity between iso-
late IsHul and the plant-associated R. fascians strains
D188, 15-508-1b and YWS4-1 (Table 4). The fasD gene
sequence obtained from isolate IsHul showed 100%
identity with the type strain R. fascians D188, and
with several other Rhodococcus isolates (Table 4). The
sequence of the vicA gene of isolate IsHul shared >99%
identity with R. fascians strains NBRC 12155 = LMG
3623 (99.83%), YWS8-2 (99.66%), A78 (99.49%) and
YWS3-1 (99.49%) (Table 4).

Sequences of 16S rRNA, fasD and vicA genes were
concatenated into one combined alignment, which was
used for Maximum Likelihood tree inference. IsHul
was closely related to strains D188 and 15-508-1b in the
phylogenetic tree (Figure 2). The strain NCAIM B.01614,
which served as a positive control in the artificial inocu-
lation experiments, clustered in the same clade as IsHul,

Table 2. Leafy gall incidence (assessed visually) for different Iberis cultivars at different nurseries in Hungary in 2023.

Total number of plants

Location Assessment date Cultivar Disease incidence (%)
assessed
Northwest Great Plain April 17 Appen-Etz 0 1200
Fischbeck 0 1200
Golden Candy 0 520
Nevina 0 1200
Western Transdanubia April 21 Appen-Etz 0 1600
Fischbeck 0 3200
Pink Ice 100 408
Schneeflocke 0 1680
Northwest-Transdanubia April 24 Absolutely Amethyst 0 520
Appen-Ezt 0 1040
Snowsurfer Compact 0 1040
Southeastern Great Plain May 5 Appen-Etz 0 9360
Golden Candy 0 1560
Pink Ice 10.22 74880
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Table 4. Sequence identities (%) for the 16S rRNA, fasD and vicA
genes between Rhodococcus fascians IsHul and other isolates used
for construction of the phylogenetic tree.

Homology (%)

Isolate

16S rRNA  fasD vicA
R. fascians D188 100.00 100.00 98.62
R. fascians 15-508-1b 100.00 100.00 98.97
R. fascians YWS4-1 100.00 100.00 97.04
R. sp. 05-2221-1B 99.76 100.00 87.19
R. sp. 14-2496-1d 99.76 100.00 87.39
R. fascians A76 99.76 100.00 88.40
R. fascians A21d2 99.76 None 87.39
R. sp. 14-2483-1-1 99.76 100.00 87.59
R. fascians NCAIM B.01614 99.44 100.00 98.62
R. fascians A78 99.36 100.00 99.49
R. fascians YWS8-2 99.36 100.00 99.66
R. fascians YWS1-1 99.36 100.00 97.92
R. fascians A3b 99.36 100.00  98.97
R. fascians NBRC 12155=LMG 3623  99.36 100.00 99.83
R. fascians YWS3-1 99.36 100.00 99.49
R. sp. 05-2254-3 99.20 100.00 88.59
R. fascians A25f 99.12 97.05 86.38
R. sp. 05-339-2 99.04 100.00 86.99
R. fascians A73a 98.08 100.00 75.14
R. fascians 02-815 98.08 100.00 77.02
R. fascians A44A 98.08 100.00 75.38
R. sp. 06-156-4 98.08 100.00 77.02
R. sp. 15-1189-1-1a 98.01 100.00 76.08
R. kyotonensis DS472 97.93 None 75.85
R. corynebacterioides DSM 20151 96.33 None 70.73
Streptomyces sp. NEAU-BLH26 89.71 45.76 45.39

along with YWS strains isolated from symptomatic lilies,
as well as strains A3b, A78, and LMG 3623 (Figure 2).
During the pathogenicity test with 19 bacterial iso-
lates, all of the inoculated plants showed characteristic
symptoms of shoot proliferation, stunting, and hyper-
trophy, as compared to the control plants, that grew
normally (Figure 3). There were no differences among
severity of disease symptoms caused by these 19 isolates.
Therefore, two groups of plants displaying character-
istic symptoms (inoculated respectively with IsHul or
IsHu2) were selected for re-isolation to assess fulfilment
of Koch’s postulates. Rhodococcus fascians was re-isolat-
ed from symptomatic seedlings that had been artificially
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Figure 2. Evolutionary analysis of homologous sequences of concat-
enated 16S rRNA, fasD and vicA genes in Rhodococcus spp., which
was conducted with the Maximum Likelihood algorithm in MEGA
11 using the bootstrap method and the Tamura-Nei model. The
percentages of replicate trees in which the associated taxa clustered
together in the bootstrap test (1000 replicates) are shown next to
the branches; only values >50% are shown at branch points. Rho-
dococcus fascians IsHul is shown in bold type. The scale bar repre-
sents the number of substitutions per site.

inoculated with isolates IsHul or IsHu2, and its iden-
tity was confirmed through colony PCR using the fasD-
specific primers. The bacterium was not present in PBS-
treated control plants.

Inoculations of pea plants with the selected bacterial
isolates IsHul, IsHu2, and IsHu3 increased the numbers
of shoots by 5.6- to 7.1-fold, and reduced shoot lengths
by 72 to 79%, as compared to the untreated controls. The
Kruskal-Wallis non-parametric test revealed no differ-
ences (P < 0.05) among mean numbers and lengths of
shoots 2 weeks after inoculation with different isolates,
including the positive control inoculation with strain
NCAIM B.01614 (Table 5).

Table 5. Mean shoot lengths and numbers for pea plants inoculated
14 days previously with different Rhodococcus fascians isolates.

Mean shoot lengths ~ Mean numbers of

Inoculation treatments

(mm) (+ SE) shoots (+ SE)
IsHul 27.4+56b 56+06a
IsHu2 268+ 4.5b 57+06a
IsHu3 19.8+29b 71+£05a
NCAIM B.01614 257+45b 6.0+08a
PBS control 96.5+88a 1.0+ 00b
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Figure 3. Pathogenicity assessments for Rhodococcus fascians isolate IsHul. Typically small, distorted shoots developed from artificially
inoculated Pisum sativum ‘Tristar’ seeds (photos A, D2, D3, and E), and similarly after inoculation with isolate NCAIM B.01614 used as a
positive control (B). The negative control plants (C, and D1) developing from seeds treated with PBS showed normal growth. These photos
were taken at 14 days post-inoculation. Typical orange R. fascians colonies formed on D2 agar plates (F).

Inoculations were carried out with three selected
R. fascians isolates (IsHul, IsHu2, IsHu3) and strain
NCAIM B.01614 on pea (Pisum sativum ‘Tristar’) seed-
lings raised from ten seeds per isolate. The number and
lengths of shoots were recorded 2 weeks after inocula-
tion. Means and standard errors (SE) were calculated
from ten replicates. Statistical analyses were carried out
using the Kruskal-Wallis test and Statistica software
(StatSoft Inc.). Different lowercase letters in each column
indicate differences (P < 0.05) between means.

DISCUSSION

Of the Iberis sempervirens cultivars assessed in the
nurseries, only ‘Pink Ice’ plants had leafy gall symptoms.
Each nursery growing this cultivar had symptomatic
plants at the time of the visual assessment. The affected
plants were unmarketable and had to be destroyed to
prevent further spread of the infections.

The present study showed that the severe leafy gall
symptoms on I. sempervirens ‘Pink Ice’ in 2023 in Hun-

gary were caused by R. fascians. Phylogenetic analysis of
the pathogen was employed on the aligned 16S rRNA,
fasD and vicA gene sequences. The virulence gene fasD is
usually present in pathogenic R. fascians isolates (Savory
et al., 2020). Pathogenicity of R. fascians requires a clus-
ter of three loci present on a linear plasmid, of which
the fasciation (fas) operon plays a core role in virulence
(Creason et al., 2014b) through local and persistent
secretion of an array of synergistically operating cyto-
kinins which bring about continuous tissue prolifera-
tion (Pertry et al., 2009; 2010). The fasD-coded isopen-
tenyltransferase protein is a pivotal factor in symptom
initiation (Pertry et al., 2010). On the other hand, vicA
is a chromosomal gene encoding malate synthase G of
the glyoxylate shunt of the Krebs cycle. Although this
gene is not associated with the pathogenic phenotype, it
is a suitable marker for phylogenetic reconstructions in
Rhodococcus (Savory et al., 2017), as it exhibits greater
sequence variation than the 16S rRNA gene, allowing for
better discrimination among bacterial strains.

The present study results showed that the nucleotide
sequences of R. fascians isolate IsHul obtained had high
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overall similarity with those of R. fascians 15-508-1b and
the well-characterized virulent R. fascians model strain
D188, based on sequence homology of 16S rRNA, fasD
and vicA gene fragments.

To date in Hungary R. fascians has been identified
only from geranium (Pelargonium x hortorum L. H. Bai-
ley) (Siile, 1976). This bacterium is known for its ability
to infect a variety of plant hosts (Dhaouadi et al., 2020),
including two species of Iberis (I. gibraltarica L. and L
sempervirens L.) (Putnam and Miller, 2007). However,
the present study is the first to report R. fascians from
a cultivar of I. sempervirens, but also from this plant in
Hungary.

The severe outbreak of R. fascians reported here
may imply that the propagation material used could
have been contaminated with the pathogen. Putnam
and Miller (2007) suggest that non-pathogen-free prop-
agating material was probably the primary means by
which R. fascians can be introduced into non-infested
areas. The present report may contribute towards fur-
ther research on the control of R. fascians, which is still
based on pathogen prevention.
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Outbreak of Xylella fastidiosa subsp. pauca ST53
affecting wild and cultivated olive trees on the
island of Mallorca, Spain
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Summary. The Balearic Islands have emerged as a hotspot for the invasive plant path-
ogen Xylella fastidiosa (Xf). Since 2016, the Xf subsp. fastidiosa and multiplex have
been detected causing almond leaf scorch and Pierce’s disease on the island of Mal-
lorca, Spain, and a new sequence type (ST), ST80, of subsp. pauca is infecting wild and
cultivated olive trees on the island of Ibiza. In addition, Xf subsp. multiplex ST81 is
widespread in scrublands, and causes mild, sub-lethal dieback of wild olive trees in
Menorca and Mallorca. A new outbreak is here reported of the Xf subsp. pauca in the
municipality of Sencelles in the centre of Mallorca island. In early 2024, dying patches
were observed in wild olive trees (Olea europaea var. europaea subsp. sylvestris). Sam-
ples from these trees were Xf-positive in different qPCR tests, and the pathogen was
subsequently identified as belonging to ST53 of subsp. pauca, the same genetic variant
responsible for olive quick decline syndrome in Apulia, Italy. More than 184 plants of
eight hosts have tested positive for subsp. pauca within a demarcation zone of approx.
1 km radius. The identified host species include 124 wild olive trees, 40 cultivated olive
trees, nine Rhamnus alaternus, six Nerium oleander, two Lavandula angustifolia, one
Laurus nobilis, one Lavandula dentata and one Polygala myrtifolia. Of particular con-
cern is detection of co-infections by Xf subsp. subsp. pauca and multiplex on plants
from natural settings (wild olives, L. dentata and R. alaternus), posing potential risk of
genetic recombinations. Intensive surveys are being carried out to contain the spread
of ST53, and infected plants have been destroyed in the demarcated zone.

Keywords. Genetic diversity, olive quick decline syndrome, invasive pathogens, Multi-
Locus Sequence Typing (MLST), disease outbreak.
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INTRODUCTION

The vector-borne plant pathogenic bacterium Xylella
fastidiosa (Xf) has recently emerged as a threat to agri-
culture in southern Europe. Following its first detec-
tion in Apulia (Italy) in 2013, associated with the rapid
decline syndrome of olive trees (Saponari et al., 2013),
the European Union (EU) took decisive action with
mandatory surveys to contain possible spread of the
pathogen within the EU (Reg. EU 2016/2031). The three
main subspecies of Xf have since then been detected, and
their establishment confirmed, in several southern Euro-
pean countries, including the island of Corsica and the
Balearic Islands (Saponari et al., 2013; Denance et al.,
2017; Landa et al., 2020; Olmo et al., 2017; Carvalho-Luis
et al., 2022).

The Balearic Islands have become a hotspot for
establishment of genetic diversity of this pathogen,
which originated from North, Central and South Amer-
ica. Since 2016, the three main subspecies of X, fastidi-
osa, multiplex, and pauca, have been detected, along
with unique genotypes such as the sequence type (ST)
81 (from subsp. multiplex) on the islands of Mallorca
and Menorca, and the ST80 (from subsp. pauca) on the
island of Ibiza (Olmo et al., 2021). Subspecies fastidiosa,
and in particular ST1, is only known on Mallorca island,
where it caused severe outbreaks of Pierce’s disease of
grapevines and leaf scorch of almond (Moralejo et al.,
2019; Moralejo et al., 2020). Some evidences suggest that
the genotypes responsible for Pierce’s disease (ST1) and
almond leaf scorch (ST1 and ST81) in Mallorca were
likely a single introduction via infected plant material
from California, in approx. 1993 (Moralejo et al., 2020;
Velasco-Amo et al., 2022).

METHODS

Early in 2024, plant health inspectors in the Balearic
Islands noticed an unusually severe decline in a stand of
wild olive trees (Olea europaea subsp. europaea var. syl-
vestris) (Figure 1). Samples from different tree branches
were collected, were pooled, and then sent to the Balear-
ic Islands Official Plant Health Laboratory (LOSVIB) for
analyses. Sample extracts were prepared by homogeniz-
ing 0.5 g of leaf petioles in an extraction bag (BIORE-
BA®) and grinding them in 5 mL (1:10 weight:volume) of
phoshate buffered saline (PBS) using a semi-automated
homogenizer (Homex 7; BIOREBA®).

Total DNA extraction was carried out using 200 pL
of each sample extract, and the EZNA HP Plant Mini kit
(Omega-Biotek), which employs a CTAB-based method,

Eduardo Moralejo et alii

Figure 1. A group of wild olive trees with severe symptoms of quick
decline syndrome. This photograph was taken at focus 0 near the
municipality of Sencelles, Mallorca Island, Spain, where Xylella fastid-
iosa subsp. pauca ST53 was found for the first time in January 2024.

as described in the EPPO protocol (EPPO, 2023). The
DNA extracts were subsequently tested for the presence
of Xf by quantitative real-time PCR (qPCR), according
to Harper et al. (2010). Aliquots of DNA from the Xf
positive samples from the wild olive tree were sent to the
Institute for Sustainable Agriculture (IAS-CSIC), Cérdo-
ba, Spain, for ST determination, which was carried out
by conventional MultiLocus Sequence Typing (MLST)
analysis (Yuan et al., 2010). A nested-MLST (Cesbron et
al., 2020) analysis was used when not enough amplifica-
tion product for direct sequencing was obtained when
using the conventional MLST approach.

RESULTS AND DISCUSSION

MLST analyses identified the presence of alleles
leuA-7, petC-6, malF-16, cysG-24, holC-10, nuoL-16 and
gltT-14 associated with Xf subsp. pauca ST53 in the
affected wild olive tree. Additionally, the qPCR proto-
col of Dupas et al. (2019) validated the diagnosis as Xf
subsp. pauca.

After confirming the diagnosis and recognizing the
potential devastating impact if this subspecies were to
spread, the phytosanitary authority of the Balearic Gov-
ernment implemented a targeted action plan. This includ-
ed increasing surveys and intensive sampling in the area
of the new outbreak. Additional measures were also estab-
lished to those already in place from the current Regula-
tion (EU) 2016/2031. These included analyses to deter-
mine the subspecies present in all the Xf-positive samples,
in collaboration with the Valencian Institute of Agricul-
tural Research (IVIA), using the qPCR protocols devel-
oped by Dupas et al. (2019) and Hodgetts et al. (2021).

Since the first detection in January 2024 and up to
December 2024, a total of 1,328 samples from within
the disease outbreak area have been analyzed. This has
shown that 184 plants were infected by Xf subsp. pauca,
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Table 1. Host plant species, numbers of plants analysed, and numbers infected by different subspecies Xylella fastidiosa (Xf), in single or in
mixed infections, in the outbreak of subspecies pauca around the locality of Sencelles (Mallorca island, Spain)

Xylella fastidiosa subspecies®

Hosts Total Xf 0 .

analyzed positive* pauca  mutliplex fastidiosa pauc a/ p a?,tc.a/ mult.zp.lex/
multiplex  fastidiosa  fastidiosa

Laurus nobilis 6 2 33 1

Lavandula angustifolia 8 8 100 2 6

Lavandula dentata 6 5 83 4 1

Nerium oleander 22 6 27 6

Olea europaea var. europaea subsp. europaea 57 41 72 37 1 3

Olea europaea var. europaea subsp. sylvestris 929 155 17 106 29 2 18

Polygala myrtifolia 1 1 100 1

Prunus dulcis 8 1 13

Rhamnus alaternus 190 26 14 5 8 6 3 1 2

Salvia rosmarinus 23 19 83 19

Thirteen other plant species 78 -

Totals 1328 264 19.88 157 69 8 26 1 2

2 Diagnoses performed using the qPCR test of Harper et al. (2010).

b Subspecies assignation based on the qPCR tests as described by Dupas ef al. (2019) and Hodgetts et al. (2021).

and eight different hosts tested positive for Xf subsp.
pauca, from within a demarcated zone (approx. 1 km
radius) around the first disease detection. The infected
host species include 124 wild olive trees, 40 cultivated
olive trees, nine Rhamnus alaternus plants, six of Neri-
um oleander, two of Lavandula angustifolia, and one
each of Laurus nobilis, Lavandula dentata and Polygala
myrtifolia (Table 1).

Despite the numerous cases of Xf subsp. pauca
infections detected (Table 1), all cases analyzed by
MLST, up to present, and within the initial focus of the
outbreak belong to the ST53 (Figure 2). However, given
that Xf subsp. fastidiosa and Xf subsp. multiplex were
already established in the area, it was not surprising to
find some mixed infections by these two subspecies in
some individual plants. Eleven percent of Xf-positive
samples were of mixed infections, with 26 cases of sub-
spp. pauca/multiplex, one of subspp. pauca/fastidiosa
and two of subspp. multiplex/fastidiosa (Table 1). The
multiple infections probably may increase risk of genetic
recombinations in the pathogen and the formation of
new sequence types with different virulence and/or host
ranges (Potnis et al., 2019).

Although it is premature to draw definitive conclu-
sions, the ST53 strain identified in Mallorca exhibited
a level of virulence comparable to that associated with
the olive quick decline syndrome observed in Apulia,
based on the observed higher severity of symptoms in
both wild and cultivated olive trees, compared to those
induced by Xf subsp. multiplex ST81. Efforts are current-

ly underway (December 2024) to isolate the bacterium,
to enable complete genome sequencing and carry out
comparative analysis of the pathogen’s compete genome
with those of ST53 strains from Apulia.

A new procedure has been established based on tar-
geted sequence capture enrichment of Xf in combination
with high-throughput sequencing using the Illumina
platform. This is being implemented to provide addition-
al genomic information (Velasco-Amo et al., 2021). Ini-
tial results based on approx. 126 genes have shown close
genetic relatedness of the ST53 strain infecting the wild
olive in Mallorca with all other ST53 strains isolated
from Costa Rica and Italy (M.P. Velasco-Amo and B.B.
Landa; unpublished results).

A complicating factor in containment of ST53
strains is the large population of wild olive trees
throughout Mallorca, which may facilitate transmission
of the pathogen to cultivated olive trees. Tight wild olive
tree population networks can be dense reservoirs of Xf,
and provide effective dispersal pathways to commercial
olive plantations. It is also unclear whether previous
infections of wild olive trees by ST81 of Xf. subsp. mul-
tiplex will have influence subsequent infections by ST53.
It is estimated that more than 50% of wild olive trees are
infected with ST81 (Olmo et al., 2021), so any interaction
between ST53 and ST81 in co-infections, regardless of its
intensity, could have important epidemiological implica-
tions (Jeger and Bragard, 2019).

Epidemiological models have shown that the most
effective strategy for preventing spread of Xf is to decel-
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Figure 2. Map of the outbreak focus of Xylella fastidiosa subsp. pauca ST53 in the municipality of Sencelles, near the centre of Mallorca Island,
Spain. The Xf pauca-positive plants were found within a radius of < 1 km. Both squares with amplified views show Xf-positive plants within
the natural vegetation, formed mainly by wild olive trees near farms where other Xf subsp. pauca ST53 positive plants were found within olive
orchards. The positive samples of Xf subsp. pauca ST53 plants were mixed with other infected with subsp. multiplex, and to a lesser extent with

subsp. fastidiosa. In a few cases, co-infections by Xf subsp. pauca ST53 and subsp. multiplex were found in the same plant (Table 1).

erate transmission chains (White et al., 2020; Giménez-
Romero et al., 2023). Accordingly, in Mallorca, the deci-
sion has been taken to eradicate infected plants wherever
feasible. Although this is a difficult and arguably unat-
tainable objective, the attempt can have significant long-
term impacts. It is anticipated that populations of the
principal insect vector of Xf, Philaenus spumarius, will
progressively decline in Mallorca in response to rising
temperatures associated with climate change (Giménez-
Romero et al., 2024). Unsuitable conditions for the vec-
tor may become significant in a period of approx. 15 to
20 years. Climate change could be beneficial for contain-
ing the outbreak, provided that exponential infection
rates can be reduced. Appropriate implementation of
these actions will alleviate the economic consequences
of Xf for the Mallorcan olive production sector in the
medium term.
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“AFLA-peanut”, a mechanistic prototype model
to predict aflatoxin B1 contamination
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Summary. Italian production of peanuts has recently increased. Aflatoxin B1 (AFB1)
contamination of peanuts is currently not in Italy, but changing climatic conditions of
the Mediterranean region may increase risks posed by this mycotoxin. A mechanistic
weather-driven prototype model to predict AFB1 contamination in peanuts was devel-
oped by adapting the mechanistic AFLA-maize model for the Aspergillus flavus-peanut
pathosystem. The peanut growth stages were examined to develop a phenology model
based on growing degree days (GDD), which was linked to an A. flavus infection cycle
model, and exploited to develop the “AFLA-peanut” prototype model. Starting from
sowing, 686 GDD were required to reach flowering (as the critical growth stage for A.
flavus infection), and 1925 GDD were required to reach harvesting, in a short season
peanut variety. Variability of the AFB1 index, across years and locations, highlighted
the capacity of AFLA-peanuts to account for weather data inputs in predicting AFB1
contamination risks. Although model validation will be mandatory to assess AFLA-
peanut performance, this study has provided the first evidence that the prototype mod-
el could become an important tool for aflatoxin risk management.

Keywords. Aspergillus flavus, model transfer, weather, phenology, mycotoxin, climate
change.

INTRODUCTION

Peanut (Arachis hypogaea L., Fabaceae), also known as groundnut, is
an annual herbaceous plant, which is native to Central and South America,
and is characterized by fruit development beneath soil surfaces. Peanut crop
production now occurs in many countries thanks to its beneficial nutrition-
al properties (Mingrou et al., 2022). Annual world peanut production has
grown by over 54 million tons per year, with China as the main producer,
followed by India, Nigeria, and the United States of America (FAOSTAT,
2024). In the Mediterranean region, peanut production is widespread, espe-
cially in Turkey and Egypt, and limited production occurs in Spain and
Greece (Sannino ef al., 2020; Ozkaya et al., 2024). Italian peanut produc-
tion is increasing, from 22 tons per year in 2017 to 712 tons per year in 2024
(Istat, 2024).
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Aspergillus flavus infects and colonizes several
crops, and among these, peanut is one of the most sus-
ceptible (Horn, 2005; Amaike and Keller, 2011; Payne,
2014). Aflatoxins (AFs) are toxic and cancerogenic sub-
stances. Consumption of food and feed contaminated
by these compounds can cause several harmful effects,
including genotoxicity, hepatotoxicity, carcinogenic-
ity, and nephrotoxicity, and have mutagenic, teratogenic,
cytotoxic, and immunosuppressive effects (Shephard,
2008; Aristil et al., 2020, Singh et al., 2021). Contamina-
tion can occur or increase throughout the peanut supply
chain, from the field, during crop growth, natural dry-
ing after digging, harvesting, storage and product deliv-
ery, and to eventual processing (Torres et al., 2014; Cer-
vini et al., 2022).

Italy is considered at low risk for AFs contamina-
tion in peanuts, and this is an added value for the crop
in this country. However, the spread of A. flavus in
Mediterranean countries, including Italy, due to climate
changes, may increase the risk of AF contamination in
Italian peanuts, as has occurred in maize from 2003
(Piva et al., 2006; Giorni et al., 2007; Kos et al., 2013;
Battilani et al., 2016; Moretti et al., 2019). Applying suit-
able management practices along the peanut value chain
is likely to reduce the risk of AF contamination (Chulze
et al., 2024).

Mechanistic models that consider interactions
between A. flavus, host plants, and the environment to
predict the risk of AF contamination are important tools
in Integrated Pest Management (IPM) for sustainable
agriculture. In particular, exploiting these models for sus-
tainable agriculture promotes enhancement of agricultur-
al practices, refinement of harvest strategies, and imple-
mentation of post-harvest measures, that aim to reduce
potential risks for consumer exposure to AFs.

Some studies have aimed to predict AF contami-
nation using crop growth simulation models. In Mali,
Boken et al. (2008), through the CSM-CROPGRO-Pea-
nut model, which is based on crop genetics, agricultural
practices, soil data, and meteorological data, estimated
peanut reproductive stages and crop yields. With this
information Boken et al. (2008) performed regression
analysis to correlate AF contamination measured post-
harvest with weather conditions during the reproductive
stages. Craufurd et al. (2006) carried out a similar study
in Niger, using the CROPGRO-Peanut model to simulate
crop growth and yield. Aflatoxin contamination at har-
vest was correlated with the fraction of extractable soil
water (FESW) in the crop rhizosphere during the repro-
ductive phase. Chauhan et al. (2010) in Australia also
developed a predictive model based on the crop simula-
tion model APSIM (Agricultural Production Systems
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Simulator). This model uses the APSIM’s peanut mod-
ule to simulate crop growth. It calculates an aflatoxin
temperature factor (ATF) during the last 40% of growth
when soil water availability is below 0.20 (range 0-1), and
the accumulated ATF generates an AF risk index (ARI).
All of these models are empirical, and require recalibra-
tion for use outside their original geographic contexts, for
example for use in the Mediterranean basin.

The present study aimed to develop a mechanis-
tic model, as a flexible tool usable across different geo-
graphic regions without requirement for adjustments
(Battilani and Camardo Leggieri, 2015). The mechanistic
model AFLA-maize was adapted for the A. flavus-pea-
nut pathosystem, following the successful application to
AFLA-pistachio nuts (Battilani et al., 2013; Kaminiaris
et al., 2020). The first step was to study peanut growth
stages, and then build a phenological model based on
growing degree days (GDD). The model was then inte-
grated with the model for the A. flavus infection cycle
model, and was exploited to produce the prototype
AFLA-peanut predictive model.

MATERIALS AND METHODS
Location of field studied

Between 2021 and 2023, meteorological data were
collected from a total of 14 locations across Northern
Italy provinces (Figure 1), including Ferrara (one loca-
tion in 2021, six in 2022, two in 2023), Modena (one
location in 2022), Cuneo (one in 2022), Verona (two in
2023), and Pordenone (one in 2023). The meteorologi-
cal data from the 2022 and 2023 in the respective loca-
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Figure 1. Geographical distribution of selected fields in Northern
Italy across years (2021, 2022 and 2023).
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tions were used as input to run the AFLA-peanut model.
Among these production areas, four fields in the prov-
ince of Ferrara (2021 and 2022), and one field in Porde-
none (2023), were specifically selected to observe peanut
growth stages for the peanut variety Lotos.

Lotos is commonly cultivated in Italy, and is charac-
terised by early maturity and a crop cycle length of 120
to 130 d. Peanut season length is classified as “early” to
130 days, “medium” 133 to 139 d, “medium-late” 140 to
145 d, and “late-maturing” 146 to 155 d (Carter et al.,
2016; GRDC, 2018).

Meteorological data

Hourly data of air temperature (T, °C), relative
humidity (RH, %), and rainfall (R, mm) were collected
from the agro-meteorological network in Emilia Romag-
na region, from 1 January to 31 October during 2021,
2022 and 2023 (Table 1s, supplementary material). The
Emilia Romagna region is virtually shared by a grid of
squares, each of 5 km? with meteorological data deliv-
ered for each square (Arpae, 2024). These data come
from all available sources, including meteorological sta-
tions and radar (Bottarelli and Zinoni, 2002). The proper
squares were selected based on the locations of the mon-
itored peanut fields. For the sampling points in other
regions, meteorological data were provided by “Agrome-
teo Service” Image Line® and AgroNotizie®.

The meteorological data were used: i) to develop the
peanut phenological sub-model included in the AFLA-
peanut model, and ii) as input to run AFLA-peanut.

Growth stages

Crop phenology descriptions were based on field
observations carried out every 2 weeks, from crop emer-
gence to harvesting, during the complete peanut growth
period (May to October). The growth stages were defined
according to the BBCH scale (Meier, 2001), and after
analysis of existing literature, the crucial peanut growth
stages most susceptible for A. flavus infection were then
indicated (Cole et al., 1986; Pitt et al., 1991; Horn, 2005).

The GDDs were calculated, starting from sowing
date, for each observed peanut growth stage (Mcmaster
and Wilhelm, 1997), using the following equation:

GDD1 = [(Tmax,i'Tmin,i)/z] - Tbase’
where T, is the hourly maximum temperature, T, ;, is

the hourly minimum temperature, and T, is the base
temperature of 10°C.
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Tpase Was set as the low threshold for peanut growth
(Ketring and Wheless, 1989; Canavar and Kaynak, 2010;
Kingra and Kaur, 2012). Collected data were assessed
with literature sources (Banterng et al., 2003; Canavar
and Kaynak, 2010), leading to development of a crop
phenology model for peanuts based on GDD (Canavar
and Kaynak, 2010).

Predictive model

Commencing from the existing relational diagrams
of AFLA-maize and AFLA-pistachio (Battilani et al.,
2013; Kaminiaris et al., 2020), a new diagram was devel-
oped following the principle of “system analysis” (Lef-
felaar, 1993). The diagram was composed of different
state variables linked in a coherent mathematical frame-
work, which operates in a predictive model to generate a
cumulative index for aflatoxin Bl (AFBI) contamination
(AFBI1-I). The predictive model, named “AFLA-peanut”,
is a weather-driven model that predicts crop phenology
and A. flavus behaviour based, on meteorological data
(T, RH, and R).

RESULTS
Meteorological data

Data from selected locations are shown in Table 1s
(supplementary materials). Temperatures in 2023 were
characterised by high variability between locations.
Nevertheless, during the first part of the year (January
to April), and in September, temperatures were high
(location daily thermal sum mean = 1012.9 °C, and
648.8 °C, respectively), compared to the same peri-
ods of 2021 (904.9 and 615.5 °C) and 2022 (888.5 and
595.8 °C). Nevertheless, Cavallermaggiore, in 2022, was
the warmest location, compared to the other locations
and years, from January to April (daily thermal sum =
949.7 °C). The opposite was recorded from May to July
2022, as daily thermal sum means were higher than in
2023 and 2021. For precipitation, high variability was
observed between locations over the 3 years. However,
drier periods occurred in 2022 and 2021 than in 2023,
from May to July and during October. The exception
was in Ostellato, in July of 2021 and in June of 2022.
Similarly, in September of 2023, Bondeno and Cordo-
vado had similar rainfall and were comparable to some
of the other locations of 2022. In particular, during
this month, the greatest amounts of precipitation were
recorded in 2021. In 2023, Bondeno and Cordovado
were the rainiest locations.
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Peanut growth stages

GDD were computed for the main growth stages of
peanuts, based on field observations conducted in 2021,
2022, and 2023 (Figure 2). The data collected were com-
parable to data reported previously for the early variety
Florispan, with the same season length as Lotos, consid-
ered in the present study (Table 2s). For available data
for late maturing varieties, required GDD increase from
the beginning of flowering until harvest is approx. +20%.

Results of the relationships between GDD and
BBCH are shown in Figure 2. Crop phenology can be
split between vegetative and reproductive growth stag-
es. The vegetative stages, from sowing (BBCH 0) to the
beginning of flowering (BBCH 61), lasted for about 5
weeks, requiring approx. 425 GDD. The reproductive
stage, which extends from flowering (BBCH 65) to har-
vest (BBCH 99), requires an additional 1239 GDD to be
completed. Flowering was identified as the critical stage
for A. flavus infection.

Predictive model

The infection cycle of A. flavus on peanuts is illus-
trated in the relational diagram in Figure 3. Inoculum
source, which is not quantified in the model, represents
the starting point of the cycle, considering that suitable
environmental conditions influence the sporulation rate
of the A. flavus (SpoR), promoting the production of
spores. Subsequently, the spores produced on inoculum
sources (Sol) are then dispersed according to a dispersal
rate (DispR) and reach the peanut plants (DSoP). When
the peanut crop is at a critical growth stage (GS) for A.
flavus infection, from flowering, and the environmental
conditions are suitable, the spores germinate, and the
fungus grows on pegs and pods (GoPP), leading to infec-
tion of peanut seeds (IPS). These stages are regulated
by the spore germination and growth rates, which are
influenced by T, RH, and R. Once the seeds are infected,
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the fungus may produce AFB1 (AFBI-I) according to an
AFBI production rate (AFBIR).

AFBI-I was computed daily, using hourly data col-
lected in all the available meteorological data sources.
Cumulative AFB1-1, from peanut flowering to harvesting,
is the final output of the AFLA-peanut model. The AFBI-
I index showed high variability across the 3 years and the
locations considered in the present study (Table 1).

DISCUSSION AND CONCLUSIONS

Peanut production in Italy has increased in recent
years, although AFBI contamination has been only very
rarely detected, and then only as traces (Crosta et al., in
preparation). However, increasing climate variability,
with extreme events such as heat waves and droughts,
attributed to climate change in the Mediterranean basin,
underscore the need for a robust, weather driven-mech-
anistic model to predict AFB1 contamination risks (Bat-
tilani and Camardo Leggieri, 2015; Battilani et al., 2016).
Meteorological data collected in the present research has
revealed distinct patterns across the years and locations
studied, confirming the impacts of climate on weather
dynamics at regional scale (Leggieri et al., 2020). While
drought conditions were more marked in 2021 and
2022, 2023 had more favourable precipitation for pea-
nut growth. The locations selected for this had consider-
able rainfall differences and distribution throughout the
growing seasons. AFBI-I, provided as output by AFLA-
peanut, was characterized by high variability across
years and locations, indicating the influence of mete-
orological data used as input, with temperature playing
an important role, as has been previously observed for
AFLA-maize and AFLA-pistachio (Battilani et al., 2013;
Kaminiaris et al., 2020). In the present study, the model
was transferred from the maize pathosystem to that for
peanut, without modifying the fungal component, as
was previously done for pistachio. Sensitivity analysis
was therefore not applied because the results were con-

BBCH 0 9 24 61 62 65 66 73 79 85 89 99
Growth l" o
Stage 4™ Jateral Beginning c;f Peg Fl . Pegs penn-qte Beginning of Complete pods 50"4 of pods (‘omplct;:.
i Emer; £ 5 “lowering ’ é & = A0 S arvesti
Sowing mergence shaot visible flowering formation the soil podsfilling  development are Tipe maturity Harvesting
| | | | | | | l 1 | | |
I 1 | I | | | | I | | |
GDD 0 92+ 297 425 560 686 718 907 1304 1500 1759 1925

Figure 2. Crop phenology (described by the BBCH scale), mean GDD calculated for each growth stage, of the early peanut variety Lotos,
observed in the fields of Ferrara and Pordenone from 2021 to 2023. Ty,,.= 10°C was considered to calculate GDD.
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Legend

Variables

Sol = Spores on Inoculum sources

DSoP = Dispersed Spores on Peanut plant
GoPP = Growth on peanut Pegs and Pods
IPS = Infected Peanut Seeds

AFB1-l = AFB1 in peanut seeds - Index

Intermediate variables

GS = Peanut Growth Stage
DD = Degree Days

vpd = Vapor pressure deficit
k = Rain/humidity factor

RH . .
—o— h=Rain/humidity/leaf wetness factor
“+ _R?_ ay, = water activity

Rates

SpoR = Sporulation Rate

DispR = Dispersal Rate

GeR = Germination Rate

GrR = Growth Rate

AFB1R = AFB1 _production Rate

Parameters

T = air Temperature
RH = Relative Humidity
R = Rain

LW = Leaf Wetness

Figure 3. Relational diagram for the Aspergillus flavus infection cycle and aflatoxin production on peanuts.

sistent with those reported by Battilani et al. (2013) and
Battilani et al. (2016).

Despite the differences in meteorological conditions
between the three growing areas, GDDs from differ-
ent sources and related to peanut growth stages agreed.
This indicated that the peanut phenology model devel-
oped in the present study is reasonably robust (Banterng
et al., 2003; Canavar and Kaynak, 2010). For early sea-
son peanut varieties, 686 GDD were related to flowering
(the critical stage for A. flavus infection), and 1925 GDD
were related to peanut harvest.

The model presented here for AF contamination
risk prediction is an improvement compared with exist-
ing empirical models, such as those by Craufurd et al.
(2006), Boken et al. (2008), and Chauhan et al. (2010).
The mechanistic approach of AFLA-peanut can adapt to
diverse climatic profiles without the need for significant
adjustments, positioning AFLA-peanut as a valuable tool

for both regional and international contexts (Battilani
and Camardo Leggieri, 2015). The model’s flexibility and
adaptability to environmental conditions are especially
relevant for the Mediterranean environment, where cli-
mate affects traditional agricultural practices, and can
threaten crop quality and safety (Battilani and Camardo
Leggieri, 2015; Chulze et al., 2024).

Results from the present study emphasize the need for
thorough validation of the AFLA-peanut model. Georef-
erenced data on weather and AFBI contamination from
diverse peanut production regions, and additional data on
peanut cropping systems, are important for achieving this
aim. Such validation will provide important insights into
the model’s prediction accuracy, and will strengthen its
applicability in a broad range of environments.

The AFLA-peanut model’s ability to incorporate
weather variability offers a strategic advantage for proac-
tively managing AFs risks, which are increasingly chal-
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Table 1. Summary data related to selected field locations in northern Italy in 2022 and 2023, with geographical coordinates, dates of sowing
and complete maturity, and AFB1-I, the AFs cumulative indices generated as output by the prototype AFLA-peanut model.

Year Location Province® Long Lat Sowing Complete maturity AFBI1-I
2021 Ostellato FE 12.063674 44.699471 10/05 30/09 7454
2022 Ostellato FE 12.046193 44.695327 10/05 13/09 6018
Lagosanto FE 12.188809 44.788623 10/05 07/09 4552
Volania FE 12.116027 44.728864 10/05 10/09 6209
Dosso FE 11.328936 44.759730 10/05 04/10 852
Argenta FE 11.926363 44.623563 11/05 22/09 2290
Mezzogoro FE 12.071466 44.911498 09/05 16/09 3707
Finale Emilia MO 11.287771 44.856394 19/05 29/09 828
Cavellermaggiore CN 7.681548 44.715500 07/05 28/09 532
2023 Bondeno FE 11.481934 44.887692 30/05 29/09 5465
Ostellato FE 11.891678 44.743345 27/05 21/09 8188
Bovolone VR 11.109327 45.270235 14/06 03/10 1708
Bovolone VR 11.111219 45.268570 14/06 03/10 1708
Cordovado PN 12.914613 45.870081 27/05 03/10 3408
2 FE = Ferrara, MO = Modena, CN = Cuneo, VR = Verona, and PN = Pordenone
lenging under the Mediterranean region’s shifting cli- ACKNOWLEDGMENTS

mate conditions. As climate change accelerates, extreme
weather events are expected to intensify, directly affect-
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