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Summary. Ascochyta blight (caused by Ascochyta rabiei) is an important disease of chick-
pea. Mating type distribution, genetic diversity and population structure A. rabiei isolates
from western Iran, using specific matting type primers, and ISSR and SSR molecular
markers. Two mating types were identified, with the 57% of isolates belonging to MAT1-
1. Ten ISSR markers produced 78 polymorphic bands with an average polymorphism
information content (PIC) value of 0.33. Seven SSR markers showed high allelic varia-
tion (four to seven alleles) with the average PIC value of 0.61. The generated dendrogram
using neighbor joining approach with ISSR and SSR marker data grouped isolates in three
clusters. Combined dendrogram and model-based population structure analysis divided
the isolates into two distinct populations. No significant correlation was found between
geographical origins of isolates and their genetic diversity patterns, although the isolates
from North Kermanshah and Kurdistan were closely grouped, and most of isolates from
Lorestan and Kermanshah were clustered in a separate group. This relative spatial cor-
relation between geographical locations and A. rabiei grouping indicated high genetic
diversity within populations and no significant gene flow between distinctly geographical
regions. This suggests the nece0ssity of continuous monitoring of A. rabiei populations in
order to design effective chickpea breeding strategies to control the disease.

Keywords. ISSR, SSR, population structure, Ascochyta blight, sexual reproduction.

INTRODUCTION

Chickpea (Cicer arietinum L.) is the third most important food legume,
which provides human feed as a stable, rich and cheap source of vegetar-
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ian protein (Varshney et al., 2013). Chickpea originated
from Middle-East, North Africa and Central Asia (van
der Maesen, 1987; Talebi et al., 2008). Chickpea is pro-
duced in over 50 countries and India is the most impor-
tant producer, with average yields of approx. 900 kg hal.
Iran ranks ninth in the world for chickpea production,
with 2% of world production (Merga et al. 2019).

International chickpea seed yields are less than
potential yield due to the narrow genetic base of most
improved cultivars and uniform reaction to differ-
ent abiotic and biotic stresses (Ghaffari et al., 2014).
Ascochyta blight (AB), caused by Ascochyta rabiei (Pass.)
Lab. (syn: Didymella rabiei Kov.), is one of the most
important fungal diseases of chickpea. The disease may
cause yield losses up to 100% under favourable cool and
humid conditions (Ahmad et al., 2014; Farahani et al.,
2019). In Western Iran (Kermanshah, Kurdistan and
Ilam provinces) AB is a serious damaging disease of
chickpea, and in spring seasons (April to May), the dis-
ease is often severe (Nourollahi et al. 2011; Azizpour and
Rouhrazi, 2017). Integrated strategies have to be applied
to reduce AB, including agronomic practices (crop rota-
tion and adjusting sowing date), application of fungi-
cides and use of durably resistant chickpea cultivars
(Kimurto et al., 2013; Vafaei et al., 2016; Farahani et al,,
2019). Employment of resistant varieties has been con-
sidered the most effective, economic and environmen-
tally-friendly strategy to manage the disease (Singh and
Reddy, 1996; Varshney et al., 2009).

Both asexual and sexual reproduction has been
reported for A. rabiei. The asexual stage occurs dur-
ing the host growing season and the sexual stage
develops on infected seed and crop residues during
the winter (Trapero-Casas and Kaiser, 1992; Nourol-
lahi et al., 2011). Sexual reproduction plays an impor-
tant role in genetic diversity of fungal pathogens, which
enable them to rapidly overcome host resistance genes
as a response to selection pressure imposed by resist-
ant cultivars (Chen and McDonald, 1996; Aghamiri et
al., 2015). This variability of the pathogen led to break-
down of resistance in chickpea germplasm. Knowledge
of pathogen diversity and mating type systems is fun-
damental for effective diseases management and breed-
ing programmes (Varshney et al., 2009; Mehrabi et al.,
2015; Baite and Dubey, 2018). However, field assessment
of the genetic structure in A. rabiei populations may be
not reliable due to lack of powerful discriminating tools
and variable environmental condition. Measuring patho-
gen genetic diversity based on molecular markers at the
DNA level can provide unbiased estimates of genetic
variation which is independent of culture conditions
(Nourollahi et al., 2011).
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Different molecular methods, including SSR
(Geistlinger et al., 2000; Phan et al., 2003b), AFLP (Var-
shney et al., 2009), RAPD (Santra et al., 2001), and mat-
ing-type specific markers (Phan et al., 2003a; Ozer et
al., 2012), have been developed and utilized for genetic
diversity assessment in A. rabiei populations from dif-
ferent countries, including Turkey (Bayraktar et al.,
2007), Pakistan (Ali et al., 2012), India (Varshney et
al., 2009) and other chickpea growing areas (reviewed
by Pande et al., 2005). High levels of genetic and path-
ogenic diversity have also been reported in Iranian A.
rabiei populations (Nourollahi et al., 2011; Azizpour
and Rouhrazi, 2017). Biased mating type distribution
has been reported in populations of this fungus collect-
ed from west and north-west Iran, that was dominat-
ed by the Matl-1 mating type (Nourollahi et al., 2011;
Azizpour and Rouhrazi, 2017). In Turkey and Tunisia,
Matl-2 has been reported as the dominant mating type
(Rhaiem et al., 2007; Taylor and Ford, 2007). Previ-
ous studies on pathogenicity, genetic diversity using
SSRs and Specific mating type DNA markers among
Iranian isolates of A. rabiei have not been comprehen-
sively described, and most previous Iranian studies were
focused on a province or small geographical region
(Younessi et al., 2004; Vafaei et al., 2016; Nourollahi et
al., 2011; Azizpour and Rouhrazi, 2017).

The present study was undertaken to: (i) assess path-
ogenicity A. rabiei isolates collected from the west of
Iran; (ii) assess genetic diversity of these isolates using
SSR and ISSR markers; and (iii) characterize mating
type distribution of Iranian A. rabiei isolates from dif-
ferent provinces using MAT-specific primers.

MATERIALS AND METHODS
Ascochyta rabiei sampling and isolation

Seventy-five A. rabiei isolates were collected from
infected chickpea fields of western Iran provinces (20
isolates from Kurdistan, 46 from Kermanshah and nine
from Lorestan) during the 2017 and 2018 growing sea-
sons (Table 1). These provinces are geographically juxta-
posed, but due to substantial mountains between them,
their climatic conditions are different. Kurdistan has
cold winters with mild summers and greater annual pre-
cipitation than the other two provinces. Samples were
collected from 15 locations with minimum distance
between the locations of 10-15 km. At each location,
samples were chosen every 20 m along a row from three
to five parts of each infected field. Infected leaves were
removed to a laboratory, were surface sterilized with
sodium hypochlorite (0.5%) for 2 min, and washed twice
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Table 1. Numbers and mating types of 75 Ascochyta rabiei isolates
collected from western Iran.

Province li)?at‘;fs Matl-1  Matl2  X* P

Kermanshah 46 30 16 4.26 0.039
Kurdistan 20 9 11 0.20 0.655
Lorestan 9 4 5 0.11 0.739
Total 75 43 32 1.61 0.204

*Chi-square values were calculated under the null hypothesis of a
1:1 ratio of equal proportions of MatI-1 and MatI-2.

with sterilized distilled water. Samples were then plated
onto CSMDA (40 g of chickpea seed meal, 20 g dextrose
and 18 g agar in 1 L sterilized distilled water). Plates
were incubated for 7 to 10 d at 20/22°C. Single pycnidi-
um isolates were obtained from the isolation plates, and
were stored on CSMDA for pathogenicity tests.

Pathogenicity tests

Pathogenicity test for all isolates was carried out on
the two susceptible chickpea cultivars ‘Bivanij’ (Iranian
landrace susceptible check) and ILC1929 (International
susceptible check) (Farahani et al. 2019). Purified single
pycnidium A. rabiae isolates were grown in potato dex-
trose broth (PDB). The inoculum of each isolate was pre-
pared in a water solution containing 0.20% of Tween 20,
and was adjusted to 6 x 10° conidia mL!.

Two-week-old chickpea seedlings of the susceptible
cultivars were inoculated with each isolate, and inocu-
lated plants were kept in the dark under plastic bags for
24 h. The plants were then transferred to a controlled
greenhouse where environmental conditions were main-
tained at 23/18°C day/night, a 16 h photoperiod, and
>85% relative humidity (Farahani et al., 2019). After 2
weeks, disease reactions on both cultivars were assessed
using a 0-9 scale (Pande et al., 2011; Farahani et al.
2019). Plants that showed disease scores greater than 5
were considered susceptible to A. rabiae (Farahani et al.,
2019).

DNA extraction from isolates

Single pycnidium A. rabiae isolates grown on CSM-
DA were each used to inoculate 50 mL PDB and then
incubated at 20/22°C on an orbital shaker (100 rpm) for
5 d. Fungal biomass was harvested from each culture by
filtration through Miracloth, was rinsed with distilled
water, and then finely ground in liquid nitrogen. These

preparations were then subjected to DNA extraction
using the CTAB method (Weising et al., 1991).

Mating type assay

Mating types of all 75 A. rabiei isolates was deter-
mined using the multiplex MAT-specific PCR assay
(Barve et al., 2003). Primer combinations of SP21, Tail5
and Coml were used in a single PCR reaction carried
out in 20 pL reaction volume, containing 1x PCR buffer,
25 ng sample DNA, 2 uM primer, 200 uM of each dNT-
Ps, 2.5 mM MgCl, and 1.5 units of Taqg DNA polymerase
(Cinnagene). PCR amplifications were carried out in an
Eppendorf thermocycler (Ali et al., 2012) as follows: ini-
tial denaturation at 95°C for 3 min followed by 35 cycles
of 94°C for 20 s, 58°C for 20 s, 72°C for 40 s, and a final
extension at 72°C for 10 min. PCR products were sepa-
rated on 1.5% agarose gels, stained with ethidium bro-
mide and visualized under UV light using a gel docu-
mentation system (Bio-Rad).

ISSR analyses

A set of 10 primers (UBC set, University of British
Columbia, Canada) were used to determine genetic diver-
sity of the A. rabiei isolates (Table 2). PCR reactions were
each performed in 20 pL reaction volume containing 1x
PCR bufter, 30 ng sample DNA, 2.5 uM primer, 200 pM
of each dNTPs, 2.5 mM MgCl, and 1.5 units of Tag DNA
polymerase (Cinnagene). PCR amplifications were carried
out in an Eppendorf thermocycler (Germany), as follows:
initial denaturation at 95°C for 2 min, followed by 32
cycles of denaturation at 94°C for 30 s, annealing at opti-
mum Ta for 60s, and extension at 72°C for 90 s. A final
extension cycle at 72°C for 10 min followed. PCR prod-
ucts were separated on 1.5% agarose gels, stained with
ethidium bromide and visualized under UV light using a
gel documentation system (Bio-Rad).

SSR analysis

A set of seven SSR markers (Supplementary Table
S1), previously described by Geistlinger et al. (2000) and
Hayden et al. (2008), was used to determine the genetic
diversity of the 75 A. rabiei isolates. PCR reactions were
each performed in 20 pL reaction volume containing 1x
PCR buffer, 15 ng sample DNA, 2 uM primer, 200 uM
of each dNTP, 2.5 mM MgCl, and 1.5 units of Tag DNA
polymerase (Cinnagene). PCR amplifications were car-
ried out using an Eppendorf thermo cycler (Varshney



et al., 2009) as follows: initial denaturation at 95°C for
2 min, followed by 35 cycles of 94°C for 20 s, 53°C for
30 s, 67°C for 30 s. PCR products were separated on 3%
metaphor agarose gels, stained with ethidium bromide
and visualized under UV light using a gel documenta-
tion system (Bio-Rad).

Data analyses

DNA bands obtained with ISSR primers were scored
visually for the presence (1) or absence (0) of bands for
all the A. rabiei isolates. Frequencies of incidence of all
polymorphic alleles for each SSR marker were calculated
and used for determining statistical parameters. Each
band identified as an allele and scored as ‘@), ‘b’, etc.,
from largest to smallest sized band. Number of alleles
(Na), effective number of alleles (Ne), heterozygosity
(pe), Shannon-index (I) and polymorphism information
content (PIC) were calculated for ISSR and SSR mark-
ers using GENALEX 6.1 software (Peakall and Smouse
2006). Marker indices (MI) were obtained by multiply-
ing the average PIC with the effective multiplex ratio.
Cluster analysis was conducted on the basis of a neigh-
bor joining (NJ) tree using dissimilarity matrix using
DARwin 5.0.128 (Perrier et al., 2003). For the analy-
sis of population structure, a Bayesian model-based
analysis was performed using STRUCTURE 2.1 soft-
ware (Pritchard et al., 2000). A Monte Carlo Markov
chain method was used to estimate allele frequencies in
each of the K populations and the degree of admixture
for each individual plant. The number of clusters was
inferred using five independent simultaneous runs with
10,000 replications, using the admixture model and cor-
related allele frequencies with the K value ranging from
1 to 10.

Somayeh Farahani et alii

RESULTS
Pathogenicity tests and mating type distribution

Initially, the pathogenicity of 75 A. rabiei isolates
was confirmed on two susceptible genotypes. Promi-
nent morphological differences were not seen between
isolates. Both chickpea genotypes showed high suscep-
tibility to all the isolates. Symptoms of Ascochyta blight
appeared on the Iranian susceptible landrace, Bivanij
2-4 d earlier than on ILC1929 (Supplementary Table S2).

The multiplex PCR using the mating type primers
amplified two amplicons (490 bp for Matl-2 and 700
bp for Matl-1), across the 75 A. rabiei isolates collected
from three major chickpea growing provinces (Table 1;
Supplementary Figure 1). Both mating types were found
in isolates collected from different provinces. Isolates
from Kurdistan and Lorestan showed equal distribution
for both mating types, while isolates from Kermanshah
had different proportions (P = 0.039) of the two mating
types. This may have resulted from the low number of
collected isolates from the other provinces or the geo-
graphical differences of the collection sites. Overall, 57%
of the isolates were the MAT1-1 mating type and 43%
were Matl-2, but the mating type ratio was not signifi-
cantly different (P = 0.204) from 50:50 (Table 1).

ISSR markers diversity analysis

The ISSR markers revealed clear and scorable bands
per primer for all the studied isolates (Supplementary
Figure 1). Ten ISSR markers amplified 78 polymorphic
bands with an average of 7.8 bands per primer (Table
2). The maximum number of polymorphic bands was
obtained using UBC807 (ten bands) and the minimum

Table 2. Numbers of polymorphic bands (NPB), heterozygosity (pe), Shannon indices, polymorphism information content (PIC), and
marker indices (MI) of ISSR markers used for defining genetic diversity of 75 Ascochyta rabiei isolates.

Primer Sequence NPB pe Shannon Index (I) PIC MI
UBC807 AGAGAGAGAGAGAGAGT 10 0.48 0.58 0.42 4.2

UBC815 CTCTCTCTCTCTCTCTG 8 0.38 0.47 0.38 3.04
UBC818 CACACACACACACACAG 8 0.36 0.46 0.37 2.96
UBC857 ACACACACACACACACYG 7 0.33 0.43 0.34 2.72
UBC822 TCTCTCTCTCTCTCTCA 9 0.42 0.51 0.32 2.88
UBC860 TGTGTGTGTGTGTGTGRA 8 0.31 0.49 0.31 2.48
UBC864 ATG ATG ATG ATG ATG ATG 6 0.29 0.37 0.29 1.74
UBC880 GGAGAGGAGAGGAGA 7 0.30 0.39 0.29 2.03
UBC895 AGAGTTGGTAGCTCT TGA TC 8 0.28 0.42 0.32 2.56
UBC899 CAT GGT GTT GGT CAT TGT TCC A 7 0.28 0.34 0.28 1.96
Mean 7.8 0.34 0.44 0.33 2.65
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number using UBC864 (six bands). The PIC values for the
ISSR primers ranged from 0.28 to 0.42, with an average
of 0.33 per primer. The marker index (MI) of the prim-
ers ranged from 1.74 (UBC864) to 4.2 (UBC807) (Table
2). At the population level the average of Shannon-index
was 0.44 and heterozygosity (ue) was 0.34. Cluster analy-
sis using ISSR markers grouped the A. rabiei isolates into
three distinct clusters (Supplementary Figure 2). Cluster
I consisted of nine isolates, all collected from Kerman-
shah. Cluster II comprised 30 isolates that divided into
two sub-clusters, and all isolates from Lorestan province
grouped closely along with a few isolates from Kerman-
shah grouped in first sub-cluster. Cluster III contained 36
isolates and divided into two sub-clusters. All isolates in
Cluster III originated from Kermanshah and Kurdistan
provinces, while all isolates from Kurdistan grouped in a
second sub-cluster (Supplementary Figure 2).

SSR markers diversity analysis

Seven SSR loci were used for genetic diversity analy-
sis in the 75 A. rabiei isolates, and these showed clear
and scorable amplicons (Supplementary Figure 1). The
SSR loci analyzed produced 38 alleles with an average
of 5.42 alleles per marker. The numbers of alleles ranged
from 4 to 7, where the maximum number of alleles was
observed in ArHO5T and ArHO6T (Table 3). The num-
bers of effective alleles ranged from 4.28 (ArHO6T) to
1.97 (ArRO1T) with an average value of 3. PIC ranged
from 0.48 (ArRO1T) to 0.76 (ArHO6T) with an average of
0.61. The Shannon’s information index (I) ranged from
1.06 (ArA06D) to 2.17 (ArHO06T) (Table 3). Gene diver-
sity (pe) ranged from 0.56 to 0.84 with a mean of 0.69.
Genetic relationships between the A. rabiei isolates based
on polymorphic bands from seven SSR markers grouped

Table 3. Numbers of alleles (Na) and effective alleles (Ne), het-
erozygosity (pe), Shannon indices, polymorphism information con-
tent (PIC), and marker indices (MI) of SSR markers used for deter-
mining genetic diversity of 75 Ascochyta rabiei isolates.

Shannon
SSR locus Na Ne pe index (I) PIC MI
ArHO02T 6 3.07 0.72 1.68 0.63 3.78
ArHO5T 7 4.17 0.81 2.11 0.73 5.11
ArHO6T 7 4.28 0.84 2.17 0.76 5.32
ArR12D 5 2.79 0.69 1.47 0.59 2.95
ArA03T 5 2.68 0.63 1.39 0.56 2.80
ArRO1T 4 1.97 0.56 1.11 0.48 1.92
ArA06D 4 2.10 0.59 1.06 0.52 2.08
Mean 5.43 3.01 0.69 1.57 0.61 3.42

the isolates into three major clusters (Supplementary Fig-
ure 3). Cluster I contained seven isolates that all origi-
nated from Kermanshah province. Cluster II comprised
39 isolates divided into two sub-clusters. One sub-cluster
contained seven isolates from Kurdistan and the other
contained isolates from different regions. Cluster III com-
prised 29 isolates in two sub-clusters. In this cluster, iso-
lates from Kurdistan and Kermanshah showed distinct
patterns from isolates collected from Lorestan province.

Genetic structure of Ascochyta rabiei isolates

The general dendrogram (Figure 1) that was con-
structed using the combined data of all molecular mark-
ers (ISSRs and SSRs) grouped the A. rabiei isolates in
two major clusters. Cluster I comprised isolates mostly
collected from Kurdistan, and few isolates from north
Kermanshah and Lorestan. Cluster II divided into two
sub-clusters, one with all isolates originating in Ker-
manshah, and the other with isolates from Kermanshah,
Lorestan and three from Kurdistan. The NJ-cluster anal-
ysis showed no relationships with geographical origin,
but most isolates in cluster I were from closely associated
regions (Kurdistan and North Kermanshah), except for
two isolates from Lorestan.

Cluster I

1]

0.1

Figure 1. Neighbor joining (NJ) phylogenetic tree from pooled
ISSR and SSR molecular data for 75 Ascochyta rabiei isolates col-
lected from the western Iran provinces of Kermanshah (black),
Kurdistan (red) and Lorestan (blue).
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Figure 2. Membership coefficients estimated for Ascochyta rabiei
isolates, determined from the greatest a posteriori likelihood using
analysis with STRUCTURE and based on SSR and ISSR markers.
The different isolates are represented by individual vertical bars
divided into two colored segments (red and green) corresponding
to the fraction of membership determined in Populations 1 and 2.
The isolates are classified by province; Kermanshah (KER), Kurdis-
tan (KUR) or Lorestan (LOR).

The genetic structure of the 75 A. rabiei isolates was
further explored using the Bayesian clustering model
implemented with the STRUCTURE software. This
showed the greatest K value of 2, indicating the pres-
ence of two major clusters (Figure 2). The first popula-
tion (Figure 2, indicated in red) comprised isolates from
Kermanshah and Kurdistan, and two isolates (Ar67
and Ar71) from Lorestan. The second population (Fig-
ure 2, in green) included isolates from Kermanshah
and Lorestan, and some isolates from Kurdistan. These
results match those obtained from the NJ analysis
(above), without significant correlation of isolate origin
and population grouping.

DISCUSSION

Chickpea as cool season crops is mainly cultivated
in many semi-arid areas, and seed yields and qual-
ity are reduced by major abiotic and biotic stresses
(Kanouni et al., 2011; Karami et al., 2015). Ascochyta
blight, caused by A. rabiei, is one of the most impor-
tant fungal diseases of chickpea causing yield losses up
to 100% in favourable cool and humid climates (Ahmad
et al., 2014; Farahani et al., 2019). Variable pathogenic-
ity and genetic structure in Iranian A. rabiei populations
has been reported previously (Nourollahi et al., 2011;
Azizpour and Rouhrazi, 2017; Farahani et al., 2019). Dif-
ferent factors, including sexual recombination, mutation,
gene flow, migration, and selection pressure play impor-
tant roles in population diversity of fungal pathogens
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(McDonald, 1997; Aghamiri et al., 2015). This can lead
to breakdown of host resistance in commercial cultivars
(McDonald and Linde, 2002; Rhaiem et al., 2007; Peever
et al., 2004; Ali et al., 2012). Characterization of genetic
diversity and population structure of fungal popula-
tions in disease epidemic areas is fundamentally impor-
tant for effective disease management, farming practices
and design of crop breeding strategies (Azizpour and
Rouhrazi, 2017).

The present study was conducted to the define pop-
ulation structure of Iranian A. rabiei isolates, through
outline of aggressiveness patterns, mating types and
molecular marker diversity in isolates of this patho-
gen collected from three major chickpea growing areas
of western Iran. All the assessed isolates showed high
aggressiveness in pathogenicity tests. Two identified
mating types had similar distributions, except for iso-
lates those collected from Kermanshah province, where
Matl-1 was dominant. Nourollahi et al. (2011) showed
that majorities (64%) of Iranian isolates collected from
two provinces in western Iran were of Matl-1, but with-
in populations the proportions of each mating type were
close to 50%.

Previous studies have showed biased distribution for
A. rabiei mating types Matl-1 in Tunisia and MATI-2
in Turkey (Taylor and Ford, 2007; Rhaiem et al., 2007).
Fungi can reproduce in different ways through sexual,
asexual or mixed mating systems (McDonald and Linde,
2002). Mixed mating types provide greater capability for
overcoming resistance genes in crop resources (McDon-
ald and Linde, 2002; Rhaiem et al., 2007). In fungi, dif-
ferent mating types may be related to pathogenicity and
fitness (Zhan et al., 2002; Phan et al., 2003a). However
this is remains a question for Iranian populations of the
pathogen, as the present study did not show relationship
between aggressiveness and mating types in the A. rabiei
population examined. These results indicate random
sexual propagation of A. rabiei populations in Iran, has
been reported in neighboring countries such as Turkey
and Syria (Turkkan and Dolar, 2009; Atik et al., 2011).

Genetic diversity and population structure of 75 A.
rabiei isolates were analyzed using ten ISSR and seven
SSR markers. Both marker types showed high genetic
diversity in the A. rabiei isolates. The polymorphism of
SSR markers showed 4 to 7 alleles with an average 5.42
alleles per locus. In contrast, Nourollahi et al. (2011) and
Barve et al. (2004) reported greater allelic variation in A.
rabiei populations, which was likely due to the greater
number and geographic diversity of isolates used in their
studies. The average PIC values in the present study for
ISSR markers was 0.33, and for SSR markers was 0.61.
The high Shannon diversity index (I) and heterozygo-
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sity (gene diversity) of SSR markers also indicated the
diverse nature of the collected A. rabiei isolates.

NJ-cluster analysis using ISSR and SSR markers
grouped A. rabiei isolates into three distinct clusters.
The molecular data of ISSRs and SSRs were combined,
to give the best interpretation of genetic diversity of the
isolates examined, which grouped the isolates in two
distinct clusters. The Kurdistan climate is Mediterra-
nean, with cold winters, where most chickpea crops are
sown in spring (February to March). These contrasts
with south Kermanshah and Lorestan, which have a rel-
atively warm climate with moderate winters, and where
chickpea crops are mostly sown in autumn (November
to December). These differences in chickpea growth con-
ditions may influence the nature of A. rabiei isolates and
their evolutionary processes. All A. rabiei isolates in this
study showed high levels of pathogenicity and no signifi-
cant relationships were detected between pathogenicity
of isolates and collection sites.

Knowledge about pathogen genetic diversity and
pathogenicity in different geographical areas can help
plant breeders, to assist characterization of suscepti-
ble/resistant host germplasm against important diseas-
es in chickpea, and for Ascochyta blight in particular
(Farahani et al., 2019; Montakhabi et al., 2020). Results
from the present study showed no correlation between
A. rabiei isolate origin and genetic diversity pattern,
although most of isolates collected from north Kerman-
shah and Kurdistan closely grouped in one cluster, and
those collected from Lorestan and south Kermanshah
grouped in another. This spatial relationship between
geographical diversity and A. rabiei grouping indicated
high genetic diversity within populations and no signifi-
cant gene flow between distinctly geographical regions.
Previous reports have indicated that some A. rabiei iso-
lates from distinct continents grouped together, reflect-
ing possible intercontinental migration by movement
of pathogens through infected plants carried by seed
exchange or agricultural vehicles (Kaiser, 1997; Nourol-
lahi et al.,, 2011). Iran, Turkey and India are the main
centres of origins for chickpea domestication and their
fungal pathogens (van der Maesen, 1987; Talebi et al.,
2008). The high genetic diversity of A. rabiei isolates
detected in the present study supports the hypothesis
that during long domestication and evolution of chick-
pea and A. rabiei in this area, genetic drift probably
occurred. Distinct A. rabiei populations from Iran, Tur-
key and India indicate that pathogen migration rarely
occurred, from closely-associated regions (Varsheny et
al., 2009; Nourollahi et al., 2011). Abundance of asexu-
al over sexual reproduction occurs in local populations
(Morjane et al., 1994; Keller et al., 1997; Aghamiri et al.,

2015). Although, limited numbers of A. rabiei isolates
were analyzed in this study, the present results showed
high genetic diversity in isolates collected from different
provinces. This study has given a basis for future strat-
egies for breeding programmes and farming practices.
Genetic variability and sexual recombination within
populations may both increase the risks of increasingly
diverse isolates that may overcome resistance in Iranian
chickpea germplasm, and also enhance fungicide resist-
ance in A. rabiei populations (McDonald and Linde,
2002; Varshney et al., 2009).

In conclusion, the present results have shown inter-
esting aspects of A. rabiei populations co-evolved with
chickpea in their domestication origins or more prob-
ably linked to climate condition associated with differ-
ences in cropping seasons. In addition, the necessity of
designing appropriate breeding strategies for chickpea
improvement in each region is emphasized, due to the
host and pathogen genetic differences within specific
populations.
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Characterization of two Cucumber mosaic virus
isolates infecting Allium cepa in Turkey
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Summary. Cucumber mosaic virus (CMV) is polyphagous, infecting plants in several
families. CMV has occurred as a minor pathogen in Allium crops in several Medi-
terranean countries, but little was known of the virus naturally infecting Allium spp.
This study completed molecular and biological characterization of CMV-14.3Po and
CMV-15.5Po, two newly identified CMV isolates infecting onion (Allium cepa L.) in
Turkey. Phylogenetic, and nucleotide and amino acid sequence identity analyses of par-
tial RNA2 and RNA3 of the two isolates showed that they were very similar to other
CMV isolates from Mediterranean, European, and East Asian countries. Phylogenetic
analysis of the partial sequence of RNA3 also showed that the onion isolates belong
to subgroup IA. Onion isolates were mechanically transmissible, and caused mild leaf
malformation on onion, severe leaf malformation and stunting on garlic (Allium sati-
vus L.), and mosaic and mottle on cucumber (Cucumis sativus L.) and melon (Cucumis
melo L.).

Keywords. Onion, phylogenetic analysis, host indexing.

INTRODUCTION

Allium crops, including onion (Allium cepa L.), garlic (Allium sativus L.),
and leek (Allium ampeloprasum L.), have been reported to be infected by
viruses belonging to Potyvirus, Carlavirus, Tospovirus, and Allexivirus (Shah-
raeen et al., 2008; Tomassoli et al., 2009; Parrano et al., 2012). Several of
these viruses, including Leek yellow stripe virus (LYSV), Onion yellow dwarf
virus (OYDV), Iris yellow spot virus (IYSV), Shallot latent virus (SLV), and
Garlic common latent virus (GarCLV), are frequently found in Allium crops
(Dovas and Volvas, 2003; Ward et al., 2009; Sevik and Akcura, 2013; Bag et
al., 2015; Abraham et al., 2019). Other viruses, including Turnip mosaic virus
(TuMV), Shallot yellow stripe virus (SYSV), and Groundnut bud necrosis
virus (GBNV), have been considered as minor pathogens that occasionally
infect Allium spp. only in particular regions (Gera et al., 1997; Chen et al.,
2005; Sujitha et al., 2012).

Cucumber mosaic virus (CMV) (Cucumovirus, Bromoviridae) has a very
broad host range. It usually causes diseases on plant in Cucurbitaceae, Sola-
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naceae, Brassicaceae, and Fabaceae, and typically induc-
es mild to severe systemic mosaic symptoms on these
plants (Brunt et al., 1996). More than 80 aphid species
have been recorded to non-persistently non-circulative-
ly transmit CMV (Palukaitis and Garcia-Arenal, 2003).
CMV is a tripartite virus, with the genome in three sin-
gle-stranded plus-sense RNAs (RNA1-3). RNA1 encodes
la protein and RNA2 encodes 2a protein, which are
both involved in the replicase complex (Hayes and Buck,
1990). A small 2b protein involved in cell-to-cell move-
ment, suppression of post-transcriptional gene silenc-
ing, and symptom induction, is also expressed in RNA2
(Bujarski et al., 2019). RNA3 encodes 3a protein (move-
ment protein (MP)) and coat protein (CP), which are
important in viral movement processes (Boccard and
Baulcombe, 1993).

CMV was probably first recorded infecting Allium
when it was serologically detected in a single garlic
sample in Zagreb, Croatia (formerly Yugoslavia) (Stefa-
nac, 1980). A large survey on Allium viruses in the East
Mediterranean region of Turkey identified CMV as a
minor virus infecting garlic in the area (Fidan, 2010).
The CMV-ALCI isolate was detected in leek in Alicante,
Spain, and its nucleotide sequence was registered in
NCBI GenBank with accession no. JN806091 (Alfaro-
Fernandez et al., unpublished). These findings showed
presence of CMV isolates naturally infecting Allium
crops in different Mediterranean regions.

Recently, two onion samples from Ankara prov-
ince in Turkey tested positive for CMV and negative
for LYSV, OYDV, GarCLV, and SLV infections. The
two CMV isolates were subsequently named CMV-
14.3Po and CMV-15.5Po, and the partial nucleotide (nt)
sequence of their RNA2 were deposited in NCBI Gen-
Bank (accession no. MN070136-37). Initial phylogenetic
analysis showed that the isolates were similar to isolates
from Iran, Serbia, Hungary, Poland, Germany, Japan,
China, and South Korea, which indicated very wide dis-
tribution of CMV isolates genetically similar to onion
isolates (Santosa and Ertunc, 2020).

The relationship between CMV and Allium spp. still
requires investigation, because CMV is prevalent and
many Allium spp. are economically important crops.
Wide phylogenetic analyses of partial nt sequences of
RNA2 and RNA3, and host indexing of CMV-14.3Po
and CMV-15.5Po, are presented in this study, to provide
further knowledge about CMV infection in onion and
other Allium spp.

Adyatma I. Santosa, Filiz Ertunc

MATERIALS AND METHODS
Nucleotide sequences of RNA2 of onion isolates

The previously reported partial nt sequences of
RNA2 were 521 bp long (Santosa and Ertunc, 2020), cov-
ering 27 bp of 5 UTR and 494 bp of partial 2a protein
gene (1-494 position), for reference isolate accession no.
D10538. These are the only nt sequences of CMV isolates
naturally infecting onion that are currently available
in NCBI GenBank. Therefore, a portion of their RNA3
was also sequenced in the present study to provide more
information about their genetic makeup.

RT-PCR and sequencing of partial RNA3

Total nucleic acid was extracted from onion sam-
ples using tris-EDTA buffer (100 mM tris, 50 mM
EDTA, 500 mM NaCl, 10 mM 2-mercaptoethanol, pH
8.0) (Presting et al., 1995). RT-PCR was performed
in two stages (Santosa and Ertunc, 2020). A primer
pair F-GTAGACATCTGTGACGCGA and R-GCGC-
GAAACAAGCTTCTTATC was used in the PCR to
amplify 540 bp of RNA3 (De Blas et al., 1994).

PCR cycles were carried out using a thermocycler
(Biometra, Germany). Each cycle consisted of initial
denaturation at 94°C for 5 min; 35 cycles of denatura-
tion at 94°C for 60 s, annealing at 54°C for 60 s, elonga-
tion at 72°C for 60 s, and a final extension at 72°C for 10
min. Products were visualized on a 1% (w/v) tris-acetate
agarose gel stained with ethidium bromide. Successfully
amplified RT-PCR products were sent to BM Lab. Ltd.
(Ankara, Turkey) for purification and Sanger sequenc-
ing. The obtained nt sequences were then submitted to
NCBI GenBank.

Neighbor-joining tree construction, and nucleotide and
amino acid sequences identity percentage calculation

Genes that were homologous to Turkish onion
isolates were determined using the BLAST program
from the the NCBI website. The Turkish onion iso-
lates were then compared with reference CMV isolates
from GenBank. The selected CMV isolates were mostly
those which each had both RNA2 and RNA3 sequenc-
es available in GenBank. All sequences were aligned
using ClustalW version 1.6, with default parameters
in MEGA7 software (megasoftware.net). MEGA7 then
applied a Neighbor-joining algorithm with both transi-
tion and transversion substitutions, and uniform rates,
to construct two phylogenetic trees for RNA2 and RNA3
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comparisons (Hall, 2013). Statistical significance of iso-
late clusters were tested using 1000 bootstrap replicates
in the Tamura 3 parameter model (Tamura, 1992).
Nucleotide (nt) and amino acid (aa) similarity percentag-
es among tested isolates were estimated using Sequence
Demarcation Tool (SDT) v1.2 software (Muhire et al.,
2014).

Host indexing

Each onion isolate of CMV was mechanically inocu-
lated to four onion, garlic, cucumber (Cucumis sativus
L.), and melon (Cucumis melo L.) plants, to determine
host responses. Prior to inoculation, plants were tested
to be CMV-free by RT-PCR. Onion and garlic plants
were also tested to be free from LYSV, SLV, GarCLV, and
OYDV infections using RT-PCR and specific primers for
each virus (Fajardo et al., 2001; Majumder et al., 2008;
Parrano et al., 2012; Nam et al., 2015).

Plant sap was prepared by grinding 1 g of natu-
rally infected onion leaf samples in 5 mL of 0.01 M
potassium phosphate buffer (pH 7) using a mortar
and pestle. Leaves of treated plants were dusted with
abrasive-celite, then plant sap was manually rubbed
on the leaves. Four onion, garlic, cucumber, and mel-
on plants were each dusted with abrasive-celite then
rubbed with potassium phosphate buffer as controls.
Ten minutes after treatment, inoculated and control
plants were rinsed with distilled water. The plants were
then kept in a greenhouse at 24-28°C, and any symp-
toms were recorded during the following 2 to 5 weeks
(Hill, 1984; Ohno et al., 1997; Hull, 2009). At 5 weeks
after inoculation, a composite sample of leaves of the
inoculated plants of the each species were collected for
RT-PCR. This allowed onion isolates infection on each
plant species to be confirmed by a small number of
RT-PCRs, but infection rates were unknown. A prim-
er pair of F-GTTTATTTACAAGAGCGTACGG and
R-GGTTCGAA(AG)(AG)(AT)ATAACCGGG, to ampli-
fy 650 bp of RNA2, was used in the PCR (Finetti Sialer
et al., 1999).

RESULTS
Sequencing of RNA3

The obtained partial nt sequences of RNA3 were
540 bp long, covering 216 bp of 5 UTR and 324 bp of
the partial CP gene (1-324 position) for reference iso-
late accession no. D10538. NCBI GenBank accession no.
MNB864792-93 were acquired for them.

Phylogenetic analysis and nucleotide and amino acid
sequences identity percentage

The phylogenetic tree constructed based on the par-
tial RNA2 comparison was divided into four groups
(1-4). The two onion isolates clustered with 21 other iso-
lates in Group 1. The tree constructed based on the par-
tial RNA3 comparison was also divided into four groups
(1-4). However, the onion isolates only clustered in
Group 1 with 15 other CMV isolates, which showed that
not all isolates used in this study had high identities to
the onion isolates in their RNA2 and RNA3 sequences
(Figure 1).

CMV-14.3Po and CMV-15.5Po shared very high nt
and aa sequence similarities in both RNA2 and RNA3.
All the compared CMYV isolates showed high nt (91.2-
99.4%) and aa (89-100%) in partial RNA2 to onion iso-
lates. The compared CMV isolates showed relatively low-
er nt (86.7-99.8%) and aa (81.8-100%) sequences to the
onion isolates in comparison of partial RNA3 (Table 1).

TURS84, TURS6, I17F, PV0187, Ns, Rs, Gd, Ri-8,
CMV21, NND454] and Can isolates had very high nt
and aa similarities in both RNA2 and RNA3 sequences
to the onion isolates, and also were clustered in the same
group with onion isolates in both phylogenetic trees.
The outcome showed that these isolates were genetically
more similar to CMV Turkish onion isolates than the
other virus isolates compared in this study.

Host indexing

Both of the onion isolates caused mild leaf mal-
formations on all the inoculated onion plants, which
was difficult to differentiate from the controls. Severe
leaf malformations and stunting were observed on all
inoculated garlic plants. Mottle symptoms appeared on
leaves of most of the cucumber and melon plants inocu-
lated with both onion isolates. Only one cucumber and
one melon plant produced clear mosaic symptoms after
inoculation with isolate CMV-14.3Po (Table 2; Figure 2).
Infections on all the tested plant species were confirmed
by RT-PCR (Figure 3).

DISCUSSION

Based on partial RNA2 and RNA3 sequence com-
parisons, the two onion isolates (CMV-14.3Po and CMV-
15.5Po) had high similarities to at least 11 other CMV
isolates. Some of these other isolates were also origi-
nally from Turkey, while some were from geographi-
cally close countries (Iran, Hungary, Germany, Austria,
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Figure 1. A. Phylogenetic tree based on nucleotide sequence comparisons of partial RNA2 of two onion isolates (MN070136-37) and 35
other CMV isolates. B. Phylogenetic tree based on nucleotide sequence comparisons of partial RNA3 of two onion isolates (MN864792-
93) and 35 other CMV isolates. Bootstrap values on each branch were supported by 1000 replicates, and only values greater than 50% are
shown. An isolate of Tomato aspermy virus (TAV Japan) was used as out-group.

France, Spain, and Poland), and some others were from
East Asian countries (South Korea and Japan). The two
onion isolates were also similar to three Serbian iso-
lates (650-07, 581-11, and 473-12) and one Tunisian
isolate (89-2012) only in the RNA2 sequence compari-
sons, since these isolates have no information on their
RNA3 sequences available in NCBI GenBank. In only
the RNA3 sequence comparisons, the two onion isolates
were highly homologous to one Hungarian isolate (Le02)
and two Spanish isolates (MADO01/2 and BAR96/1).
There is no sequence of CMV isolates from Croa-
tia available in NCBI GenBank to be compared to onion
isolates examined in the present study, but the onion iso-
lates were very similar to isolates from Serbia, Hungary,

and Austria, which are direct neighbours of Croatia. Thus,
there was possibility that the CMV garlic isolate (CMV-G)
that was reported in Croatia (Stefanac, 1980) also had high
nt sequence similarities to CMV-14.3Po and CMV-15.5Po.
Two Iranian CMYV isolates (IRN-REY4 and IRN-
REY10) and one Turkish isolate (TUR54) all from rad-
ish (Raphanus sativus L.) were very similar in RNA2
sequences, but were divergent in RNA3 sequences, in
comparison to the two onion isolates. These isolates
clustered together with onion isolates in Group 1 of the
phylogenetic tree of RNA2, but clustered in Group 4 of
the tree of RNA3, which was very distant to the onion
isolates. The RNA3 of CMV was known to be little
conserved, as was also shown by the sequences iden-
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Tabel 1. CMV isolates used in this study. The partial RNA2 and RNA3 nucleotide and amino acid sequence percentages to onion isolates
are indicated.

RNA2 comparison RNA3 comparison
No. Isolate Origin Host . : : i i i i i i i
name® Accession Phylo nt identity aa identity Accession Phylo nt identity aa identity

No. group (%) (%) No. group (%) (%)
1.  14.3Po° Turkey  Allium cepa MNO070136 1 100 100 MN864792 1 100 100
2. 15.5P¢® Turkey  Allium cepa MNO070137 1 100 100 MNB864793 1 100 100
3. Rs Hungary Raphanus sativus AJ517801 1 99.0-99.2 994 AJ517802 1 99.4-99.6 100
4. IRN-REY4 Iran Raphanus sativus LC066466 I 99.2-99.4 100 LC066467 4  87.8-883 835
5. TURS86 Turkey  Rapistrum rugosum  LC066514 1 99.2-99.4 100 LC066515 1 99.6-99.8 100
6. TURS84 Turkey  Rapistrum rugosum  LC066511 1 99.2-99.4 100 LC066512 1 99.3-99.4 994
7. TUR54 Turkey  Raphanus sativus LC066502 1 99.2-99.4 100 LC066503 4  87.8-88 81.8
8.  MeEs Iran Cucumis melo MH782236 1 99.2-99.4 100 MH782237 2 97.0-972 989
9. IRN-REY10 Iran Raphanus sativus LC066472 1 99.2-99.4 100 LC066473 4  87.6-88.1 83
10. NND454] Japan Raphanus sativus LC066430 1 98.7-98.8 100 LC066431 1 98.5-98.7 98.3
11. I17F France  Solanum lycopersicum HE793684 1 ~ 99.2-99.4 100 Y18137 1 99.4-99.6 100
12. Ri-8 Spain Solanum lycopersicurn AM183118 1 98.7-98.8 100 AM183119 1 98.7-98.9  98.9
13. PVO0187 Germany - KP165581 1 99.0-99.2 100 KP165582 1 99.4-99.6 100
14. Co-46 Japan Corchorus olitorius ~ LC363918 1 98.7-98.8 100 LC363919 2 97.0-972 983
15. SqSh Iran Cucurbita pepo MH782239 1  99.0-99.2 100 MH782240 2 97.2-97.4 989
16. Ns Hungary Nicotiana glutinosa ~ AJ511989 1 98.5-98.7  99.4 AJ511990 1 99.3-99.4 100
17. CMV21 Poland  Cucurbita pepo MG882754 1 98.5-98.7 100 MG882755 1 97.8-98 96.6
18. Gd Austria  Cucurbita pepo HQ916353 1 97.1-973  97.1 HQ916354 1 99.3-99.4 100
19. Can S. Korea Canna generalis LC381763 1 96.5-96.7  97.7 LC381757 1 98.5-98.7 989
20. 650-07 Serbia  Nicotiana tabacum  KT270521 1 99.2-99.4 100 - - - -
21. 581-11 Serbia Capsicum annuum  KT270520 1 98.9-99 99.4 - - - -
22, 473-12 Serbia  Citrullus lanatus KT270516 1  98.7-988 994 - - - -
23. 89-2012 Tunisia ~ Cynara scolymus KJ451747 1 98.9-99 98.8 - - - -
24, Le02 Hungary Cpersicon - - - - AMI114273 1 99.4-99.6 100

esculentum

25. MADO01/2 Spain Diplotaxis erucoides - - - - AJ829765 I 99.1-99.3 994
26. BAR96/1 Spain Cucumis melo - - - - AJ829777 1 99.1-99.3 994
27. KM Japan Cucumis melo - - - - AB004780 2 98.0-98.5  98.3
28. ml Japan Nicotiana tabacum  AB920778 2 96.5-96.7  97.7 AB920779 2 97.2-974 983
29. TKD766] Japan Raphanus sativus LC066445 2 96.4-96.5 97.1 LC066446 2 97.6-98.1 983
30. Rb S. Korea Rudbeckia hirta GU327364 2 96.4-96.5 954  GU327365 1  985-98.7 994
31. Va S. Korea Vigna angularis JX014247 2 96.5-96.7  96.5 JX014248 2 97.2-97.8  98.3
32. RP30 S.Korea Capsicum annuum  KC527713 2 96.5-96.7  97.1 KC527758 2 97.0-97.2 972
33. RP28 S.Korea Capsicum annuum  KC527711 2 96.4-96.5 959 KC527756 2 97.0-972 977
34. Ly2 S. Korea Lilium longiflorum  AJ535914 3 937-939 942 AJ296154 3 965-96.7 943
35. C4 China  Lilium spp. MH360231 3 93.3-935 936  MH360236 3  96.7-969  94.9
36. Co China  Lilium spp. MH360232 3 93.7-93.9 93.6  MH360237 3 = 96.5-96.7 943
37. C2 China  Lilium longiflorum ~ MH360230 3  93.7-93.9  93.6  MH360258 3  96.7-96.9  94.9
38. HM3 Egypt Solanum lycopersicum KT921315 4 93.1-93.2 913 KX014666 4 87.8-883 83
39. CLw2 Malaysia Cucumis sativus JN054637 4 927-929 89.6  JN054635 4 87.0-87.6 83
40 KO India Capsicum annuum ~ KM272278 4 91.7-91.9 884  KM272275 4  86.7-87.2  81.8
41 ICAR-IISR PN25 India Piper nigrum KU9%47030 4  91.2-91.3 89 KU947031 4  87.2-874 83

2 Isolates that name typed in bold are those that both RNA2 and RNA3 sequences are available in NCBI GenBank.
> CMV onion isolates that were identified in this study.
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Table 2. Symptoms caused from inoculations with two CMYV isolates on different inoculated test plants.

Symptoms on inoculated plant number?

Isolate Plant species
1 2 3 4
CMV-143Po  Onion Mild leaf malformation Mild leaf malformation Mild leaf malformation Mild leaf malformation
Garlic Severe leaf malformation  Severe leaf malformation  Severe leaf malformation ~ Severe leaf malformation
and stunting and stunting and stunting and stunting
Cucumber  Mottle Mottle Mosaic Mottle
Melon Mottle Mottle Mottle Mosaic and mottle
CMV-15.5P0  Onion Mild leaf malformation Mild leaf malformation Mild leaf malformation Mild leaf malformation
Garlic Severe leaf malformation  Severe leaf malformation  Severe leaf malformation  Severe leaf malformation
and stunting and stunting and stunting and stunting
Cucumber  Mottle Mottle Mottle Mottle
Melon Mottle Mottle Mottle Mottle

2 Mottle was considered mild, while mosaic was considered as a more severe symptom.

Figure 2. Symptoms on plants mechanically inoculated with two CMV
14.3Po, B. Mosaic and mottle on melon inoculated with CMV-14.3Po, C. Mild leaf malformation on onion inoculated with CMV-15.5Po, D.
Severe leaf malformation and stunting on garlic inoculated with CMV-15.5Po.

tity analyses of this study. Phylogenetic analyses on this
region were useful for classification of CMV isolates into
subgroups IA, IB, and II (Roossinck et al., 1999). The
two onion isolates belonged to subgroups IA according
to phylogenetic analysis in the present study.

Isolates that have high genomic similarities to CMV-
14.3Po and CMV-15.5Po were identified from different
plant species from several families. As comparison, four
isolates in Group 3 (Ly2-CMYV, C2, C4, and C6) were

isolates from onion. A. Mosaic on cucumber inoculated with CMV-

all identified from Lilium spp. Results from phyloge-
netic and similarity analyses also showed that CMV iso-
lates with genome signature similar to CMV-14.3Po and
CMV-15.5Po naturally had wide host ranges, and had
been found in a broad geographic area, comprising Med-
iterranean, European, and East Asian countries. CMV
should therefore be included in future virus surveys of
Allium conducted in these regions, especially where
CMV was known to be prevalent.
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Figure 3. Gel from extracts of onion, garlic, cacumber, and melon
plants mechanically inoculated with two onion isolates of CMV in
the host indexing study gave positive results in RT-PCR to ampli-
fy partial RNA2 of CMV (650 bp). Isolate CMV-14.3Po in lane 1.
onion, lane 2. garlic, lane 3. cucumber, and lane 4. Melon. Isolate
CMV-15.5Po in lane 5. onion, lane 6. garlic, lane 7. cucumber, lane
8. Melon. Lane 9. negative control (uninoculated onion). Lane M =
100 bp DNA ladder marker (Thermo Fisher Scientific).

Partial RNA3 sequences of CMV-14.3Po and CMV-
15.5Po shared high similarities to two other Turkish
CMYV isolates (TUR84 and TURS86) identified from
Rapistrum rugosum (Oshima et al., 2016). This pro-
vided more evidence to the previous suggestion based
on phylogenetic analyses of partial RNA2, that onion
isolates were probably transmitted from R. rugosum,
or other weed species, in onion fields. During the sur-
vey that was conducted in Ankara province, only two
of 210 onion samples tested positive for CMV infec-
tions. This low infection rate may have been due to
absence of aphid vectors (Santosa and Ertunc, 2020).
The two onion isolates were found in two different
fields close to each other during a survey that covered
a wide area. The isolates were therefore likely to only
spread locally, because natural mechanical transmis-
sion in onion was difficult.

CMV-14.3Po and CMV-15.5Po were shown to be
mechanically transmissible to onion, garlic, cucumber,
and melon, based on host indexing results. CMV-G was
also reported to be transmitted to onion and cucumber
by mechanical inoculation. Similar to CMV-14.3Po and
CMV-15.5Po, CMV-G produced severe symptoms on
garlic (Stefanac, 1980). CMV-G caused severe symptom
(necrotic streaks) on onion, contrary to CMV-14.3Po and
CMV-15.5Po that only produced mild leaf malforma-
tion on onion. These results probably showed response
of different onion varieties to CMV isolates. The mild
leaf malformation on inoculated onions was consistent
with symptoms on inoculum sources (samples that were
naturally infected by CMV-14.3Po and CMV-15.5Po)
(Santosa and Ertunc, 2020). Onion isolates mostly only
caused mild symptom (mottle) on inoculated cucumber
and melon, with only one of each cucumber and melon
plants developing severe symptoms (mosaic).

Based on low infection rate and mild symptom sever-
ity, it can be shown that CMV is a minor virus that does
not pose serious threats to onion production. CMV
could be a threat for garlic cultivation, since it caused
severe damage to garlic plants, and garlic vegetative
propagation would easily transmit viruses to next gen-
erations. However, CMV infection on garlic was deter-
mined to be rare in a survey (Fidan, 2010). Severe symp-
toms on garlic which could eliminate the possibility for
infected plants to become planting material, and the dif-
ficulty to transmit CMV-G by aphids, were thought to be
the reasons for rare CMV infection on garlic (Stefanac
and Milicic, 1992).

Phylogenetic and similarity analyses and host index-
ing that were performed on CMV-14.3Po and CMV-
15.5Po revealed knowledge of CMV isolates that natu-
rally infect onion, which was lacking prior to this study.
However, information on distribution, transmission,
economic importance and genomic diversity of CMV in
onion and other Allium spp. is still needed to be further
investigated.
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Summary. Pseudomonas syringae pv. tomato (Pst), the causal agent of bacterial speck of
tomato, is a significant cause of economic losses in tomato crops. This disease is mainly
controlled with preventive use of cupric salt formulations. Antibacterial activity of the tan-
nins U1, U2, U3 and U4, applied alone at 1% w/v concentration or in combination with
half (0.045% w/v) of standard of copper hydroxide treatments, was assayed for effects on
Pst. In vitro, the four tannins completely inhibited Pst colony formation after 24 h, but
U2 (quebracho tannins) + % Cu(OH), allowed Pst growth after 48 h of incubation, indi-
cating that, since U2 is composed of high molecular condensed tannins it is likely that
their structures have chelated the copper hydroxide much more then hydrolysable ones,
thus inactivating copper hydroxide and tannins. In fact, this activity of the tannins was
equivalent to that for 0.045% w/v of copper hydroxide. Effects of tannins on tomato plant
growth were also assessed. On seedlings, long-term Ul treatments increased dry weight
of shoots compared to copper hydroxide, but not to water treatment. The U4 treatment
increased the NBI values compared to copper treatment but did not show significant dif-
ferences compared to the water treatment. Inhibitory activity of tannin treatments reduced
disease by 37-62%, and 60% after copper treatment, while disease severity was reduced
by 33-54% after treating plants with tannins and 36% after copper treatment. On mature
plants treated once, the disease reduction was 27-39% after tannin treatments and 44%
after copper treatment, while severity was reduced by 50-60% from tannin treatments,
and 47% by copper. In seedlings and mature plants, these reductions were similar (P >
0.05) for the tannins and copper treatments. This study indicates a novel crop protection
strategy using natural products as alternatives to xenobiotic compounds.

Keywords. Bacterial speck, antibacterial activity, plant growth promotion, eco-friend-
ly strategies.

INTRODUCTION

Pseudomonas syringae pv. tomato (Okabe) Alstatt (Pst) is the causal agent
of bacterial speck on tomato plants (Solanum lycopersicum L.), and is capa-
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ble of causing considerable economic losses from tomato
crops. The pathogen survives as an epiphyte on weeds
and on symptomless tomato transplants, as well as in
the soil and in host seeds (Devash et al., 1980; McCa-
rter et al., 1983), utilizing molecules released from leaves
and organic matter carried by the wind (Schneider and
Grogan, 1976). Bacterial speck symptoms can affect vari-
ous plant organs. On leaflets, where the pathogen pen-
etrates into depressions between epidermal cells, sub-
stomatal chambers and around trichomes, speck symp-
toms appear as black spots, usually surrounded by yel-
low halos. Lesions on tomato fruit are small raised black
spots, often surrounded by green halos (Varvaro et al.,
1993). Fruit developed on defoliated plants are small,
thus reducing the quality of fresh and processed toma-
toes (Gruda, 2005; Pietrarelli et al., 2006).

Control of bacterial diseases is mainly based on
appropriate agronomic practices, including use of
healthy seeds, balanced fertilisation, crop rotation, and
design of irrigation systems, to limit the spread of the
pathogens (Quattrucci et al., 2013). As regards chemical
control, Cupric salts are important pesticide components
for management of phytopathogenic bacteria in conven-
tional and organic agriculture (La Torre et al.,, 2018).
Due to European restrictions on the use of copper, Pst
control strategies based on low environmental impact
and substitution of copper compounds are urgently
required (Quattrucci and Balestra, 2009). This approach
is already obtaining positive results for control of path-
ogens that cause parenchymatic and vascular diseases
in tomatoes (Quattrucci and Balestra, 2009; Baka and
Rashad, 2016; Kalleli et al., 2020). Nevertheless, Marrone
(2019) stated, “there is still a relatively low percentage
of naturally derived pesticides relative to the number of
pharmaceuticals derived from natural sources”. Effective
pest management is a major challenge in modern agri-
culture, where control efficacy, cost affordability, envi-
ronmental safety, toxicity towards non-target organisms,
and sustainability of the production system are impor-
tant factors (Vurro et al., 2019).

Tannins are polyphenolic secondary metabolites
abundant in vascular plants, commonly occurring
at 5-10% dry weight of plant biomass (Haslam et al.,
1988; Lochab, 2014). They are the third most abundant
components extracted from biomass, after cellulose,
hemicelluloses and lignin (Arbenz and Avérous, 2016).
Furthermore, they are mainly involved in plant protec-
tion through mechanisms of direct action on microbial
pathogens, insects and herbivorous animals (Barbehenn
and Constabel, 2011). The conventional extract process
for tannins is based on plentiful water, which is partly
recycled based mainly on solid/liquid extraction. Oth-
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er extraction techniques, including extractions based
on supercritical fluid, pressurized water, microwaves,
or ultrasound, are applied for laboratory studies (De
Hoyos-Martinez et al., 2019). Due to the heterogeneous
nature of tannins, a universal method can be used for
their extraction (Bacelo et al., 2016).

Two of the most important classes of tannins are
the hydrolysable and condensed varieties. Hydrolysable
tannins are multiple esters of gallic acid with glucose
and products of their oxidative reactions, and these
have molecular weights from 500 to 3,000 Da. Con-
densed tannins (syn. proanthocyanidins) are deriva-
tives of catechin and esters of gallic acid with quinic
acid, and these compounds have molecular weights
from 1,000 to 20,000 Da (Hiimmer and Schreier, 2008;
Quideau et al., 2011; Aroso et al., 2017). Hydrolysable
tannins include gallotannins and ellagitannins. Upon
hydrolysis by acids, bases or certain enzymes, gallo-
tannins yield glucose and gallic acid, while ellagitan-
nins produce the hydroxydiphenoyl residue; the latter
undergoes lactonization to produce ellagic acid, which
is not easily hydrolyzed because of the further C-C
coupling of the polyphenolic residue with the polyol
unit. So it should be mentioned that ellagitannins are
not hydrolysable but are nevertheless for historical rea-
sons classified as hydrolysable tannins. (Hernes and
Hedges, 2004). Condensed tannins are polymers of
flavonoids and their building block includes catechin
and epicatechin. Condensed tannins can have different
degrees of polymerization (between 3 and 11), depend-
ing on the linkage between the elementary units, which
can be C-C or occasionally C-O-C. Their condensation
occurs through an oxidative reaction between the C,
carbon of the heterocycle and Cgor C4 carbons (Venter
et al., 2012).

Many industrial tannins with agri-food applications
are extracted from different plant species. In the present
study tannins from three different sources were assayed:
from sweet chestnut, tara pods or quebracho. Chemical
characteristic of the tannins used have been reported in
the Materials and Methods section. For agricultural uses
of condensed tannins, their efficacy in plant protection
has assessed against the gram-negative phytopathogenic
bacterium Pseudomonas savastanoi pv. neri, where some
extracts showed inhibitory activity on the Type Three
Secretion System (TTSS) and in Quorum Sensing (QS).
Grapeseed polyphenolic extracts consisted of several cat-
echins and epicatechins, with molecular weights rang-
ing from 290 to 1,170 Da, and of free gallic acid (0.004
mg g'), while the phytocompounds in green tea extracts
were epigallocatechin gallate (839 mg g ) and epicate-
chin gallate (32 mg g') (Biancalani et al., 2016).
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Hydrolysable tannins are mainly extracted from
sweet chestnut, and several studies have assessed how
these compounds counteract plant pathogens. Tests on
potato plants inoculated with Meloidogyne javanica
(Treub) Chitwood showed reductions of nematode egg
numbers in vitro and reproduction rates in vivo (Renco
et al., 2012). A crude methanol extract of Sapium bacca-
tum (Roxb) has been shown to be highly active against
Ralstonia solanacearum (Smith) with in vitro and in
vivo tests (Vu et al., 2017). The antibacterial effect of
tannins on watermelon seeds has been demonstrated,
with reduction of symptoms caused by Acidovorax ci-
trulli from inoculated seeds and increased germina-
tion, following treatments with a product (AGRITAN?®,
Silvateam S.p.A.) containing plant polyphenol extracts
based on tannins. The hypothesis that tannins could also
induce host resistance has been advanced (Giovanardi
et al., 2015). A raw sweet chestnut hydrolysable extract
has found application as a biostimulant in transplanted
tobacco crops, as a starter treatment boosting early root
growth through phosphate uptake, making plants resist-
ant to pathogens including nematodes, and thus allow-
ing reduced usage of xenobiotic products (Bargiacchi et
al,. 2013, 2017). In agriculture, hydrolysable tannins are
also used as organic acidifying solutions and iron ferti-
lizers. Iron fertilization occurs due to the metal chela-
tion proprieties of tannins (Bargiacchi et al., 2004).
Although studies have evaluated the biostimulant activi-
ties of tannins applied to plant roots and seeds, none
have focused on the biostimulant activity of tannins
nebulised on leaves.

The present study evaluated tannins antibacterial
activity towards Pst, and potential biostimulant activity
towards host plants. Three tannins from different plant
sources were used to prepare four formulations (U1, U2,
U3, and U4). Tannins were assessed for applications of
these products onto tomato plant leaves at different stag-
es of plant growth.

MATERIALS AND METHODS
Tannin chemical characteristics
Tannin formulations

Tannin components in the different formulations
were: Ul, sweet chestnut (Castanea sativa) hydrolys-
able tannins water extract; U2, sulfited quebracho (Schi-
nopsis lorentzii) condensed tannins water extract; U3,
a mixture (1:9) of tara (Casealpina spinosa) pods sol-
vent extract of hydrolysable tannins and sweet chestnut
hydrolysable tannins water extract; and U4, a mixture
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(1:1) of sweet chestnut hydrolysable tannins water extract
and sulfited quebracho condensed tannins water extract.
Each product assayed was a liquid formulation, contain-
ing 40% tannins and 60% water, and was provided by
Silvateam S.p.A. (San Michele Mondovi, Italy).

The chemical structures of the tannins assayed in
this study were previously characterized by Pizzi et al.
(2009), Giovando et al. (2013), Radebe et al. (2013). Tur-
key gall, and chestnut woods were analyzed and com-
pared using matrix-assisted laser desorption/ionization
time-of-flight (MALDI-TOF and Molino et al. (2018).

In vitro effects of tannins on Pseudomonas syringae pv.
tomato

Bacterium culture

Pseudomonas syringae pv. tomato isolate CFBP-1323
from the French Bacterial Collection was used in this
study. The isolate was stored at -80°C, and was grown
according to King et al. (1954) at 25 £+ 1°C for 24 h for
the preparation of inoculum. Bacterium suspensions
were prepared in 0.01 M MgSO,, and adjusted to 1 x 10°
CFU mL"at ODg.

Bacterium inhibition and growth on tannin-containing
media

The minimum inhibitory concentrations (MICs) of
the tannins were assayed by testing five concentrations
of each, at 0.2, 0.5, 1, 1.5, or 2% (w/v), following the pro-
tocol reported in Francesconi et al. (2020). The tannins
were dissolved in sterile distilled water at these con-
centrations, and the solutions were then filtered using a
sterile syringe filter (0.2 um pore size). The filtered solu-
tions were then pipetted into the microtiter plates, and
bacterium suspension was added to each well to obtain
final concentration of 1 x 10* CFU mL™. The plates were
then incubated at 27°C in the dark for 24 h. Ten pL of
each bacterium/tannin suspension were transferred into
a new microtiter plate containing Nutrient Broth (NB),
and incubated at 27°C in the dark for 48 h. Absorbance
from the resulting bacteria was measured at ODy,, using
a DR-200B Microplate reader (Diatek Instruments).
Mock (untreated bacterium suspension cultured on NB)
and blank (NB only) controls were also included.

The tannin formulations were incorporated into KB
medium at 1% (w/v). Copper hydroxide (standard) was
used at 0.09% (w/v), on the basis of average concentra-
tions of cupric salts in many commercial formulations.
Suspensions of tannins (at 10% w/v) and copper hydrox-
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ide (at 0.9% w/v) were each prepared in 100 mL of ster-
ile deionised water. To obtain the final concentrations, 1
mL of each suspension was sterilised with 0.22 um pore
size filters and added to 100 mL of the medium. The
plates were inoculated with 100 pL of Pst suspension (10*
CFU mL") and incubated at 27°C for 48 h. Three inde-
pendent replicates were performed with three plates for
each experimental group, and the CFU were determined
after 24 and 48 h.

In vivo effects of tannin treatments

Bacterium inoculations

Three hours before bacterium inoculation, the rela-
tive humidity where test plants were growing (see below)
was increased to 95% to favour the opening of the leaf
stomata. Inoculation were carried out by spraying each
plant with 30 mL of bacterium suspension containing 1
x 10 CFU mL, which was obtained by serial 1:10 dilu-
tions (Katagiri et al., 2002).

Host plant material, growth conditions and experimental
design

In the autumn of 2018, experiments were conducted
in a glass greenhouse at the Tuscia University experi-
mental farm (Viterbo, central Italy, 42°25'N, 12°08’E).
Tomato seedlings (Solanum lycopersicum L. cv. San Mar-
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zano; susceptible to Pst) were acquired from an organic
nursery. The experimental design was a randomized
complete-block design consisting of three independent
experiments, each containing ten plants for each experi-
mental group. The plants were kept in controlled condi-
tions at 28+2°C and 70 to 80% relative humidity. Seed-
lings at the cotyledon stage were transplanted into pots
(15 cm diam.) containing a sterilised soil/sand/peat mix
(2:1:1 volume), and were watered daily using drip irriga-
tion. A mineral solution (N, P, K, 20:20:20 plus B, Cu,
Fe, Mn, Mo, Zn, 1:5:30:10:10:10), at 2 g L was adminis-
tered to the pots once each week, to maintain optimum
nutritional conditions.

The seedling experiments commenced 15 d before
inoculation, in which the tannin treatments were applied
three times at 5, 10 and 15 d. The mature plants were
treated 1 d before inoculation with tannin formulations.
Each experiment spanned 21 d from inoculation to final
assessments.

To determine if there were phytotoxic effects of the
tannin formulations used, the tannins were infiltrated
into the mesophylls of tobacco leaves. No unspecific
phytotoxicity was observed (data not shown). Tomato
plants were also visually evaluated for phytotoxicity dur-
ing each rating period.

The tannin treatments were applied to the seedlings
and the mature plants with a CO,-pressurised hand-
held sprayer equipped with a large orifice nozzle (Tee-
Jet 8004), operating at 2.8 g cm’!, to produce large spray
droplets to runoff. The treatments applied were: 1% tan-

Table 1. Descriptions of treatments used in this study. tannins = hydrolysable and condensed tannins (U1 to U4).

Treatment designation Plant sources Extraction Description
mode
Ts (U1) Sweet chestnut Water Tannin formulations provided by Silvateam used at 1% (w/v).
Ts (U2) Quebracho Water
Ts (U3) Sweet chestnut + Tara pods (9:1) Water
Solvent
Ts (U4) Sweet chestnut + quebracho (1:1) Water

Ts (U1) + % Cu(OH),

Ts (U2) + % Cu(OH),
Ts (U3) + % Cu(OH),
Ts (U4) + % Cu(OH),
Pst (negative control)

Cu(OH), (standard)

% Cu(OH),

TPE
H,O (blank control)

Tannin formulations at 1% (w/v) mixed with 0.045% (w/v),
halved dose of the standard of copper hydroxide.

Inoculated and untreated plants.
0.09% (w/v) concentration (average concentration of cupric
salts in commercial formulations).

0.045% (w/v) concentration (halved dose of the standard of
copper hydroxide)

Biostimulant commercial formulate at 0.2% (w/v).
Water treatments used as no-biostimulant control treatment.
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nins only; 1% tannins mixed with half of the standard
dose (0.045%) of copper hydroxide; full standard dose
(0.09%) of copper hydroxide; negative control (inocu-
lated plants with no chemical treatments); or tropical
plants extract (TPE) based, for biostimulant activity at
0.2% (w/v) (Auxym®, Italpollina S.p.A.); or blank control
(water-treated plants). All combinations of these treat-
ments are listed in Table 1.

Effects of treatments on epiphytic survival of Pseu-
domonas syringae pv. tomato

The in vivo antibacterial activity of tannins was eval-
uated by assessing epiphytic survival of Pst at 1, 7, 14,
and 21 days post inoculation (dpi). For each experimen-
tal group, three independent replicates, each compris-
ing nine plants, were evaluated. From each plant, one
young leaflet from the latest treated apical meristem and
one mature leaflet were sampled. The leaflets were trans-
ferred into a sterile plastic bag and washed with 10 mL
of sterile distilled water at 180 rpm for 10 sec, using a
Stomacher” 400 Circulator. The washing water (100 uL)
was then plated on the KB medium and incubated at
27°C for 24 h (Balestra and Varvaro, 1998). The numbers
of CFUs were counted and were related to the surface
areas of the sampled leaves, using APS Asses software.
This procedure was used for each experimental group.

Effects of tannins on disease incidence, severity and dis-
ease reduction

Disease severity (% DS) was assessed at 7, 14 and
21 dpi, and was scored using a 0-4 scale where, 0 = no
symptoms; 1 = one leaf with at least one necrosis; 2 =
two or three leaves with at least one necrosis; 3 = four or
five leaves with at least one necrosis; and 4 = more than
five leaves with at least one necrosis. Severity was calcu-
lated by the following equation:

Zdn
DS (%) = DN

x 100

where, d = severity score; n = number of diseased plants
with the same severity score; N = total number of the
examined plants, and D = the greatest severity score (He
et al., 1983; Mekam et al., 2019). Proportional disease
reduction (% DR) was calculated using the following for-
mula:

S—s

DR (%) = x 100
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where, S = disease severity on tomato inoculated with
Pst, and s = disease severity on tomato treated with dif-
ferent formulations then inoculated with Pst.

Disease incidence (DI) was also calculated as a per-
centage of the symptomatic plants per experimental
group (Steel et al., 1997).

DS, DR and DI were calculated from three independ-
ent experiments, each one consisting of ten plants.

Biostimulation of seedlings

Since the seedlings were treated three times, the
biostimulant activity of tannins was assessed by meas-
uring the average leaf surface area, nitrogen balance
index (NBI) relating to the ratio of chlorophyll and the
flavonoids, and the biomass development expressed as
the ratio of shoot to root dry weights. The TPE-based
biostimulant was used as positive control (Caruso et al.,
2019), water-treated plants were considered as mock con-
trol, and copper-treated plants were the negative control.
For each experimental group, three independent repli-
cates were evaluated, each comprising nine plants. For
each independent experiment, the plants were divided
into three groups of three plants. For each group, six
leaflets were harvested as follows: three young leaf-
lets from the latest apical treated meristem and three
mature leaflets. The measurements were obtained using
APS Asses software, relating the total area of the leaflets
and the number of leaflets sampled. For the evaluation
of NBI, the measurements were performed 21 d after the
treatments with tannins were applied. Data were collect-
ed between the midrib and margin of each leaf, and the
NBI meter was shielded from direct sunlight. The meas-
urements were obtained randomly from three independ-
ent experiments, each consisting of ten plants for each
experimental group. Plant root and shoot dry biomass
was determined by weighing the plant tissues before and
after drying in a forced air oven at 80°C for 72 h (Colla
et al., 2015). Three independent experiments were per-
formed and for each experiment three plants were ran-
domly sampled.

Statistical analyses

All the data were subjected to variance analyses
(ANOVA) using DSAASTAT software. Two levels of sig-
nificance (P < 0.05, P < 0.01) were considered to assess
the significance of the F values. When significant F val-
ues were calculated, pairwise analyses were carried out
using the Tukey Honestly Significant Difference test
(Tukey’s test) at 0.95 or 0.99 confidence levels.
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RESULTS

In vitro effects of tannins on Pseudomonas syringae pv.
tomato

MIC values of chestnut, tara and quebracho extracts,
and their antibacterial activities in media

All the tannin formulations reduced Pst growth, and
were bactericidal to the bacterium. At the concentration
used, pH was in the range of within 6 to 7, so pH did
not influence the antibacterial activity. Tannins Ul, U3
and U4 were the most effective forwards Pst, giving MIC
values of 0.5%, while the MIC for U2 was 1%. Following
these results, the concentration of 1% for tannins was
used for further investigations. Table 2 shows the in vitro
results after incorporating the tannins into KB medium
at 1%. After 24 h incubation, no Pst colonies were vis-
ible under the stereomicroscope on the media contain-
ing the tannin formulations, either where the four tan-
nins were used alone or in mixture. This indicated that
their antimicrobial activity at 24 h was comparable to
that of a field dose of copper hydroxide. On KB plates
containing the halved dose of copper hydroxide, 8.17E +
02 CFU mL! were counted. After 48 h incubation, three
of the tannin formulations (U1, U3 and U4) used alone
or mixed gave complete Pst inhibition. The exception

Table 2. Mean numbers (n = 10) + mean of the standard errors
(SEM) of three independent replicates for each experimental group
of colony forming units (CFU mL™) of Pseudomonas syringae pv.
tomato from different treatments containing tannin formulations,
either alone or in mixtures with half (0.045% w/v) of standard of
copper hydroxide, at 24 or 48 h after inoculation in KB plates con-
taining the substances listed in Table 1.

log CFU mL!

Treatment

24h 48h
Ts (U1) TID TID
Ts (U2) TID TID
Ts (U3) TID TID
Ts (U4) TID TID
Ts (U1) + % Cu(OH), TID TID
Ts (U2) + % Cu(OH), TID 1.06E+03 b
Ts (U3) + % Cu(OH), TID TID
Ts (U4) + % Cu(OH), TID TID
Pst (negative control) 6.01E+03 a 6.01E+03 a
Cu(OH), (standard) TID TID
% Cu(OH), 8.17E+02 b 8.17E+02 b
(SEM) 2.34E+01 3.04E+01

TID = total inhibition determined. Different letters within the same
column indicate significant differences (P < 0.01) according to the
Tukey HSD test.
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was U2 + % Cu(OH), (1.06E + 03 CFU mL™), which gave
antimicrobial activity comparable to the halved dose of
copper hydroxide (8.17E + 02 CFU mL"). Both these
experimental groups significantly reduced Pst growth
compared to the negative control (6.01E + 03 CFU mL").

In vivo effects of tannin treatments
Epiphytic survival of Pseudomonas syringae pv. tomato

All of the tannin treatments were antibacterial, with
activity at 1 dpi similar to that from copper hydrox-
ide (Table 3). The tannins U4 applied alone (8.58E + 03
CFU cm?), U2 + % Cu(OH), (4.65E + 03 CFU cm?) and
U3 + % Cu(OH), (1.02E + 04 CFU cm™), all had simi-
lar antibacterial activity. At 7 dpi, all the tannin treat-
ments, with the exception of U2 (2.86E + 04 CFU cm?)
markedly reduced epiphytic survival of Pst compared
to the negative control (Pst) (4.05E + 05 CFU c¢cm™) and
their antibacterial activity was similar to that of copper
hydroxide (1.32E + 05 CFU cm™). At 14 dpi, Ul applied
alone (8.22E + 03 CFU cm™), U3 + % Cu(OH), (2.04E
+ 04 CFU c¢cm™?) and U3 + % Cu(OH), (1.10E + 04 CFU
cm?), all reduced epiphytic survival of Pst compared
to that in the negative control plants (8.41E + 04 CFU
cm?), and showed antibacterial effects similar to that
of copper hydroxide (4.04E + 04 CFU cm?). Tannin
U2 (1.31E + 05 CFU cm?) was not effective in reducing
Pst epiphytic survival. At 21 dpi, all the tannins, either
alone or in mixtures, reduced Pst growth on tomato
leaves compared to the negative control plants (Pst).
Furthermore, Ul (6.16E + 03 CFU c¢cm™), U2 (5.06E + 03
CFU cm?), U4 (2.33E + 03 CFU c¢m?), Ul + % Cu(OH),
(8.39E + 03 CFU cm?) and U3 + % Cu(OH), (8.31E +
02 CFU cm?), all reduced the epiphytic survival of Pst
much more than the standard copper hydroxide treat-
ment (4.72E + 04 CFU cm™), while U3 used alone
showed intermediate values (8.31E + 02 CFU cm?).

On mature tomato plants (Table 3) at 1 dpi, all
the tannin treatments (except U2 and U3 used alone)
decreased epiphytic Pst populations, and gave popula-
tions similar to that from copper hydroxide. Tannin Ul
and all the mixtures with tannins and copper reduced
Pst populations similarly to copper hydroxide, and more
than U2 and U3 used alone. At 7 dpi, no Pst colonies
were recorded after copper hydroxide treatment, and
this antibacterial effect was greater than from the tan-
nin formulations. Tannins Ul (1.80E + 04 CFU cm?),
U3 (2.58E + 04 CFU cm?), Ul + % Cu(OH), (4.06E + 03
CFU cm?), U3 + % Cu(OH), (1.18E + 04 CFU cm?) and
U4 + % Cu(OH), (1.23E + 04 CFU cm™) were statisti-
cally similar among them. At 14 dpi, all the tannin treat-
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Table 3. Mean numbers (n = 10) + mean of the standard errors (SEM) of three independent replicates for each experimental group of colo-
ny forming units (Log CFU cm™) of Pseudomonas syringae pv. tomato (Pst) from different treatments containing tannins, either alone or in
mixtures with half (0.045% w/v) of standard of copper hydroxide, at 1, 7, 14 and 21 d post inoculation (dpi) in tomato plants.

Epiphytic survival (Log CFU cm™)

Treatment

1 dpi 7 dpi 14 dpi 21 dpi
Seedlings
Ts (U1) 2.7E+04 bc 5.23E+04 ¢ 8.22E+03 ¢ 6.16E+03 de
Ts (U2) 2.86E+04 bc 6.25E+05 a 1.31E+05 a 5.06E+03 de
Ts (U3) 4.95E+04 bc 2.12E+04 ¢ 2.04E+04 ¢ 2.65E+04 cd
Ts (U4) 8.58E+03 ¢ 1.60E+05 ¢ 2.81E+04 bc 2.33E+03 e
Ts (Ul) + % Cu(OH), 9.80E+04 b 9.30E+04 ¢ 2.96E+04 bc 8.39E+03 de
Ts (U2) + % Cu(OH), 4.65E+03 ¢ 2.44E+04 ¢ 5.26E+04 be 4.96E+04 b
Ts (U3) + % Cu(OH), 1.02E+04 ¢ 6.76E+04 ¢ 1.10E+04 ¢ 8.31E+02 e
Ts (U4) + % Cu(OH), 4.43E+04 bc 5.49E+04 ¢ 4.42E+04 bc 3.69E+04 bc
Pst (negative control) 1.79E+05 a 4.05E+05 b 8.41E+04 ab 8.95E+04 a
Cu(OH), (standard) 3.85E+04 bc 1.32E+05 ¢ 4.04E+04 bc 4.72E+04 bc
(S.EM.) 1.50E+04 3.56E+02 1.19E+02 4.48E+01
P value P<0.01 P <0.01 P <0.01 P<0.01
Mature plants
Ts (U1) 2.50E+04 ¢ 1.80E+04 ¢ 1.74E+04 ab 1.93E+04 b
Ts (U2) 9.50E+04 b 1.02E+05 ab 7.63E+03 bc 8.32E+02 b
Ts (U3) 9.07E+04 b 2.58E+04 ¢ 1.30E+03 ¢ 3.61E+04 b
Ts (U4) 4.87E+04 bc 5.14E+04 bc 8.11E+03 bc 3.66E+02 b
Ts (U1) + % Cu(OH), 1.38E+04 ¢ 4.06E+03 ¢ 755E+02 ¢ 5.84E+04 b
Ts (U2) + % Cu(OH), 1.73E+03 ¢ 4.41E+04 bc 5.14E+02 ¢ 1.75E+04 b
Ts (U3) + % Cu(OH), 2.55E+04 ¢ 1.18E+04 ¢ 6.78E+02 ¢ 1.70E+03 b
Ts (U4) + % Cu(OH), 1.47E+04 ¢ 1.23E+04 ¢ 5.45E+02 ¢ 5.33E+03 b
Pst (negative control) 2.03E+05 a 1.26E+05 a 2.36E+04 a 1.45E+05 a
Cu(OH), (standard) 8.73E+01 ¢ 0.00E+00 d 5.37E+02 ¢ 1.17E+02 b
(S.E.M.) 1.13E+04 1.16E+04 1.95E+02 1.26E+03
P value P <0.01 P <0.01 P<0.01 P <0.01

Seedlings were treated 5, 10 and 15 d before inoculation, and mature plants were treated once at 24 h before inoculation. Treatments were
with substances listed in Table 1. The mean values in each column followed by different letters are significantly different (P < 0.01) accord-

ing to the Tukey HSD test.

ments, with the exception of Ul (1.74E + 04 CFU cm™),
promptly contained Pst multiplication compared to that
in the negative control plants (Pst) and showed anti-
bacterial effects similar to that from copper hydroxide.
Tannins U2 and U4 applied alone showed intermediate
values and were similar among them. At 21 dpi, all the
tannin treatments pointed out an antibacterial activity
statistically similar to that in the positive control (1.17E
+ 02 CFU cm™).

Disease severity and reduction
Table 4 presents data of the progress of bacterial

speck as mean proportions (%) of disease severity (DS)
and disease reduction (DR). On seedlings, at 7 dpi, the

tannins Ul (mean DS = 16.7%), U2 (20.8%), U4 (15.8%),
Ul + % Cu(OH), (24.2%) and U3 + % Cu(OH), (12.5%),
all reduced the DS compared to that in the negative con-
trol (53.3%). At 14 and 21 dpi all the tannin treatments
reduced mean DS values (25-40% at 14 dpi and 32-50%
at 21 dpi) compared to the negative controls (75% at 14
dpi and 87% at 21 dpi). The tannin treatments generally
reduced the mean DR values, similarly to that from cop-
per hydroxide. The exceptions were the U4 + % Cu(OH),
and U2 + ¥ Cu(OH), treatments, which gave mean DRs
of 47.4% at 7 dpi and 37.3% at 21 dpi, when the DR val-
ues were significantly less than from copper hydroxide
(77.9% at 7 dpi and 59.0% at 21 dpi).

On mature plants (Table 4), at 7 dpi, all the tannin
treatments gave similar mean DS values (20 to 36%),
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Table 4. Mean numbers (n = 10) = mean of the standard errors (SEM) of three independent replicates for each experimental group of bac-
terial speck disease severity (DS) and reduction (DR) after different treatments containing tannins, either alone or in mixtures with half
(0.045% w/v) of standard of copper hydroxide, at 7, 14 and 21 d post inoculation (dpi) in tomato plants.

7 dpi 14 dpi 21 dpi

Treatment

DS (%) DR (%) DS (%) DR (%) DS (%) DR (%)
Seedlings
Ts (U1) 16.67 b 70.58 ab 27.50 b 63.59 ab 40.00 b 54.06 ab
Ts (U2) 20.83 b 61.34 ab 36.67 b 51.19 ab 4750 b 45.27 ab
Ts (U3) 26.67 ab 51.42 ab 39.17b 48.31 ab 49.17 b 43.44 ab
Ts (U4) 15.83 b 70.92 ab 25.00 b 66.94 a 32,50 b 62.65a
Ts (Ul) + % Cu(OH), 24.17 b 54.79 ab 31.67 b 63.59 ab 35.83 b 58.64 a
Ts (U2) + % Cu(OH), 25.83 ab 53.64 ab 40.83 b 4570 b 54.17 b 37.27b
Ts (U3) + % Cu(OH), 12.50 b 53.64a 27.50 b 63.25 ab 35.83b 58.69 a
Ts (U4) + % Cu(OH), 28.33 ab 47.44 b 40.83 b 45.81 b 50.00 b 42.57 ab
Pst (negative control) 53.33 a 75.00 a 86.67 a
Cu(OH), (standard) 12.50 b 77.94 a 20.83 b 65.75 ab 35.83b 59.00 a
(S.EM.) 5.75 7.15 4.54 5.41 4.98 5.45
P value P<0.01 P < 0.05 P<0.01 P <0.05 P<0.01 P < 0.05
Mature plants
Ts (U1) 20.83 bc 62.85 ab 42.50 b 39.51 58.33 b 29.49
Ts (U2) 36.67 b 34.84 c 49.17 b 29.63 60.00 b 27.05
Ts (U3) 24.17 be 56.68 abc 39.17 b 44.20 52.50 b 36.43
Ts (U4) 29.17 be 47.89 bc 43.33 b 38.02 51.67 b 37.56
Ts (U1) + % Cu(OH), 23.33 be 58.50 abc 35.00b 50.00 50.83 b 38.51
Ts (U2) + % Cu(OH), 34.17 b 38.72 ¢ 47.50 b 32.10 59.17 b 28.27
Ts (U3) + % Cu(OH), 23.33 bc 58.35 abc 41.67 b 40.74 54.17 b 34.61
Ts (U4) + % Cu(OH), 24.17 be 56.90 abc 3750 b 46.54 55.83 b 32.44
Pst (negative control) 55.83 a 70.00 a 82.50 a
Cu(OH), (standard) 13.33 ¢ 76.21 a 35.00 b 50.37 46.67 b 43.72
(S.E.M.) 3.60 5.38 3.94 4.98 4.66 4.85
P value P <0.01 P<0P<0.05 P <0.01 P < 0.05 P <0.01 P < 0.05

Seedlings were treated 5, 10 and 15 d before inoculation, and mature plants were treated once at 24 h before inoculation. Treatments were
with substances listed in Table 1. DS was calculated by using the following formula: DS (%) = 100 x [(number of plants in class 1 x 1) +
(number of plants in class 2 x 2) + (number of plants in class 3 x 3) + (number of plants in class 4 x 4)] / (total number of plants in the
treatment x 4). DR was calculated using the following formula: DR (%) = 100 x (DS of control — DS of treatment) / DS of control. The
mean values in each column followed by different letters are significantly different (P < 0.01 and P < 0.05) according to the Tukey HSD test.

which were significantly less than the negative control
(mean = 55.8%). The tannins Ul (mean DS = 20.8%),
U3 (24.2%), U4 (29.2%), Ul + % Cu(OH), (23.3%), U3
+ % Cu(OH), (23.3%) and U4 + % Cu(OH), (24.2%), all
reduced mean DS percentages in a manner similar to
copper hydroxide (Mean DS = 13.3%). U2 (mean DS =
36.7%) and U2 + % Cu(OH), (34.2%) did not protect the
plants as much as copper hydroxide (13.3%). At 14 and
21 dpi, all the tannin treatments (mean DS 35 to 49% at
14 dpi and 50 to 60 % at 21 dpi) gave similar DS to cop-
per hydroxide (mean DS = 35.0% at 7 dpi and 46.7 at 14
dpi). These treatments reduced DS compared to negative
controls, which gave mean DS of 70% at 14 dpi and 86%

at 21 dpi. Mean DR proportions at 7 dpi from the tannin
formulations (56 to 62%) were similar to those from cop-
per hydroxide (mean = 76.2 + 5.4%), with the exception
of U2 (34.8%), U4 (47.9%) and U2 + 5 Cu(OH), (38.7%).
No statistically significant differences in mean DR pro-
portions were detected at 14 and 21 dpi.

Disease incidence

Table 5 shows the incidence of the disease in seed-
lings and mature plants.

On seedlings at 7 dpi, Ul (Mean DI = 53.3%), U4
(53.3%) and U3 + % Cu(OH), (33.3%), were able to



Antibacterial and biostimulant activities of tannins on tomato

31

Table 5. Mean numbers (n = 10) + mean of the standard errors (SEM) of three independent replicates for each experimental group of bac-
terial speck disease incidence (DI) after different treatments containing tannins, either alone or in mixtures with half (0.045% w/v) of stand-
ard of copper hydroxide, at 7, 14 and 21 d post inoculation (dpi) in tomato plants.

Disease Incidence (%)

Treatment 14 dpi 21 dpi

Seedlings Mature plants Seedlings Mature plants Seedlings Mature plants
Ts (U1) 53.33 bc 80.00 ab 80.00 ab 96.67 ab 83.33 ab 96.67 ab
Ts (U2) 73.33 abc 100 a 90.00 ab 100.00 a 90.00 ab 100.00 a
Ts (U3) 63.33 abc 80.00 ab 76.67 ab 100.00 a 86.67 ab 100.00 a
Ts (U4) 53.33 bc 96.67 a 66.67 b 100.00 a 70.00 b 100.00 a
Ts (U1) + % Cu(OH), 73.33 abc 83.33 ab 80.00 ab 100.00 a 83.33 ab 100.00 a
Ts (U2) + % Cu(OH), 60.00 abc 96.67 a 90.00 ab 100.00 a 90.00 ab 100.00 a
Ts (U3) + % Cu(OH), 33.33 cd 80.00 ab 63.33 b 96.67 ab 83.33 ab 100.00 a
Ts (U4) + ¥ Cu(OH), 76.67 ab 80.00 ab 86.67 ab 96.67 ab 90.00 ab 96.67 ab
Pst (negative control) 100.00 a 100.00 a 100.00 a 100.00 a 100.00 a 100.00 a
Cu(OH), (standard) 36.66 be 53.33b 63.33b 80.00 b 70.00 b 86.67 b
(S.EM.) 8.88E-02 6.41E-02 5.68E-02 3.65E-02 5.87E-02 2.58E-02
P value P <001 P <001 P <0.01 P <0.05 P <0.05 P <0.05

Seedlings were treated 5, 10 and 15 d before inoculation, and mature plants were treated once 24 h before inoculation. Treatments were
with substances listed in Table 1. dpi = days post inoculation; DI was calculated as the percentage of plants with at least one symptom /10
(total number of plants per experimental group). Different letters within the same column indicate significant differences (P < 0.01 and P <

0.05) according to the Tukey HSD test.

reduce mean disease incidence compared to the negative
control (Pst). At 14 dpi, U4 (66.7%) and U3 + % Cu(OH),
(63.3%) reduced the disease incidence compared to nega-
tive control (Pst), while all the tannin treatments did
not show significant reduction compared to the negative
control and the standard (mean DI = 63.3%). At 21 dpi,
only U4 used alone (Mean DI = 70.0%) reduced disease
incidence compared to the negative control (Pst), while
all the tannin treatments (83 to 90%) did not give sig-
nificant reductions compared to the negative control and
the standard (Mean DI = 70.0%).

On mature plants, at 7, 14 and 21 dpi, none of the
tannin treatments reduce disease incidence compared to
the negative control (Pst).

Biostimulant effects of tannins on seedling tomato plants
Leaf development

Table 6 shows the effects of the different treatments
on seedling tomato plants, expressed as average leaf sur-
face area (cm?). After treatment with tannins, the sam-
pled tomato leaves showed no symptoms of burning or
bleaching. Nevertheless, the average leaf areas recorded
for plants receiving the tannin formulations were less
compared to the water controls. At 1 dpi, no signifi-

cant differences were recorded, but at 7 and 14 dpi all
the tannin and copper hydroxide treatments gave sig-
nificantly less mean leaf areas than the TPE (the posi-
tive control) and water treatments. At 21 dpi, Ul applied
alone (mean leaf area = 15.8 cm?) increased the leaf area
surface compared to copper hydroxide (11.8 cm?) and
the negative control (11.3 c¢cm?), but not compared to
water control (13.5 cm?). At 7, 14 and 21 dpi, TPE gave a
biostimulant effect on aerial biomass development of the
plants.

Nitrogen Balance Indices (NBI)

Table 7 presents the mean NBI values after treat-
ments of plants, as general indices of their state of
health. All the tannin formulations (mean NBI = 19.5 to
24.3) did not increase the NBI values compared to water
treatment (22.0), but the mean NBI index of plants treat-
ed with tannin formulations increased only compared to
the negative control (8.4).

Shoots development
Table 7 shows the results for biostimulant effects of

the different treatments on plant biomass expressed as
mean shoot dry weights (g) at 21 dpi. The dry weight of
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Table 6. Mean leaf surface areas (n = 10) = mean of the standard
errors (SEM) of three independent replicates for each experimental
group after different treatments containing tannins, either alone or
in mixtures with half (0.045% w/v) of standard of copper hydrox-
ide, at 1, 7, 14 and 21 d post inoculation (dpi) in seedling tomato
plants.

Average leaf surface area (cm?)

Treatment

1 dpi 7 dpi 14 dpi 21 dpi
Ts (U1) 11.51 14.97 ¢ 13.09 ¢ 15.84 b
Ts (U2) 14.14 1298 ¢ 12.62 ¢ 14.50 bc
Ts (U3) 1099  13.89c¢ 11.66c 1437 be
Ts (U4) 9.07 11.83 ¢ 12.73 ¢ 11.05 ¢
Ts (Ul) + % Cu(OH), 10.44 13.15¢ 12.85 ¢ 12.88 bc
Ts (U2) + % Cu(OH), 8.68 11.47 ¢ 13.99 c 14.76 bc
Ts (U3) + % Cu(OH), 8.12 10.40 ¢ 11.57 ¢ 13.25 be
Ts (U4) + % Cu(OH), 9.62 13.15¢ 12.10 ¢ 11.60 ¢
Pst (negative control) 8.93 1241 ¢ 1211c¢c 1127 ¢
Cu(OH), (standard) 9.19 1260 c  1223c¢ 11.78 ¢
TPE (positive control)  14.33 2631a 2515a 18.72a
H,O (blank control) 10.44 21.01b 20.01b 13.51 bc
(S.EM.) 1.347 1.212 1.148 0.811
P value P<001 P<001 P<0.01 P<o0.01

Table 7. Mean values of Nitrogen Balance Indices (n = 40) and dry
weight of shoots (n = 10) + mean of the standard errors (SEM) of
three independent replicates for each experimental group after dif-
ferent treatments containing tannins, either alone or in mixtures
with half (0.045% w/v) of standard of copper hydroxide, at 21 d
post inoculation (dpi) in seedling tomato plants.

Treatment NBI Dry weight of shoots
(DUALEX) (g
Ts (U1) 19.54 ¢ 1.130 b
Ts (U2) 19.60 ¢ 0.913 bc
Ts (U3) 20.31 ¢ 0.837 bc
Ts (U4) 2428 b 0.952 bc
Ts (U1) + % Cu(OH), 21.74 be 1.020 bc
Ts (U2) + % Cu(OH), 20.68 ¢ 0.913 bc
Ts (U3) + % Cu(OH), 21.79 be 0.978 bc
Ts (U4) + % Cu(OH), 21.65 bc 0.912 bc
Pst (negative control) 8.39d 0.516 ¢
Cu(OH), (standard) 20.51 ¢ 0.597 ¢
TPE (positive control) 26.25a 1.560 a
H,O (blank control) 21.98 be 0.907 be
(S.EM.) 0.703 0.078
P value P<0.01 P<0.01

Seedlings were treated three times 5, 10 and 15 d before inocula-
tion. Treatments were with substances listed in Table 1. Different
letters within each column indicate significant differences (P < 0.01)
according to the Tukey HSD test.
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shoots of Ul treated plants (mean = 1.13 g) was similar
to the water control (0.91 g), but greater than for cop-
per hydroxide treated plants (0.60 g) and the negative
control plants (0.52 g), while the rest tannin treatments
(means = 0.84 to 1.02 g) did not show significant dif-
ferences compared to water, copper and negative con-
trol plants. The TPE treatment increased the shoot dry
weight. Statistically significant differences in mean root
dry weights were not detected (data not shown).

DISCUSSION

This study has demonstrated that condensed and
hydrolysable tannins exhibited antimicrobial activ-
ity against Pst, as shown by their in vitro effectiveness
to completely inhibit Pst growth 24 h after inoculation.
The chestnut, tara, and quebracho tannins prevented in
vitro growth of Pst. Several studies have evaluated the
antibacterial activity of hydrolysable and condensed tan-
nins towards different bacteria. Gallotannins (hydrolys-
able) obtained from tara pod extracts and their hydrol-
ysis product have been assessed for activity against
gram-positive and gram-negative bacteria (including
Staphylococcus aureus and Pseudomonas fluorescens)
(Aguilar-Galvez et al., 2014)antioxidant activity, antimi-
crobial activity (AA. Previous research has shown that
crude tannin extracts more effectively inhibited patho-
genic bacteria than pure molecules (Akhtar et al., 2015).
For this reason, the present study concentrated on four
tannin formulations instead of their components. Few
evaluations of crude tannin extracts from chestnut, que-
bracho and tara plant matrices against phytopathogenic
bacteria have been carried out, but many studies have
assessed anti-bacterial activity of these tannins. Eli-
zondo et al. (2010) tested quebracho and chestnut tan-
nins, applied alone or mixed, for activity against toxi-
notypes of Clostridium perfringens. In the present study,
the highest MIC values for the quebracho tannins was
0.12%, while the lowest one (0.015%) was observed for
chestnut tannins. In our study we also obtained a simi-
lar trend, observing MIC values of 1% for U2 (quebracho
tannins) and 0,5% for Ul (chestnut tannins), while the
MIC values of the chestnut and quebracho tannins were
0.5% for both the U3 (90:10) and U4 (50:50). It is likely
that the greater MIC values resulted from the use of the
tannin extracts towards a gram-negative bacterium. This
bacterium could be resistant to tannins because it pos-
sesses a lipopolysaccharide cell membrane which pro-
vides strength and prevents the cell penetration of bio-
active compounds (Puupponen-Pimia et al., 2005). Eli-
zondo et al. (2010) demonstrated that chestnut tannins
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extract was more efficient than quebracho. Our study
results are similar, since Ul and U3, chestnut-based tan-
nins, were more effective in controlling Pst than U2. Eli-
zondo et al. (2010) observed that the antibacterial effects
of quebracho tannins increased by up to 20 times after
adding 25% of chestnut tannins, and by up to 85 times
with 75% of chestnut tannins. They concluded that the
antibacterial activity of the mixed products was approx.
50 times greater than quebracho tannins applied alone.
Results from the our study were similar, since U4, a
mixture of 50% quebracho tannins and 50% of chest-
nut tannins, showed similar antibacterial activity to Ul.
During the in vitro assay by incorporating the tannins
into the KB medium, we observed that no Pst growth
was recorded at 24 and 48 h after incubation, except
for U2 mixed with the 50% dose of copper hydroxide,
where Pst CFUs were present after 48 h incubation. Our
hypothesis is that this may be related to copper precipi-
tation, because of the chelation activity of tannins. Some
studies have reported that chelation ability is strongly
related to the molecular weight of condensed tannins
(Yoneda and Nakatsubo, 1998; Karamac, 2009). Since U2
is composed of condensed tannins, it is likely that their
structures chelated copper hydroxide, thus inactivating
copper hydroxide and tannins, allowing Pst growth.

For the antibacterial in vivo trials, tannin treatments
reduced Pst epiphytic survival and disease severity (DS)
compared to negative control treatments (Pst), while the
disease incidence (DI) was not influenced by the tannin
applications. Karamanoli et al. (2011) reducing its bio-
availability to plant-associated bacteria. In response to
limited iron levels, most bacteria produce siderophores
to acquire needed iron quantities. The amount of phe-
nolic compounds detected in methanolic washings of
leaves of different plant species varied greatly, being
nearly sevenfold higher in Viburnum tinus than in Pha-
seolus vulgaris. In species with high levels of total phe-
nolics (e.g. Pelargonium hortorum suggested that the
antibacterial activity of tannins was due to their ability
to chelate iron, reducing its bioavailability to phytopath-
ogenic bacteria. Although the biological role of tannins
is mainly attributed to their ability to bind proteins
(Smith et al., 2005), Karamanoli et al. (2011) concluded
that iron sequestration by tannins was a dominant fac-
tor inhibiting bacterial growth on host plant leaves. This
iron chelating ability has been also supported by Engels
et al. (2009). We therefore conclude that the antibacte-
rial activity of tannins towards Pst could be an indirect
effect from their capacity to prevent the pathogen from
taking up some essential nutrients, such as metal ions.

Other studies have evaluated tannins extract for
effects on plant pathogenic bacteria. For example, Vu et
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al. (2013) evaluated the effects of diluted tannins from
Sedum takesimense corresponding to concentrations of 1
and 0.5%, on R. solanacearum. At 14 dpi they observed
dose-dependent disease reductions, of 78% from 1% and
54% from 0.5%. Vu et al. (2017) tested tannins extract
from S. baccatum towards R. solanacearum at concentra-
tions of 0.1% and 0.2%, demonstrating disease reduction
of 63% from 0.1% and 83% from 0.2%, at 14 dpi. In the
present study, disease reductions of 45 to 63% in seed-
lings and 30 to 50% in mature plants were also recorded
at 14 dpi. Despite the fact that in this study, and in those
cited above, tannins have been shown to have antimicro-
bial activity, it is highly reductive, to make comparisons
between active tannin concentrations. Firstly, tannin
concentrations in crude extracts change depending on
genetic and environmental factors applying to different
tannin-producing plant species. Secondly, these con-
centrations can also vary depending on the methods of
extraction and fractioning used to obtain the pure mol-
ecules (Nader et al., 2010).

Although tannins have been studied as biostimulators
of plant roots (Bargiacchi et al., 2013), in the present study
biostimulant effects on tomato plants were not detected,
as the data obtained were similar to those from water-
treated plants. Nevertheless, it is important to determine
if the tannin treatments were not toxic to tomato plants.

CONCLUSIONS

The results obtained in this research have highlighted
the possibility of using natural compounds (tannins) for
reducing Pst populations on tomato plants, as a “green”
strategy that is similarly efficacious as cupric salts for
the control of tomato bacterial speck. Further research
is required, including evaluation of possible induction
of defensive genes and defence metabolites (e.g. salicylic
acid) in tomato plants, and the production of reactive
oxygen species (ROS).

This research has highlighted innovative crop pro-
tection strategies aimed assess the use of natural prod-
ucts for management of bacterial plant diseases. This
will assist reduction of the use of cupric salts in agricul-
tural disease and pest control programmes, minimising
potential impacts of these materials on human and envi-
ronmental health.
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Summary. Papaya (Carica papaya L.) is an important fruit crop in many tropical and
subtropical countries. Powdery mildew commonly affects this host, causing premature
leaf loss, reduced yields and poor fruit quality. At least fifteen different fungi have been
identified as the causal agents of papaya powdery mildew. Powdery mildew symp-
toms were detected on potted papaya plants growing in two locations in Hungary. This
study aimed to identify the causal agents. Morphology of powdery mildew samples
was examined, and sequences of two loci were used for molecular taxonomic identi-
fications. Only anamophs were detected in all samples, and four morphological types
were distinguished. Most samples had Pseudoidium anamorphs, while some were of the
Fibroidium anamorph. Based on morphology and molecular taxonomy, the Fibroidium
anamorph was identified as Podosphaera xanthii. The Pseudoidium anamorphs corre-
sponded to three different Erysiphe species: E. cruciferarum, E. necator and an uniden-
tified Erysiphe sp., for which molecular phylogenetic analyses showed it belonged to an
unresolved species complex of E. malvae, E. heraclei and E. betae. Infectivity of P. xan-
thii and E. necator on papaya was verified with cross inoculations. A review of previous
records of powdery mildew fungi infecting papaya is also provided. Podosphaera xan-
thii was known to infect, and E. cruciferarum was suspected to infect Carica papaya,
while E. necator was recorded on this host only once previously. No powdery mildew
fungus belonging to the E. malvae/E. heraclei/E. betae species complex is known to
infect papaya or any other plants in the Caricaceae, so the unidentified Erysiphe sp. is a
new record on papaya and the Caricaceae. This study indicates host range expansion of
this powdery mildew fungus onto papaya.

Keywords. Carica, Erysiphales, Erysiphe necator, host range expansion, phylogenetic
analysis, Pseudoidium.

INTRODUCTION

Papaya (Carica papaya L.) is a tree native to Central America (Carvalho,
2013) that is cultivated for its fruit in many tropical and subtropical coun-
tries. In Europe, Spain is the largest papaya producer, with plants grown on
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the Canary Islands and the southern regions of main-
land Spain (Honoré et al., 2020). The most economi-
cally important papaya products are edible fruits and
the papain enzyme extracted from the fruits (Carvalho,
2013; Carvalho et al., 2015). Papain is widely used in
beer production, medicines, as a meat tenderizer and for
softening textiles and leather (Carvalho, 2013). Addition-
ally, papaya trees are planted for their ornamental value.

Papaya is very susceptible to several diseases (Rawal,
2010). Most of these, such as root and foot rot, damp-
ing off, different types of leaf spots, powdery mildew,
anthracnose and stem end rot, are caused by fungi or
oomycetous pathogens (Ventura et al, 2004; Rawal,
2010). Among these, anthracnose and other posthar-
vest diseases are considered the most important, but the
significance of these diseases varies with the growing
region (Ventura et al., 2004). Powdery mildew on papaya
is generally regarded as a disease of minor importance,
but it has been reported to be severe in some regions
(Liberato et al., 2004; Ventura et al., 2004; Rawal, 2010;
Cunningham and Nelson, 2012). Powdery mildew on
papaya causes premature leaf drop, reduced yields, poor
fruit quality (Cunningham and Nelson, 2012), and may
also kill seedlings (Ventura et al., 2004). Identification
of the causal species of powdery mildews is complicat-
ed because the vegetative stages of these fungi are often
morphologically similar or indistinguishable (Braun et
al., 2017).

Braun et al. (2017) settled some taxonomic ques-
tions concerning powdery mildew fungi infecting
papaya, described two new species, and provided a key
for identification of the pathogens. At least four Ery-
siphe species commonly occur on papaya (Braun et al.,
2017). Erysiphe caricae was described from Switzer-
land after it was detected on greenhouse-grown plants
of babaco (mountain papaya, Vasconcellea x heilbornii)
(Bolay, 2005). Other Erysiphe species infecting papaya
include E. caricae-papayae (in Thailand and Taiwan),
which is newly described, E. diffusa (in Brazil, Taiwan
and possibly several other countries) and E. fallax, also
newly described (in the United States of America and
Mexico) (Braun et al., 2017). In addition, E. necator
was detected from a sample originating from Hawaii,
which was attributed to “accidental infection” (Braun
et al., 2017). Two Podosphaera species were reported on
papaya, P. caricicola (in Thailand, Taiwan, in the Unit-
ed States of America, and probably also in Australia
and Java) (Braun et al., 2017), and P. xanthii (in Tai-
wan and Korea) (Tsay et al., 2011; Joa et al., 2013). Four
Phyllactinia species are also known to occur on papaya,
including Ph. caricae, Ph. caricicola, Ph. papayae and
Ph. caricifolia (Takamatsu et al., 2016). Tsay et al. (2011)
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listed three powdery mildew fungi responsible for the
disease on papaya. In addition to E. diffusa and P. xan-
thii, Pseudoidium neolycopersici, the pathogen associ-
ated with tomato powdery mildew (Kiss et al., 2001) was
found to be widespread in papaya plantations in Taiwan
(Tsay et al., 2011). Pseudoidium neolycopersici was also
reported from China, and its identification was veri-
fied with cross inoculations onto tomato (Mukhtar and
van Peer, 2018). Other species, such as E. cruciferarum,
P. macularis, Golovinomyces orontii and Leveillula sp. are
also listed as powdery mildew fungi infecting papaya,
although the status of these species on papaya is lesser
known, or the identifications are doubtful (Liberato et
al., 2004; Braun et al., 2017). Altogether, about fifteen
different powdery mildew species (including insuffi-
ciently known taxa) are thought to infect papaya, based
on the data currently available (Table 1). In Europe, Ery-
siphe diffusa was recently reported from papaya plants in
Spain (Vielba-Fernandez et al., 2019), the main papaya
producing country on that continent. Three other pow-
dery mildew fungi, Oidium papayae (now thought to
represent E. diffusa) (Liberato et al., 2004; Braun et al.,
2017), Sphaerotheca caricae-papayae (now P. xanthii)
(Braun et al., 2017), and Leveillula taurica, were reported
from Portugal (Sequeira, 1992). Additional reports from
Europe include samples identified as E. caricae from
Switzerland (Bolay, 2005), Ukraine (Takamatsu et al.,
2015) and Germany (Braun et al., 2017).

We have detected powdery mildew symptoms on
papaya plants at two locations in Hungary. The aim of
the present study was to characterize and identify the
causal agents of powdery mildew on the infected plants.

MATERIALS AND METHODS
Samples and morphology

In 2018 and 2019, spontaneous powdery mil-
dew infections were observed on young papaya plants
growing in pots as hobby plants in a family yard in
Gyérujbarat, and in a greenhouse, on plants intended
for research purposes in Budapest, Hungary. All these
plants were grown from germinated seeds originating
from one fruit.

Samples collected during this study are listed in Sup-
plementary Table 1. Fresh powdery mildew colonies
were sampled with cellotape and mounted in glycerine
on microscope slides. Samples were also prepared using
the lactic acid boiling method (Shin and La, 1993). For
morphological characterization, a Zeiss Axioskop 2 Plus
microscope was used with an AxioCam ICc5 camera.
Size, shape and development of conidia (singly or in
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chains), presence of fibrosin bodies in conidia, lengths
of conidiophores, size of foot-cells, and morphology of
hyphal appressoria were determined. Thirty conidia and
all available conidiophores, including foot-cells, were
measured from each sample. Type of conidium germina-
tion was noted when observed.

Representative herbarium specimens from each
morphological type were deposited at the Mycologi-
cal Collection of the Hungarian Natural History Muse-
um, under accession numbers HNHM-MYC-008079
(111134BP) to HNHM-MYC-008083 (111138BP).

Sequence determinations

Genomic DNA was extracted from powdery mil-
dew material removed from leaf surfaces with cellotape,
using the sample boiling method (Pintye et al., 2020), or
from powdery mildew-infected leaf fragments using the
DNeasy Plant Mini Kit (Qiagen), following the manu-
facturer’s instructions. The internal transcribed spacer
(ITS) region of the nuclear ribosomal DNA (nrDNA) was
amplified in two fragments (Scholler et al., 2016) using
the primer pairs ITS5-PM6 and PM5-1TS4 (Takamatsu
and Kano, 2001). A fragment of Minichromosome Main-
tenance Complex Component 7 encoding gene (Mcm?7)
was amplified with primers Mcm7F2 and Mcm7R8
(Ellingham et al., 2019). For amplifications, Phusion
Green Hot Start II High-Fidelity PCR Master Mix (Ther-
mo Fisher Scientific) was used as recommended by the
manufacturer, with primer annealing temperatures set
to 58°C for ITS and 55°C for Mcm7 amplifications. The
reaction mixture contained 1 pL of template DNA in the
ITS and 2 pL in the Mcm7 amplifications. Amplicons
were run on 1% agarose gel, and were sent for sequenc-
ing to LGC Genomics GmbH. Sequencing was done with
the same primers used for the amplifications. The result-
ing chromatograms were processed with Staden Program
Package (Staden et al., 2000) and CodonCode Align-
er version 9.0.1 (CodonCode Corporation). Sequences
determined in this study were deposited in GenBank
under accession numbers MT658714 to MT658729 and
MT755388 to MT755394 (Supplementary Table 1).

Sequence analyses

Three phylogenetic analyses were conducted using
ITS sequences (as in Braun et al., 2017): one with
sequences of samples belonging to the Microsphaera
lineage of Erysiphe (Takamatsu et al., 2015), the se-
cond with E. necator sequences, and the third with
sequences of Podosphaera xanthii and closely relat-
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ed species. These analyses used the determined ITS
sequences and sequences from the datasets of Braun
et al. (2017), supplemented with additional sequences
from closely related species obtained from GenBank
after a search with Basic Local Alignment Search Tool
(BLAST; Altschul et al., 1990). The E. necator dataset
also contained ITS sequences of isolates originating
from non-Vitaceae hosts (Fonseca et al., 2019; Pieroni
et al., 2020).

ITS alignments were prepared using MAFFT online
(Katoh and Standley, 2013) with the E-INS-i algorithm
(other settings were used as defaults). Leading and trail-
ing gaps were included as unknown characters.

Mcm7 sequences from fungi of morphological types
2, 3 and 4 determined in this study were aligned with
sequences from other Erysiphe sp. samples (Ellingham
et al., 2019; Shirouzu et al., 2020) with FFT-NS-i algo-
rithm of MAFFT online, and were added to the ITS
dataset of the same samples, creating a combined ITS_
Mcm7 alignment.

Two Cystotheca species, E. ornata and E. necator var.
ampelopsidis, were used as outgroups in the ITS analyses
based on the results of Braun et al. (2017). For the ITS_
Mcm7 dataset, Arthrocladiella mougeotii and Golovino-
myces bolayi were used as outgroup (Shirouzu et al.,
2020).

Phylogenetic analyses were carried out with the
maximum likelihood (ML) method using raxmlGUI 1.5
(Silvestro and Michalak, 2012; Stamatakis, 2014). For the
analysis of the ITS_Mcm?7 dataset, two partitions were
set according to the two loci. Branch supports were cal-
culated from 1000 bootstrap replicates. Phylogenetic
trees resulting from analyses were visualized in Tree-
Graph 2.14.0 (Stover and Miiller, 2010) and were submit-
ted to TreeBASE (study ID 26269).

Cross inoculation experiments

Cross inoculations were conducted with P. xanthii
and E. necator. The two other powdery mildew fungi
detected on papaya were not used.

Papaya plants (both infected and healthy) used in
these experiments were less than 1 year old, and were
30-50 cm in size. These plants were germinated from the
same batch of seeds as the plants originally identified as
powdery mildew infected. The seeds were collected from
a commercially available papaya fruit of unknown vari-
ety, originating from Indonesia. Other plant species used
in cross inoculation tests were 1-month-old cucumber
plants (Cucumis sativus ‘Parizsi Furt6s’) and 8-month-
old grapevine (Vitis vinifera ‘Chardonnay’) plants grown
from cuttings in pots.
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Table 2. Summary of cross inoculation test results. (+) denotes suc-
cessful infections and (-) denotes no infection.

To in vitro
To To .
Inoculum papaya cucumber grapevine grapevine
4 gtap leaves
Podosphaera xanthii ex B N
papaya
Podosphaera xanthii ex .
cucumber
Erysiphe necator ex papaya - - +
Erysiphe necator ex . . N

grapevine

The first series of experiments were carried out with
powdery mildew from P. xanthii-infected papaya and
cucumber plants onto healthy papaya and cucumber
plants, by gently pressing the diseased leaves onto the
surfaces of healthy leaves. In the second set of experi-
ments E. necator-infected papaya and grapevine plants
were used on to similarly inoculate healthy papaya and
grapevine plants. All inoculations included two seed-
lings of each tested plant species to be inoculated, and
two plants as positive controls, with the respective pow-
dery mildew-inoculated to the same host plant species.
Inoculated seedlings were covered with powdery mildew
impermeable transparent plastic foil. Two uninoculated
plants from each species were used as negative controls.
All experiments were conducted twice.

In addition, transfer of E. necator from papaya and
grapevine onto grapevine leaves maintained in an in
vitro system was tested. In vitro grapevine plantlets were
micropropagated from two-nodal explants grown on
Murashige and Skoog (MS) medium (Murashige and
Skoog, medium Mod. No. 1B, Duchefa) solidified with
6.5 g L! phyto agar (Murashige and Skoog, 1962; Aziz
et al., 2003). Plants were grown at 22°C with a daily 12 h
photoperiod. Grapevine leaves were cut under sterile
conditions and cultivated further on the same medium
in disposable Petri dishes. Conidia from powdery mil-
dew on papaya were placed on grape leaves using a ster-
ile glass needle under sterile conditions. The Petri dishes
were then incubated under the same conditions as the in
vitro grapevine plantlets.

Inoculated plants and in vitro leaves were checked
regularly for symptom development. When powdery
mildew colonies were observed, the identity of the fun-
gus was verified with microscopic analysis as described
above. Cross inoculation experiments are summarized
in Table 2.

RESULTS

Small powdery spots, each a few cm? in size, were
detected on the stems and/or adaxial surfaces of the
leaves on all plants investigated (Figure 1). No infection
was detected on abaxial leaf surfaces. Some of the infect-
ed leaves became necrotic and curled, and later dried
and fell off the plants.

According to morphological analysis by light micros-
copy, infections on some leaves were caused by powdery
mildew fungi belonging to the Fibroidium, while others
belonged to the Pseudoidium anamorphs. Four morpho-
logical types of powdery mildew fungi occurred in our
samples, one Fibroidium morphological type and three
Pseudoidium anamorphs with slightly differing mor-
phology (Figure 2). Chasmothecia were not detected in
any sample.

A

Figure 1. Powdery mildew symptoms on papaya plants. Symptoms
caused by: A) Podosphaera xanthii, B) Erysiphe sp., C) Erysiphe cru-
ciferarum and D) Erysiphe necator.
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Figure 2. Conidiophore morphology of the four different pow-
dery mildew morphological types designated in this study. A)
Podosphaera xanthii, B) Erysiphe sp., C) E. cruciferarum, D) E. neca-
tor. Arrow in D) indicates the twisted conidiophore foot cell, char-
acteristic of E. necator. Bars = 20 pm.

Morphological types

Morphological type 1. This type was detected in sam-
ples collected only in Budapest (Supplementary Table
1). Infections in most cases caused small, but well vis-
ible colonies on adaxial leaf surfaces. The fungus had
Fibroidium anamorph, characterized by indistinct
hyphal appressoria and production of conidia in chains.
Conidium chains usually contained four to six conid-
ia. Conidiophores measured up to 356 pum (including
conidium chains), averaging 215 um. Conidiophore foot
cells were 57-94 um x 8-13 um and were each usually
surmounted by 2-3 shorter cells. Foot cells sometimes
showed slight constrictions at the basal septae. Conidia
were doliiform, 25-40 pm in length, and 13-25 pm in
width and contained fibrosin bodies, which were vis-
ible when mounting without boiling. Conidium germi-
nation was lateral and germ tubes did not have distinct
appressoria. Based on morphological characteristics,
the fungi in these samples were tentatively identified as
Podosphaera xanthii.

Morphological types 2, 3 and 4 were identified as
Erysiphe spp. based on morphology similar to Pseudoi-
dium anamorphs (Braun and Cook, 2012).

Morphological type 2. A morphologically differ-
ent subset of samples collected in Budapest (Supple-
mentary Table 1) had small, distinct colonies, mainly
on stems and petioles of affected host plants. Hyphae
formed lobed appressoria. Conidiophores measured
97-152 pm, their foot cells were 26-47 um x 9-12 pm,
and these were each surmounted by two shorter cells.
Conidia formed singly, were cylindrical or doliiform
with lengths of 35-50 pm and widths of 13-23 pum, and
lacked fibrosin bodies. Conidia germinated terminally
with short germ tubes which formed lobed to multi-
lobed appressoria.
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Morphological type 3. A proportion of samples col-
lected in Budapest and Gydrujbarat (Supplementary
Table 1) was characterized by thin, evanescent to per-
sistent colonies on petioles and on adaxial leaf surfaces
of affected hosts. These fungi developed lobed hyphal
appressoria. Conidiophores measured 70-121 pm. Con-
idiophore foot cells were 18-33 um x 7-12 um, and were
each surmounted by two shorter cells. Conidiophores
each produced single cylindrical conidia, with lengths
of 28-45 um and widths of 10-20 um, without fibro-
sin bodies. Conidia germinated terminally and formed
moderately lobed appressoria.

Morphological type 4. Powdery mildew of other sam-
ples from papaya in Budapest and in Gydrujbarat (Sup-
plementary Table 1) developed thin or persistent colonies
on host plants. Hyphal appressoria were lobed to mul-
tilobed. Conidiophores were highly variable in length,
from 109 pm to sometimes slightly longer than 300 um,
averaging 205 pm. Conidiophore foot cells measured
73-154 pm x 5 pm. A portion of foot cells was sinuous
or spirally twisted. Foot cells were usually surmounted
by two shorter cells. Conidia formed singly, and were
ellipsoid-ovoid or doliiform, 30-45 um long and 15-20
pum wide, and did not contain fibrosin bodies. Conidia
germinated terminally and formed lobed appressoria,
or germination followed longitubus pattern. Based on
these characteristics (Nomura et al., 2003; Braun and
Cook, 2012), the fungus was tentatively identified as
E. necator.

Sequence analyses

Molecular taxonomic analyses of the nrDNA ITS
region were carried out for 16 samples, representing
all four morphological types. The dataset for the phy-
logenetic analysis of Podosphaera species included 46
sequences (including two newly determined sequences)
and had a length of 480 characters, while the dataset
with Erysiphe species in the Microsphaera lineage con-
tained 85 sequences (including six newly sequenced)
and the alignment consisted of 530 characters. The
alignment of Erysiphe necator ITS sequences contained
27 sequences (of which eight were determined in the
present study) and had 529 characters. The combined
dataset of ITS and Mcm7 sequences contained newly
obtained sequences from seven samples, and altogether
62 samples, with an alignment length of 1068 characters,
from which the Mcm?7 partition had 468 characters.

The identical ITS sequences determined from two
Hungarian samples representing the P. xanthii morpho-
type formed a clade with three other identical P. xan-
thii sequences from powdery mildews originating from
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Cucumis, Helianthus and Saintpaulia (Supplementary
Figure 1).

In the phylogenetic analysis of the Microsphaera line-
age of Erysiphe species, ITS sequences from the various
samples from papaya were spread across six different
clades (Figure 3). The Hungarian isolates (morphological
types 2 and 3) were found in two of the clades. The three
samples belonging to morphological type 2 had identi-
cal ITS sequences. These clustered in a clade contain-
ing identical sequences of other powdery mildew fungi
identified as E. malvae, E. heraclei and E. betae, infect-
ing five different plant species. ITS of two other sam-
ples labelled as E. heraclei and E. betae differed in one
nucleotide position from the former samples (Figure 3).
Three sequences from samples of morphological type
3 clustered in a clade formed by sequences of powdery
mildews infecting Brassicaceae hosts (Figure 3). The ITS
sequences of powdery mildew fungi from our papaya
samples from Budapest and Gyérujbarat, and Brassica
sp., Raphanus sativus and Sisymbrium officinale, were
identical.

In the combined ITS_Mcm7 analysis, samples from
morphological type 2 similarly clustered together in a
well supported clade with samples labelled as E. malvae,
E. heraclei and E. betae (Figure 4). However, sequences
of our samples differed at least in one nucleotide posi-
tion from all currently known Mcm7 sequences.

The phylogenetic analysis of E. necator ITS sequences
resulted in two groups, and both groups contained sam-
ples from papaya as well as from grapevine (Figure 5).
Three of our papaya samples collected in Gyérujbarat
with identical ITS sequences formed a group with eight
other identical sequences of powdey mildews from Vitis
sp. and one from Caryocar brasiliense, and two other
sequences differing in one position from the Hungarian
samples. ITS sequences of E. necator infecting cashew
differed in three nucleotides, while the ITS of the isolate
infecting rubber tree differed in two nucleotides from
our sequences belonging to this group.

Five of our papaya samples with identical sequenc-
es from Budapest formed a clade with three E. necator
samples, including one originating from papaya, and
two others from V. vinifera (Figure 5). These were all
characterized by the same nucleotide sequence. In addi-
tion, an Australian E. necator sample from grapevine
differed in one nucleotide from these sequences.

Cross inoculation tests

Results of cross inoculation tests are summarized in
Table 2. Cross inoculations from infected papaya plants
to healthy papaya plants were unsuccessful in experi-

ments involving P. xanthii. However, healthy cucum-
ber plants, regular hosts of P. xanthii, could be infect-
ed with the powdery mildew originating from papaya.
Cucumber plants developed powdery mildew symptoms
after 11 d.

Visible powdery mildew patches developed on the
inoculated papaya leaves 11 d after inoculations with
P. xanthii from cucumber, indicating that infection with
powdery mildew from cucumber to papaya was success-
ful (Supplementary Figure 2A). The same inoculum also
infected healthy cucumber plants inoculated as controls.

Symptomless papaya plants and grapevine plants
became infected with E. necator from grapevine, but
not with E. necator from papaya. However, an E. neca-
tor sample from papaya (PM198) and another E. necator
sample from grapevine as a control, were successfully
used for starting in vitro powdery mildew cultures on V.
vinifera leaves, causing symptoms 10-12 d after inocula-
tions (Supplementary Figure 2B). The powdery mildews
have been maintained on in vitro grapevine leaves.

DISCUSSION

Carica papaya and other Carica species are hosts
of numerous powdery mildew species representing
many different lineages of Erysiphales (Table 1). Based
on morphological and sequence analyses, we detected
Podosphaera xanthii and three Erysiphe spp. occurring
on papaya plants in Budapest and Gy6rujbarat, Hungary.

Podosphaera xanthii, generally known as cause of
powdery mildew on cucurbits, has a broad host range
(Pérez-Garcia et al., 2009; Braun and Cook, 2012) which
is expanding as new hosts are reported (eg. Fan et al.,
2019; Nayak and Babu, 2019; Nemes et al., 2019). Previ-
ous cross inoculation studies (Miller, 1938; Alcorn, 1968;
Munjal and Kapoor, 1973; all cited in Liberato et al.,
2004) showed that P. xanthii was able to infect papaya.
Other studies reported spontaneous infections of papaya
by the same species in Taiwan and Korea (Tsay et al.,
2011; Joa et al., 2013). This fungus is a widespread colo-
nizer of papaya in different geographic regions of the
world, especially as samples identified earlier as P. cari-
cae-papayae also represent P. xanthii (Braun et al., 2017).

The samples of the morphological type 2 formed a
clade with powdery mildew fungi identified as E. mal-
vae, E. heraclei and E. betae. Samples of morphological
type 2 differed from E. malvae by the longer conidia,
and the conidiophores of E. malvae arise mostly from
towards the ends of mother cells (Braun and Cook,
2012), which was not observed in our samples. How-
ever, our samples were morphologically indistinguish-
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Erysiphe heraclei MUMH7041 Torilis arvensis Azerbaijan
Frysiphe heraclei MUMH2484 Conium maculatum Argentina
Frysiphe sp. PM157a Carica papaya Hungary
Frysiphe heraclei OF2016PMCSA Anthriscus sylvestris United Kingdom
Erysiphe malvae MUMH2569 Malva sylvestris Ukraine
Erysiphe betae KIM1-1 Beta vulgaris USA
Erysiphe sp. PM157h Carica papaya Hungary
87|Erysiphe sp. 0522 Carica papaya Hungary
Erysiphe heraclei OE2015PMCS324 Heracleum sphondylium United Kingdom
Erysiphe betae MUMH395 Ambrina ambrosioides Japan
Erysiphe buhrii OE2015PM194CS Silene dioica United Kingdom
Erysiphe polygoni MUMH2432 Polygonum sp. Argentina
7 \Erysiphe berchemias MUMH259 Berchemiella berchemiafolia Japan
Erysiphe friesii var. dahurica MUMH4638 Rhamnus dahurica China
Erysiphe viciae-unijugae MUMH817 Vicia angustifolia Japan

Erysiphe diffusa (GU358452) Carica papaya Taiwan

]

Erysiphe diffusa RWB 2113 Mimosa caesalpiniifolia Brazil
Oidium caricae JRB Carica papaya Brazil
Erysiphe diffusa VIC26556 Carica papaya Brazil
i Erysiphe diffusa MK673961 Carica papaya Spain

Erysiphe diffusa G1 Glycine max Vietnam
100 | "4lPseudoidium sp. MUMHA4935 Crotalaria sp. India

Erysiphe diffusa MUMH 1462 Glycine max Japan

00, Erysiphe fallax HAL3196F Carica papaya USA
Erysiphe fallax MUMH4972 Carica papaya Mexico
Erysiphe howeana UC1512301 Qenothera biennis USA

Erysiphe phyllanthi MUMHS9 Phyllanthus flexuosus Japan
Erysiphe ribicola BCRU03850 Ribes magellanicum Argentina
Erysiphe myoschili MUMH1875 Myoschilos oblongum Argentina
Erysiphe asiragali MUMHZ2585 Astragalus glycyphyllus Ukraine
Erysiphe izuensis MUMH535 Rhedodendron macresepalum Japan
100 \Erysiphe berberidis OE2016PMCS15 Berberis thunbergii United Kingdom
Erysiphe berberidicola MUMH201 Berberis amurensis Japan
Erysiphe cruciferarum OE2015PMCS250 Sisymbrium officinale United Kingdom
Erysiphe cruciferarum PM178 Carica papaya Hungary
Erysiphe cruciferarum KUS-F23994 Arabidopsis thaliana South Korea
Erysiphe cruciferarum PM157e Carica papaya Hungary
Erysiphe cruciferarum KUS-F24008 Brassica oleracea var. acephala South Korea
Erysiphe cruciferarum (EU140958) Brassica rapa Italy
Erysiphe cruciferarum OE2015PMCS252 Brassica sp. United Kingdom
Pseudoidium sp. MUMH4834 Brassica pekinensis India
Crysiphe cruciferarum PM181 Carica papaya Hungary
Erysiphe cruciferarum MUMH289 Raphanus sativus Japan

90 [Erysiphe trifoliorum MUMH131 Melilotus officinalis Japan

9 Erysiphe ludens OE2015PMCS259 Lathyrus odoratus United Kingdom
Erysiphe bagumleri MUMH240 Vicia hirsuta Japan
Crysiphe alphitoides OC2015PMCS248 Quercus robur United Kingdom
Erysiphe monascogera MUMH3786 Styrax japonica Japan
Erysiphe epigena MUMH148 Quercus variabilis Japan
Erysiphe suonymicola OE2015PMO2CS Euonymus japonicus United Kingdom
Erysiphe akebiae MUMH4450 Akebia trifoliata Japan
Erysiphe menispermi var. dahurica MUMH282 Menispermum dauricum Japan
Erysiphe quercicola MUMHB85 Quercus phillyracoides Japan
Erysiphe elevata OE2015PMCS268 Catalpa bignonicides United Kingdom
Erysiphe magnifica UC1512303 Magnolia lilifora USA
Pseudoidium neolycopersici MUMH775 Lycopersicon esculentum USA
Pseudoidium neolycopersici MUMHG6 Lycopersicon esculentum Japan
Pseudoidium neolycopersici MRC003 Carica papaya China
Pseudoidium hortensiae MUMH7 1 Hydrangea macrophylla Japan
Erysiphe aquilegiae OE2016PMCS51 Caltha palustris United Kingdom
= Erysiphe hommae MUMH167 Elsholizia ciliata Japan
Erysiphe caricae-papayae (GU358451) Carica papaya Taiwan
%Erysiphe macleayae MUMH54s Macleaya chordata Japan
Erysiphe takamatsui MUMH5659 Nelumbo nucifera Japan
Erysiphe aquilegiae OE2015PM172CS Ranunculus acris United Kingdom
Erysiphe catalpae OE2015PM113CS Catalpa bignonioides United Kingdom
Erysiphe circaeae OE2015PMCS5214 Circaea lutetiana United Kingdom
Ir Erysiphe aquilegiae var. ranunculi 79298 Cimicifuga simplex Japan
Erysiphe chioranthi MUMHZ02Z Chioranthus sematus Japan
'Erysiphe caricae-papayae MUMHS5749 Carica papaya Thalland
74 rErysiphe lonicerae OE2015PM36CS Lonicera periclymenum United Kingdom
Erysiphe symphoricarpi BP1747015 Symphoricarpos albus United Kingdom
Erysiphe blasti MUMHZ Lindera umbellata Japan
Erysiphe paeoniae MUMH146 Paeonia Iactiflora Japan
Erysiphe slaphyleae MUMH18 Staphylea bumalda Japan
Erysiphe urlicae OE2015PMCS350 Urlica divica Uniled Kingdom
Erysiphe sp. T-XJUF Urtica fissa China
Erysiphe caricae KW58355 Carica papaya Ukraine
Crysiphe hedwigii VPRI 22225 Viburnum sp. Switzerland
Erysiphe viburni-plicati MUMH7Z 94 Viburnum plicatum var. plicatum f. glabrum Japan
Erysiphe abelicola MUMH4472 Abclia spathulata Japan
98 Erysiphe syringae-japonicae MUMH1916 Syringa vulgaris Japan
Crysiphe ligustri MUMH2244 Ligustrum obtusifolium Japan
Crysiphe corylopsis MUMH4174 Corylopsis pauciflora Japan
Erysiphe ornata MUMH2560 Betula pubescens Ukraine

99

| I
002

Figure 3. Phylogenetic tree with the greatest likelihood value resulting from the maximum likelihood (ML) analysis of ITS sequences of
selected powdery mildew species belonging to the Microsphaera lineage of Erysiphe. Species names are followed by herbarium accession
numbers (or GenBank accession numbers in parentheses if the herbarium accession number is not available), name of host plant, and coun-
try of collection. Samples collected in the present study are in green font, while other powdery mildew samples from papaya are in purple.
Bootstrap values were calculated from 1000 replicates in the ML analysis (values below 70% and in subclades are not shown). Bar indicates

0.02 expected changes per site per branch.
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Erysiphe hatar MUMH395 Ambrina ambrosinides .Japan
100||Erysiphe sp. PM157h Carica papaya Hungary
Erysiphe sp. 0522 Carica papaya Hungary
Erysiphe sp. PM157a Carica papaya Hungary
100} | Erysiphe heraclei OE2015PMCS324 Heracleum sphondylium United Kingdom
Erysiphe heraclei OE2016PMCS5 Anthriscus sylvestris United Kingdom

Erysiphe malvae MUMH2569 Malva sylvestris Ukraine

Erysiphe buhrii OE2015PM194CS Silene divica United Kingdom

— Erysiphe berchemiae MUMH259 Berchemlella berchemiafolia Japan
= Erysiphe phyllanthi MUMHZ9 Phyllanthus flexuosus Japan
Erysiphe ludens OE2015PMCS259 Lathyrus odoratus United Kingdom
Erysiphe hyperici OE2015PMCS235 Hypericum sp. United Kingdom
Erysiphe ludens OE2016PMCS45 Lathyrus pratensis United Kingdom
Pseudoidium nyctaginacearum MUMH85 Mirabilis jalapa Japan
Erysiphe baeumleri MUMH240 Vicia hirsuta Japan
19K Erysiphe trifoliorum MUMH131 Melilotus officinalis Japan
Erysiphe trifoliorum OE2015PMCS231 Trifolium pratense United Kingdom
Erysiphe trifoliorum OE2015PMCS296 Trifolium pratense United Kingdom
E[Fryaiphe herheridis OF 201 8PMCS 15 Berberis thunbergii Lnited Kingdom
Erysiphe barberidicnla MUMH201 Berberis amurensis Japan
1bo |Erysiphe cruciferarum PM178 Carica papaya Hungary
ﬂErysipha cruciferarum MUMH289 Raphanus sativus Japan

Erysiphe cruciferarum OE2015PMCS262 Brassica sp. United Kingdom
Erysiphe euonymicola OE2015PM92CS Cuonymus japenicus United Kingdom
Erysiphe akebiae MUMH4450 Akebia trifoliata Japan

83|| 'Erysiphe menispermi var. dahurica MUMH282 Menispermum dauricum Japan

10

8

1nn

Erysiphe quercicola MUMHB85 Quercus phillyraeoides Japan
Erysiphe alphitoides OE2015PMCS5248 Quercus robur United Kingdom
Erysiphe epigena MUMH148 Quercus variabilis Japan
Erysiphe elevata OE2015PMCS268 Catalpa bignonioides United Kingdom
Erysiphe platani OE2015PM198CS Platanus x hispanica United Kingdom
Erysiphe hommae MUMH167 Elsholtzia ciliata Japan
Pseudoidium hortensiae MUMH71 Hydrangea macrophylla Japan
Erysiphe aquilegiae OE2016PMCS51 Caltha palustris United Kingdom
Pseudoidium neolycopersici MUMHB6 Lycopersicon esculentum Japan
Erysiphe circaeae OE2015PMCS214 Circaea lutetiana United Kingdom
EFrysiphﬂ cariariae MUMH172 Cariaria japonica .lapan

Erysiphe catalpas OF2015PM113CS Catalpa hignoninides Lnited Kingdom
Erysiphe aquilegiae OE2015PM172CS Ranunculus acris United Kingdom
Erysiphe chloranthi MUMH202 Chloranthus serratus Japan

Erysiphe lonicerae OE2015PM36CS Lonicera periclymenum United Kingdom

Crysiphe paeoniae MUMH146 Paeonia lactiflora Japan

Erysiphe abeliicola MUMH4472 Abelia spathulata Japan
Erysiphe juglandis MUMH278 Juglans mandshurica Japan
Erysiphe necator PM157¢ Cari
% Erysiphe necator PM180 Carica papaya Hungary
Erysiphe necator PM198 Carica papaya Hungary
Erysiphe necator OE2015PM121CS Vitis vinifera United Kingdom
Erysiphe nishidana MUMHZ235 Firmiana simplex Japan
Erysiphe glycines MUMH52 Desmodium oxyphyllum Japan
Erysiphe schizophragmatis MUMH4642 Hydrangea petiolaris Japan
Erysiphe hydrangeae MUMH514 Hydrangea paniculata Japan
Erysiphe sengokui MUMH205 Celastrus orbiculatus Japan

ca papaya Hungary

100 I: Erysiphe paracarpinicola MUMH207 Carpinus cordata Japan

0.05

Erysiphe aphananthes MUMH4648 Aphananthe aspera Japan
Erysiphe japonica var. japonica MUMH5555 Quercus robur Japan
Erysiphe kissiana MUMH5661 Castanopsis cuspidata Japan
Erysiphe ljubarskii MUMH404 Acer palmatum Japan

Erysiphe ulmariae MUMH4786 Filipendula multijuga Japan

Erysiphe prunastri OF2015PMCS208 Prunus spinnsa United Kingdom

—:Aﬂhmﬂ\adiella mougeoti OE2015PM1GTCS Lycium harharum United Kingdom
Golovinomyces bolayi MUMH1087 Lactuca sativa Japan

Figure 4. Phylogenetic tree with the greatest likelihood value resulting from the maximum likelihood (ML) analysis of ITS and mcm?7
sequences of selected powdery mildew species belonging to the Microsphaera lineage of Erysiphe. Species names are followed by herbarium
accession numbers (or GenBank accession numbers in parentheses if the herbarium accession number is not available), name of host plant,
and country of collection. Samples collected in the present study are in green font. Bootstrap values were calculated from 1000 replicates in
ML analysis (values below 70% and in subclades are not shown). Bar indicates 0.05 expected changes per site per branch.

able from E. betae and E. heraclei. ITS sequences from
morphological type 2 belonged to an unresolved com-
plex within the Microsphaera lineage (Takamatsu et al.,
2015), so this fungus cannot be unambiguously identi-
fied to the species level based solely on ITS sequence
data. This could be due to the low phylogenetic resolu-
tion of nrtDNA sequences at the species level for powdery
mildew fungi (Takamatsu et al., 2015; Shin et al., 2019).
In order to further characterize, and possibly identi-
fy, the fungus in this complex, we also determined the
sequence of a fragment of Mcm?7. This locus is known

to provide greater resolution than ITS among powdery
mildew fungi (Ellingham et al., 2019). This sequence is
known to differ between E. heraclei and E. betae, based
on the few sequences obtained to date (Ellingham et
al., 2019; Shirouzu et al., 2020). Using Mcm7 did not
give species-level identification of the fungus with mor-
phological type 2, as our sequences differed from both
E. heraclei and E. betae. This indicates that a unique
haplotype of an unindentified (or unknown) species
infected papaya. Sequencing of additional reference
samples could confirm if it belongs to an unknown spe-
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100 | Erysiphe necator OID118 Anacardium occidentale Brazil
Erysiphe necator OID119 Anacardium occidentale Brazil
{— Erysiphe necator (KF544885) Vitis rotundifolia India
Erysiphe necator MUMH7026 Vitis vinifera Azerbaijan
Erysiphe necator MUMH1835 Vitis vinifera Thailand
Erysiphe necator MUMHs 141 Vitis coignetiae Japan
Erysiphe necator PM193 Carica papaya Hungary
Erysiphe necator MUMH5733 Caryocar brasiliense Brazil
Erysiphe necator (GQ255473) Vitis vinifera USA
Erysiphe necator Un1 Vitis vinifera Canada
Erysiphe necator PM181 Carica papaya Hungary
Erysiphe necator NAFU1 Vitis vinifera China
— Erysiphe necator MUMHS30 Vitis vinifera Japan
— Erysiphe necator SMBR Hevea brasiliensis Brazil
Erysiphe necator TNAU-UnG1 Vitis sp. India

L, 100 Erysiphe necator CO02 Vitis vinifera France

P6

[EE—
0.005

Erysiphe necator PM194 Carica papaya Hungary
Erysiphe necator PM182 Carica papaya Hungary
Erysiphe necator MVAP06370315 Carica papaya USA - Hawaii
Erysiphe necator PM157¢ Carica papaya Hungary
Erysiphe necator PM180 Carica papaya Hungary
Erysiphe necator OE2015PMCS263 Vitis vinifera United Kingdom
Erysiphe necator PM198 Carica papaya Hungary
Erysiphe necator PM171 Carica papaya Hungary
Erysiphe necator UC1512311 Vitis vinifera USA
Erysiphe necator VPRI19719 Vitis vinifera Australia
‘————+f———— Erysiphe necator var. ampelopsidis (GQ255472) Parthenocissus guinquefolia USA

Figure 5. Phylogenetic tree with the greatest likelihood value resulting from the maximum likelihood (ML) analysis of ITS sequences of
selected Erysiphe necator samples. Species names are followed by herbarium accession numbers (or GenBank accession numbers in paren-
theses if herbarium accession number is not available), name of host plant, and country of collection. Samples collected in the present study
are in green font, while other powdery mildew samples from papaya are in purple. Bootstrap values were calculated from 1000 replicates in
ML analysis (values below 70% and in subclades are not shown). Bar indicates 0.005 expected changes per site per branch.

cies. We are not aware of any previous study presenting
powdery mildew fungi belonging to this species complex
from papaya or any other host plants in the Caricaceae.
Our results further indicate that fungi from this lineage
infect diverse hosts from different plant families.

The assembly containing morphological type 3 sam-
ples can be identified as E. cruciferarum. Although this
species is found mainly on brassicaceous plants (Braun
and Cook, 2012), infectivity of E. cruciferarum on papa-
ya is also known from previous results, as the powdery
mildew infecting Brassica napus was able to cause dis-
ease on papaya plants (Boesewinkel 1982a, cited in
Braun et al., 2007). A checklist of South African pow-
dery mildew fungi also listed papaya as a host of E. cru-
ciferarum (Gorter, 1993). Our sequence results provide
further evidence of E. cruciferarum occurring on papa-
ya. It should be noted that E. cruciferarum was detected
on papaya leaves collected in the two sampled locations
in Hungary, which are more than 100 km apart.

Erysiphe caricae, the first Erysiphe species on papaya
of which the teleomorph has been detected (Bolay, 2005;
Braun et al., 2017) is phylogenetically distant from other
Erysiphe species occurring on papaya (Braun et al., 2017;
and see Figure 3). Moreover, as additional sequences
were included in our analysis, this showed that E. cari-
cae formed a group with two powdery mildew samples
from Urtica sp., having identical ITS sequences. Further
research is required to decipher the relation of E. caricae
and the fungi causing powdery mildew on Urtica sp.

Erysiphe necator is mainly associated with plants in
the Vitaceae (Braun and Cook, 2012). However, it has been
shown recently that this fungus can also infect cashew
and rubber tree (Fonseca et al., 2019; Pieroni et al.,
2020). Erysiphe necator was also identified from papaya
in a single sample from Hawaii (Braun et al., 2017). In
the present study, infections of papaya were found to be
caused by E. necator in half of the samples. The fungus
was found in two distinct locations in Hungary, and the
ITS sequences of samples from the two locations were
different, indicating at least two independent occur-
rences of the fungus on papaya. The two groups dif-
fered by a fixed nucleotide difference (T/C at the nucle-
otide position corresponding to no. 48 of the reference
sequence GQ255473), which is known to differ between
two genetically differentiated E. necator subpopulations
(Brewer and Milgroom, 2010). Our results suggest that
E. necator can readily infect papaya in some circum-
stances.

Cross inoculations with E. necator and P. xanthii
from papaya onto healthy papaya plants were unsuccess-
ful. On the other hand, P. xanthii from papaya infected
cucumber, and E. necator from papaya infected in vitro
grapevine leaves. One explanation could be that the
powdery mildew growth on papaya is often sparse, pro-
viding insufficient inoculum pressure on the healthy
plants for successful infections. The respective hosts may
also be more susceptible to the corresponding powdery
mildew species than papaya. Furthermore, it is also pos-
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sible that the growth conditions in our experiments were
less conducive to powdery mildew infections on papaya
than on the other host plants.

Erysiphe species detected in the present study are dif-
ferent from the species commonly occurring on papaya
(see Braun et al., 2017). This could be that most of the
reports have originated from locations where papaya is
widely grown, or commonly found. In Hungary, papaya
is present in homes of hobby growers or in greenhouses.
Papaya is not native in Europe, but the powdery mildew
species detected on papaya are established in Hungary
(Sz. Nagy and Kiss, 2006). Fungal pathogens (Thines,
2019), including powdery mildews (Limkaisang et al.,
2006; Vagi et al., 2006; Cook et al., 2015; Beenken, 2017)
have been reported to infect introduced non-local plants.
This is considered as host range expansion (Thines,
2019), which is similar to the results from the present
study of powdery mildew on papaya.

Our findings and the previous reports show that
papaya is a host of several different powdery mildew
fungi wherever it is grown. This may indicate that papa-
ya could become a host for locally occurring powdery
mildew species when this host is out of its native geo-
graphic range. This could lead to repeated occurrences
of papaya powdery mildew, as papaya is more widely
grown around as a crop or as an ornamental.
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Summary. Xanthomonas campestris pv. campestris (Xcc) causes the black rot of cru-
ciferous plants. This seed-borne bacterium is considered as the most destructive dis-
ease to cruciferous crops. Although sources of contamination are various, seeds are
the main source of transmission. Typical symptoms of black rot were first observed in
2011 on cabbage and cauliflower fields in the main production areas of Algeria. Leaf
samples displaying typical symptoms were collected during 2011 to 2014, and 170
strains were isolated from 45 commercial fields. Xcc isolates were very homogeneous
in morphological, physiological and biochemical characteristics similar to reference
strains, and gave positive pathogenicity and molecular test results (multiplex PCR with
specific primers). This is the first record of Xcc in Algeria. Genetic diversity within
the isolates was assessed in comparison with strains isolated elsewhere. A multilocus
sequence analysis based on two housekeeping genes (gyrB and rpoD) was carried out
on 77 strains representative isolates. The isolates grouped into 20 haplotypes defined
with 68 polymorphic sites. The phylogenetic tree obtained showed that Xcc is in two
groups, and all Algerian strains clustered in group 1 in three subgroups. No relation-
ships were detected between haplotypes and the origins of the seed lots, the varieties of
host cabbage, the years of isolation and agroclimatic regions.

Keywords. Brassicaceae, seed-borne bacterium, genetic diversity, multilocus sequence
analysis.

INTRODUCTION

Black rot caused by Xanthomonas campestris pv. campestris (Xcc), is the
most widespread disease of cruciferous crops. It was first reported in the
United States of America in 1895 by Pammel (Swing and Civerolo, 1993), and
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is considered one of the most destructive bacterial dis-
eases of vegetables (Williams, 1980). Under optimal tem-
perature and humidity conditions, the disease can cause
losses up to 100% on sensitive brassica varieties (Mgonja
and Swai, 2000; Janse and Wenneker, 2002; Massomo et
al., 2004). Several Brassica species can be infected (cab-
bage, cauliflower, kale, broccoli, turnip, radish and mus-
tard). Cabbage and cauliflower are the most suscepti-
ble (Kocks and Zadoks, 1996). Many weeds can also be
infected by the bacterium, and these ensure the conser-
vation of the pathogen throughout the year as inoculum
sources (Schaad and White, 1974; Rat and Chauveau,
1985). Xcc is a seed-borne pathogen, this being the pri-
mary inoculum source (Cook et al., 1952; Schaad et al.,
1980; Schultz and Gabrielson, 1986), but Xcc can survive
for months in leaves and other plant debris in the soil.

Black rot management is mainly based on prophylac-
tic measures, which include eradication of inoculum res-
ervoirs especially crop debris and cruciferous weeds, and
certified pathogen-free seed lots (Janse and Wenneker,
2002). One contaminated seed among 10 000 healthy
seeds can initiate a black rot outbreak after planting
(Cook et al., 1952; Schaad et al., 1980; Laala et al., 2015).

Xcc has not been previously reported in Algeria. A
survey conducted by Emmanouilidis dates back to 1976;
but reported the absence of black rot in the Algerian
territory. Nevertheless, similar symptoms of black rot
were observed in 2011 (Figure 1) in several cabbage and
cauliflower producing areas of Algeria. The symptoms
observed were yellow V-shaped, chlorotic lesions on host
leaf margins and blackening of vascular tissue (Janse
and Wennekek, 2002; Tsygankova et al., 2004).

Figure 1. Symptoms of black rot in a cauliflower crop (Zéralda,
Wilaya of Algeries, Algeria), with yellow V- shaped lesions at mar-
gin of a leaf (blue arrow).

Samia Laala et alii

The purpose of this study was to collect symptomat-
ic samples, and to identify and characterize pathogen
strains isolated in Algeria and to assess the diversity
of their populations.One hundred and seventy isolates
were identified as Xcc and characterized with a range
of biochemical, biological and molecular tests. Seventy-
seven isolates were selected to study their genetic diver-
sity by Multilocus Sequence Analysis (MLSA), based
on two housekeeping genes, the gyrB and ropD which
code, respectively, for a DNA gyrase B and the sigma
factor 70.

MATERIALS AND METHODS
Collection of samples

During surveys conducted from 2011 to 2014, three
hundred and fifteen samples of Brassica leaves with
typical symptoms of black rot were collected. The sam-
pling was carried out in 76 fields, from 35 cabbage crops
(Brassica oleracea subsp. capitata) and 41 of cauliflower
crops (Brassica oleracea subsp. botrytis), located in the
Wilaya of Algiers, Boumerdes, Tipaza, Ain Defla, Skik-
da, Mostaganem and Tizi Ouzou regions of Algeria (Fig-
ure 2). During sampling, climatic conditions were 20 to
30°C, and 80% humidity on average.

The leaf samples were labelled, stored in plastic bags
and transported to the Phytosanitary laboratory at the
Centre National de Controle et de Certification des
semences et plants (CNCC), El Harach, Alger, and were
stored at 4°C until use (1 to 2 d). The samples and their
main characteristics are listed in Table 1.

Bacterial isolation and purification

One hundred and seventy isolates were obtained
from symptomatic samples, using the protocol of Schaad

Figure 2. Surveyed and sampled Brassica-growing areas (red cir-
cles) in Algeria (from 2011-2014).
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Table 1. Xanthomonas campestris pv. campestris isolate designations, their hosts, source regions, and haplotypes formed with concatenated
partial sequences, for 77 isolates ontained in Algeria.

Isolate Host H(.)St }?egiog Field No. 'Year .Of Conc.
variety of isolation isolation haplotype
XceDZ111 Brassica oleracea spp. capitata Smilla Staoueli ITCMI green house 1 05/10/2011 H1
XcecDZ112 Brassica oleracea spp. botrytis Yebouze  Staoueli ITCMI green house 2 05/10/2011 H1
XceDZ112.6 Brassica oleracea spp. botrytis Arizona Rouiba 2 10/10/2011 H1
XccDZ11272 Brassica oleracea spp. botrytis Arizona Rouiba 2 10/10/2011 H1
XccDZ113.1 Brassica oleracea spp. capitata Solo Rouiba 3 10/10/2011 H1
XccDZ113.5 Brassica oleracea spp. capitata Solo Rouiba 3 10/10/2011 H1
XccDZ114.9 Brassica oleracea spp. capitata Bitch Rouiba 4 10/10/2011 H1
XccDZ114.10 Brassica oleracea spp. capitata Bitch Rouiba 4 10/10/2011 H2
XccDZ115.1 Brassica oleracea spp. botrytis Arizona Tipaza 5 27/10/2011 H1
XccDZ116.1 Brassica oleracea spp. botrytis Arizona Tipaza 6 27/10/2011 H3
XceDZ116.2 Brassica oleracea spp. botrytis Arizona Tipaza 6 27/10/2011 H3
XceDZ1230.2 Brassica oleracea spp. capitata Chebli SidiFredj 30 07/01/2012 H4
XccDZ1230.3 Brassica oleracea spp. capitata Chebli SidiFredj 30 07/01/2012 H4
XccDZ1230.4 Brassica oleracea spp. capitata Chebli SidiFredj 30 07/01/2012 H4
XcecDZ1230.5 Brassica oleracea spp. capitata Chebli SidiFredj 30 07/01/2012 H1
XcecDZ1241.3 Brassica oleracea spp. capitata Smilla Staoueli 41 06/04/2012 H1
XcecDZ1242.3 Brassica oleracea spp. capitata Chebli SidiFredj 42 06/04/2012 H5
XcecDZ1243.1 Brassica oleracea spp. capitata Chebli Staoueli 43 06/04/2012 He6
XccDZ1243.2 Brassica oleracea spp. capitata Chebli Staoueli 43 06/04/2012 H1
XccDZ1243.3 Brassica oleracea spp. capitata Chebli Staoueli 43 06/04/2012 H1
XcecDZ1244.1 Brassica oleracea spp. capitata Spacestar  Staoueli 44 06/04/2012 H1
XccDZ1244.2 Brassica oleracea spp. capitata Spacestar  Staoueli 44 06/04/2012 H1
XccDZ1244.3 Brassica oleracea spp. capitata Spacestar  Staoueli 44 06/04/2012 H7
XcecDZ1246.1 Brassica oleracea spp. capitata Yerbouze  Staoueli 46 06/04/2012 H1
XccDZ1246.2 Brassica oleracea spp. capitata Yerbouze  Staoueli 46 06/04/2012 H1
XccDZ1358 Brassica oleracea spp. capitata Standard ~ Boumerdes 58 21/02/2013 H1
XccDZ1360 Brassica oleracea spp. capitata Canapatchi K. El Khechna 60 18/03/2013 H1
XcecDZ1360.1 Brassica oleracea spp. capitata Canapatchi K. El Khechna 60 18/03/2013 H1
XccDZ1375.2 Brassica oleracea spp. capitata Yerbouze  Ain Taya 75 23/06/2013 H1
XcecDZ1375.3 Brassica oleracea spp. capitata Yerbouze  Ain Taya 75 23/06/2013 H8
XccDZ1375.6 Brassica oleracea spp. capitata Yerbouze  Ain Taya 75 23/06/2013 H1
XccDZ1376.9 Brassica oleracea spp. capitata Yerbouze  Ain Taya 76 23/06/3013 H9
XccDZ1382.2 Brassica oleracea spp. capitata Yerbouze  Ouled Moussa 82 23/06/2013 H1
XccDZ1384.3 Brassica oleracea spp. capitata Yerbouze  Ouled Moussa 84 23/06/2013 H1
XccDZ.1388.2 Brassica oleracea spp. capitata Arizona Mostaganem 88 25/03/2013 H20
XccDZ1388.4 Brassica oleracea spp. capitata Arizona Mostaganem 88 23/03/2013 H1
XccDZ1490.43 Brassica oleracea spp. botrytis Atlas Zéralda 90 17/01/2014 H1
XccDZ1490.54 Brassica oleracea spp. botrytis Atlas Zéralda 90 17/01/2014 H1
XccDZ1493.12 Brassica oleracea spp. botrytis Spacestar ~ Zéralda 93 17/01/2014 H10
XccDZ1493.31 Brassica oleracea spp. botrytis Spacestar ~ Zéralda 93 17/01/2014 H1
XccDZ1493.32 Brassica oleracea spp. botrytis Spacestar ~ Zéralda 93 17/01/2014 H9
XccDZ1493.34 Brassica oleracea spp. botrytis Spacestar ~ Zéralda 93 17/01/2014 H1
XccDZ1493.51 Brassica oleracea spp. botrytis Spacestar  Zéralda 93 17/01/2014 H1
XccDZ1493.54 Brassica oleracea spp. botrytis Spacestar ~ Zéralda 93 17/01/2014 H1
XccDZ14100.6 Brassica oleracea spp. capitata Sakata Ain Taya 100 06/05/2014 H1
XccDZ14101.20 Brassica oleracea spp. capitata Raissa Ain Taya 101 06/05/2014 H1
XccDZ14101.21 Brassica oleracea spp. capitata Raissa Ain Taya 101 06/05/2014 H1

(Continued)
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Table 1. (Continued).
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Isolate Host H(.)St }.legiorll Field No. .Year .Of cone.
variety of isolation isolation haplotype

XccDZ14101.22 Brassica oleracea spp. capitata Raissa Ain Taya 101 06/05/2014 H7
XccDZ14101.27 Brassica oleracea spp. capitata Raissa Ain Taya 101 06/05/2014 H1
XccDZ14102.28 Brassica oleracea spp. botrytis Arizona Ain Taya 102 06/05/2014 H1
XccDZ14102.29 Brassica oleracea spp. botrytis Arizona Ain Taya 102 06/05/2014 H1
XccDZ14/102.30 Brassica oleracea spp. botrytis Arizona Ain Taya 102 06/05/2014 H1
XccDZ14/102.34 Brassica oleracea spp. botrytis Arizona Ain Taya 102 06/05/2014 H7
XccDZ14/102.38 Brassica oleracea spp. botrytis Arizona Ain Taya 102 06/05/2014 H1
XccDZ14/104.60 Brassica oleracea spp. botrytis Arizona Tizi Ouzou 104 25/06/2014 H1
XccDZ14/104.61a  Brassica oleracea spp. botrytis Arizona Tizi Ouzou 104 25/06/2014 H11
XccDZ14/104.61b  Brassica oleracea spp. botrytis Arizona Tizi Ouzou 104 25/06/2014 Hi12
XccDZ14/104.61c  Brassica oleracea spp. botrytis Arizona Tizi Ouzou 104 25/06/2014 H13
XccDZ14/104.64 Brassica oleracea spp. botrytis Arizona Tizi Ouzou 104 25/06/2014 H1
XccDZ14/104.66a  Brassica oleracea spp. botrytis Arizona Tizi Ouzou 104 25/06/2014 H14
XccDZ14/104.66b  Brassica oleracea spp. botrytis Arizona Tizi Ouzou 104 25/06/2014 H1
XccDZ14/104.67 Brassica oleracea spp. botrytis Arizona Tizi Ouzou 104 25/06/2014 H1
XccDZ14/104.68 Brassica oleracea spp. botrytis Arizona Tizi Ouzou 104 25/06/2014 H1
XccDZ14/104.69a  Brassica oleracea spp. botrytis Arizona Tizi Ouzou 104 25/06/2014 H1
XccDZ14/104.69b  Brassica oleracea spp. botrytis Arizona Tizi Ouzou 104 25/06/2014 H1
XccDZ14/104.69c  Brassica oleracea spp. botrytis Arizona Tizi Ouzou 104 25/06/2014 H15
XccDZ14/105.75 Brassica oleracea spp. botrytis Solo Zéralda/Azurplage 105 12/09/2014 Hi6
XccDZ14/106/126  Brassica oleracea spp. botrytis Arizona Ain Dafla 106 16/11/2014 H17
XccDZ14/106/127  Brassica oleracea spp. botrytis Arizona Ain Dafla 106 16/11/2014 H16
XccDZ14/106/129  Brassica oleracea spp. botrytis Arizona Ain Dafla 106 16/11/2014 Hi1e6
XccDZ14/106/130  Brassica oleracea spp. botrytis Arizona Ain Dafla 106 16/11/2014 H18
XccDZ14/106/131  Brassica oleracea spp. botrytis Arizona Ain Dafla 106 16/11/2014 H1
XccDZ14/106/132  Brassica oleracea spp. botrytis Arizona Ain Dafla 106 16/11/2014 H1
XccDZ14/106/134  Brassica oleracea spp. botrytis Arizona Ain Dafla 106 16/11/2014 H1
XccDZ14/106/135  Brassica oleracea spp. botrytis Arizona Ain Dafla 106 16/11/2014 H19
XccDZ14/106/136  Brassica oleracea spp. botrytis Arizona Ain Dafla 106 16/11/2014 H1
XccDZ14/106/137  Brassica oleracea spp. botrytis Arizona Ain Dafla 106 16/11/2014 H1
CFBP 1121* Brassica oleracea cv. bullata gemmifera. 11 France 111 1967

CEBP 5241 % Brassica oleracea var. gemmifera 1" United Kingdom 11 1957

(ATCC 33915)

*Type strain.

et al. (2001). Each sample was rinsed with tap water and
then dried. Small sections of affected tissue were taken
and crushed using a sterile scalpel and soaked in a small
volume (approx. 2 mL) of sterile distilled water for 15-20
min to allow diffusion of bacterial cells.

Aliquots of 50 uL of tenfold dilutions (10! to 10-%)
of the suspension were plated onto YPGACvc medium
(yeast extract 7 g L', peptone 7 g L', glucose 7 g L7},
agar 15 g L}, pH 7), supplemented with cephalexine 25
mg L™, vancomycin 0.5 mg L™! and cycloheximide 100
mg L™'). The plates were then incubated for 24 h at 28°C
and observed daily for bacterial growth. Xcc-like colo-
nies (colour and shape) were purified by repeated sub-

culturing of a single colony on YPGA and on GYCA
(yeast extract 5 g L', glucose 10 g L', CaCO; 40 g L™
agar 15 g L, pH 7) medium (Lelliot and Stead, 1987).

Two reference strains of Xanthomonas campestris
pv. campestris (CFBP 1121 and 5241) were used for this
study, obtained from the Collection Francaise de Bacté-
ries Associées aux Plantes (CFBP), Angers, France (htt-
ps://wwwé.inrae.fr/cirm_eng/CFBP-Plant-Associated-
Bacteria).

All purified isolates were preserved at -20°C and
-80°C in microtubes, containing 1 mL of YP medium
(yeast extract 7 g L™}, peptone 7 g L™!) supplemented
with 20% glycerol.
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Table 2. Primers used for PCR amplification and sequencing of Algerian isolates of Xanthomonas campestris pv. campestris.

Annealin, Expected
Target gene Primers names 8 Sequences (5°-3’) fragment References
temperature .
size (bp)
DLH120° o CCGTAGCACTTAGTGCAATGGCA
hrpF DLH125" 63°C TTTCCATCGGTCACGATTG 619 Berg et al, 2005
rrs
. 1052-F* o GCATGGTTGTCGTCAGCTCGTTA
(U.nlversal Bac_R b 63°C CGGCTACCTTGTTACGACT 441 Eden et al., 1991
Primers)
P-X-ATPD-F* o GGGCAAGATCGTTCAGAT .
atpD P-X-ATPD-R® 62°C GCTCTTGGTCGAGGTGAT 868 Fargier et al., 2011
P-X-DNAK-F* o GGTATTGACCTCGGCACCAC .
dnak P-X-DNAK-R® 62°C ACCTTCGGCATACGGGTCT 1034 Fargier et al, 2011
emigyrB1F* o TGCGCGGCAAGATCCTCAAC .
gytB emigyrB4R® 63°C GCGTTGTCCTCGATGAAGTC 904 Fargier et al,, 2011
emirpollF* o ATGGCCAACGAACGTCCTGC .
rpoD emirpol13R® 63°C AACTTGTAACCGCGACGGTATTCG 13 Fargier ef al, 2011

@ Forward primers; ® reverse primers.

Bacterial characterization

Isolates were tested for cytochrome oxidase activity
(Klement et al., 1990), esculine hydrolysis (Lelliot et al.,
1987), oxidative and fermentative metabolism of glucose
as described previously (Hugh and Leifson, 1953). The
hypersensitive host response was monitored in tobacco
leaf tissues (Nicotiana tabacum Xanthi) after infiltration
of 108 cfu mL™! bacterial suspensions from 24 h cultures.

Molecular characterization was performed on DNA
extracts obtained by boiling bacterial suspensions of 10°
cfu mL! for 10 min and subsequently keeping these on
ice for 15 min. The suspensions were then centrifuged
at 10 000 rpm for 5 min and stored at -20°C. Amplifi-
cations were performed by multiplex PCR according to
(Laala et al., 2015). Each reaction was performed in a
final volume of 20 UL containing: 1x Green GoTaq Flexi
Buffer (Promega), 1.5 mM of MgCl,, 0.2 mM of dNTP,
0.5 uM of each specific primer DLH 120/LH125 (Berg
et al., 2005), 0.05 uM of each universal bacterial primer
(used to validate the PCR reaction) 1052-F/Bac-R (Eden
et al., 1991), 0.05 U of GoTaq Flexi DNA polymerase and
3 puL of template DNA. The primer sequences used in
this study are presented in Table 2.

PCR reactions were conducted with a C1000 ther-
mocycler (Bio-Rad). The programme consisted of initial
denaturation at 95°C for 3 min, followed by 35 cycles
of 40 s at 95°C, 40 s at 63°C (touchdown to 58°C over
the first six cycles) and 40 s at 72°C. The amplification
products were separated on 1.5 % agarose gels in 1x TBE
buffer, stained with ethidium bromide, and visualized
using UV transilluminator on a Gel Doc 2000 (Bio-Rad).

Pathogenicity tests

Presumptive isolates were tested for their pathogenic-
ity on cauliflower seedlings (cv. Arizona) after seed con-
tamination, according to Laala et al. (2015). Symptoms
were observed 7 to 14 d after sowing inoculated seeds.
A positive control (Xcc strain CFBP 5241) and a nega-
tive control (sterile distillate water) were included in the
assays. Koch’s postulates were confirmed by symptomat-
ic leaves onto YPGACvc medium and by PCR character-
ization of re-isolated bacterial colonies.

Housekeeping gene amplification and sequencing

Sequences from three isolates (Xcc DZ114.10, Xcc
DZ113.5 and Xcc DZ1388.2) were selected from the
main varieties cultivated in Algeria to be compared with
those available in the database with BLASTN (Altschul
et al., 1990). Fragments of four housekeeping genes were
sequenced for each isolate, including gyrB (DNA gyrase
subunit B), rpoD (RNA polymerase sigma-70 factor), atpD
(ATP synthase beta chain), and DnaK (heat shock pro-
tein 70), according to (Fargier et al., 2011) (Table 2). The
amplifications were each carried out in a thermocycler
(iCycler; Bio-Rad), in a final volume of 20 pL containing
Ix green GoTaq Hot Start buffer, 1.5 pL of 25 mM MgCl,,
0.2 mM of dNTP, 0.5 uM of each primer and 1U of GoTaq
Hot Start DNA polymerase (Promega) and 3 pL of tar-
get DNA. The amplification program consisted of 5 min
at 95°C followed by 35 cycles of 30 s at 95°C, 45 s at Tm
(Table 2) and 1.30 min at 72°C, and finished with 72°C for
5 min. The PCR products were analysed on 1.5% agarose
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gel in 1x TBE buffer. The two strands of the amplicons
obtained from the three isolates were sequenced by the
GATC Biotech laboratory, Germany. The sequence electro-
pherograms were analysed using the software 4 peaks 1.7.2
(https://nucleobytes.com/4peaks/index.html). The DNA
sequences were aligned using the Multalin software (Cor-
pet, 1988: http://multalin.toulouse.inra.fr/multalin/).

Multilocus Sequences Analysis (MLSA) and phylogenetic
analysis

The purposes of this approach were to study the
genetic diversity of Xcc isolated in Algeria in comparison
with strains from different countries, based on the diver-
sity of the housekeeping genes, and to identify potential
inoculum sources.

Ninety-six isolates were selected for a phylogenetic
study from the 170 Xcc isolates identified by their micro-
biological, biochemical and molecular traits. Two house-
keeping genes (gyrB gene and rpoD) were chosen for
this study. The gyrB gene is a good marker of specificity
between species, while the rpoD gene is a good marker
of discrimination within a species (Fischer-Le Saux,
personal communication). The amplification conditions
were the same as those defined above. The quality and
yield of each amplicon were verified by loading 10 uL of
the reaction product onto 1.5% agarose gel in 1x TBE
buffer, and also by Nano-Drop ND-2000 (ThermoFish-
er Scientific). The 96 amplicons were sequenced at the
GATC Biotech laboratory, Germany.

DNA sequences were analysed using the software 4
peaks 1.7.2. and were aligned using the Bioedit program
(Hall, 1999). Only sequences having average lengths of
500 bp were used for analyses. The sequence data of the
two genes were concatenated according to the alphabeti-
cal order of the gene, the gyrB gene followed by the rpoD
gene, using the GENEIOUS software Version 4.8.5 (BIO-
MATTERS).

Phylogenetic analyses were carried out on individual
genes as well as on the concatenated sequences using the
DNA Sequence polymorphism (DnaSP) software ver-
sion 5.10 (Rozas et al., 2010). This analysis is based on
the Tajima’s method (Tajima, 1996), allowing a multiple
alignment by determining pairwise nucleotide diversity.
The differentiation between the haplotypes is based on
the presence of a single nucleotide different per sequence
(Wicker et al., 2012; Tancos et al., 2015).

The phylogenetic tree was constructed using Mega
software version 6.06 (Tamura et al.,, 2013) based on
the Maximum likelihood (ML) method (Tamura and
Nei, 1993). This software allows quick analysis of a large
number of sequences, and evolutionary phylogenetic
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reconstruction based on statistical bootstrap analysis
at 1000 replications. The tree was constructed with the
DNA sequences of each gene and with the concatenated
sequences. Sequences of Xcc strains (Xcc-C168, Xcc-
C278, ICMP 6541, strain 0407, strain 0470, ICMP 13,
CFBP 5241, 70 genome, ICMP 4013, ATCC 33913, 21080,
Xcc-8004), published on the NCBI database were used for
comparisons with sequences from the Algerian strains,
and the sequence from X. campestris pv. vesicatoria (Xcv)
85-10 (Thieme et al., 2005) was used to root the tree.

RESULTS

Characterization of Xanthomonas campestis pv. campes-
tris isolates

Out of the 315 symptomatic samples collected
between 2011 and 2014, 170 isolates showed typical mor-
phological colonies on the YPGACvc medium. After 24
h incubation, the bacterial colonies were round, yellow,
mucoid, convex and shiny.

All these isolates were Gram negative and corre-
spond to the biochemical characteristics as previously
described (Schaad, 1980; Lelliott and Stead, 1987). They
were glucose oxidative (Hugh and Leifson, 1953). The
activity of levansucrase and catalase were positive, and
the isolates induced HRs on tobacco leaves. They did not
display cytochrome oxidase (strike oxidase strips: Fluka
Analytical) and did not reduce nitrates.

The multiplex PCR designed for Xcc identification
(Laala et al., 2015) generated amplicons with expected
sizes (619 and 441 pb) for the 170 isolates tested.

Pathogenicity assays

All the plants inoculated with bacterial suspensions
(1 107 cfu mL™) of the Algerian Xcc isolates and the ref-
erence strain (CFBP 5242) showed symptoms of rotting
within 7-14 d after sowing. No symptoms were observed
in plants inoculated with sterile water. Re-isolations were
performed on YPGACvc from germinated seedlings.
Resulting bacterial colonies were yellowish, circular, and
mucoid, and were identified as Xcc by multiplex PCR
(Laala et al., 2015), confirming the Koch’s postulates.

Amplification of housekeeping genes

Sequence amplifications from the three isolates of
Xce (Xcc DZ114.10, Xcc DZ113.5 and Xcc DZ1388.2)
using four housekeeping genes, gave four bands of
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Table 3. Comparison of housekeeping gene DNA sequences of Algerian strains of Xanthomonas campestris pv. campestris with that of other
strains of Xanthomonas campestris (X.c.).

Genes

Algerian strains

Reference strains

gyrB

rpoD

atpD

dnak

XcecDZ114.10 ATCC 33913/ Xcc-C-168

X.c. pv. vesicatoria 85-10

XccDZ113.5 ATCC 33913/ Xcc-C-168
X.c. pv. vesicatoria 85-10
XccDZ1388.2 ATCC 33913/ Xcc-C-168

X.c. pv. vesicatoria 85-10

734/735% (99%)P
639/736 (87%)
734/735 (99%)
639/736 (87%)
734/735 (99%)
639/736 (87%)

574/577 (99%)
539/578 (93%)
577/577(100%)
639/736 (87%)
576/577(99%)
541/578 (94%)®

661/667(99%)
630/666 (95%)
663/667 (99%)
542/578 (94%)
663/667 (99%)
630/666(95%)

7781779 (99%)
736/779 (94%)
7771779 (99%)
735/779 (94%)
7761779 (99%)
734/779 (94%)

@ Ratio of identical nucleotides; ® identity level

Table 4. Genetic diversity of Xanthomonas campestris pv. campestris isolates assessed by MLSA.

No. of sequences

No. of polymorphic

. N -
Gene Fragment size (pb) selected No. of haplotypes sites % of polymorphic sites

gyrB 737 94 6 9 1.22%

rpoD 575 83 20 61 10.6 %

Concatened Sequences 1,312 77 20 68 5.18 %

the expected sizes of 904 bp for the gyrB gene, 1313 bp
for the rpoD gene, 868 bp for the atpD gene and 1034
bp for the dnaK gene (Fargier et al., 2011). The DNA
sequences of the four genes from the three Algerian
isolates showed high percentage similarities of 98 to
100%, in comparison with Xcc sequences, and less than
96% similarity with other Xanthomonas species avail-
able in the NCBI database (Table 3). The partial nucleo-
tide sequences of the strains Xcc DZ114.10, Xcc DZ113.5
and Xcc DZ1388.2 were deposited in the NCBI database
under the following accession numbers: the atpD gene
(KU556302 to KU556304), the DnaK gene (KU556305 to
KU556307), the gyrB gene (KU556308 to KU556310) and
rpoD (KU556311 to KU556312).

The strains were deposited in the CFBP, under the
numbers CFBP 8405, CFBP 8406, CFBP 8407.

Phylogenetic analysis of housekeeping genes

Of the 170 of Xcc isolates, 96 representatives of all
the sampled regions were selected for examination
of genetic diversity. Two loci, the gyrB and the rpoD
genes were used. DNA fragments of the two genes were
sequenced. Ninety-four sequences of 735 bp for the gyrB
gene, 83 sequences of 577 bp for the rpoD gene and 77
sequences concatenated (1312 bp) were used.

The phylogenetic analysis carried out by the DnaSP
(Rozas et al., 2010) revealed the presence of polymor-

phism among the strains. The number of polymorphic
nucleotide sites varied from nine to 68 (Table 4).

The rpoD locus displayed greatest discriminating
power, which corroborates the MLSA studies published
by Fargier et al. (2011), Lange et al. (2016) and Popovi¢ et
al. (2019). Twenty haplotypes were obtained for this gene
with a variable site level reaching 10.6%, compared with
1.22% for gyrB (Table 4). The concatenation of the two
loci grouped the 77 strains into 20 haplotypes with 68
polymorphic sites (Table 4).

Fifty strains were of haplotype H1 and these were
isolated from different areas throughout the sampling
period (Table 1). Fourteen haplotypes out of 20 (H2 to
H20) were each of a single isolate. The phylogenetic tree
constructed with the partial sequences of the gyrB gene
showed strong homology between the Algerian strains
and the 33 Xcc reference sequences. The Xcv was an out-
group, as expected (data not showed). The rpoD gene
was more polymorphic. The Xcc strains clustered in
two groups, among which the Algerian strains clustered
in group I associated with 13 reference strains isolated
from many international locations. No strains isolated
in Algeria clustered in group II (Figure 3). The Xcv was
associated to Xcc group II with a high bootstrap value.
This could be explained by the presence of a recombina-
tion event between Xcc and Xcv within the rpoD gene.

The phylogenetic tree showed that the Algerian iso-
lates were in three subgroups within group I (Figure
3). The first subgroup (Ia) contained the majority of
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Figure 3. Maximum likelihood tree constructed with concatenated partial sequences of two housekeeping gene (gyrB and rpoD) of 20 Alge-
rian haplotypes and 13 Xanthomonas campestris pv. campestris international strains, and rooted with Xanthomonas campestris pv. vesicatoria.
Bootstrap percentages obtained for 1000 replicates are indicated at each node.

Algerian isolates with 13 haplotypes. It also included
two strains isolated in India (Xcc-C168 and Xcc-C278)
(Rathaur et al., 2015; Singh et al., 2016). Subgroup Ib
contained four Algerian haplotypes and ICMP 6541
isolated in New Zealand, and 0407 isolated in New
York State, United States of America. The subgroup Ic
included three Algerian haplotypes, and Xcc 0470 from
New York State and ICMP 13 from the United King-
dom. Furthermore, the strains 0407 and 0470 isolated
in New York State were separated in two distinct sub-
groups, which is in accordance with the study of Lange
et al. (2016). Results obtained by DnaSP software showed
that the 20 haplotypes identified in Algeria displayed
homology with strains isolated from many international
regions. The Algerian isolates grouped in the haplotype
H1 with strong similarity to Xcc-168 strain isolated
in India (Rathaur et al., 2015), and haplotype H7 was
very similar to strain ICPM 6541 isolated in New Zea-
land (Young et al., 2008) (Figure 3). However, none of
the strains isolated in Algeria fitted into the clusters of

group 2, which suggests that Algerian population Alge-
ria did not cover all of the recognized diversity of Xcc.

DISCUSSION

This study reports for the first time the presence of
Xcc in Algeria, after the investigation conducted in cab-
bage and cauliflower fields from 2011 to 2014. A total
of 170 Xcc isolates was obtained from 45 fields. These
isolates were identified as Xcc by morphological, physi-
ological and molecular tests. The analysis of four house-
keeping genes (gyrB, the rpoD, the atpD and the dnaK)
performed on partial DNA sequences of three repre-
sentative Algerian strains showed 98 to 100% similar-
ity with homologous Xcc sequences available in the
GenBank database (Table 3). Results obtained from this
survey indicate the importance of black rot in Algeria,
and how widespread the disease is in the main Brassica
growing areas of the country. However, the sampling
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method used did not allow assessment of how the dis-
ease spreads in this country, because each region was
not monitored each year.

The MLSA approach was conducted for the genetic
studies. This is a powerful tool for study of phylogenet-
ic relationships at the inter- and intraspecies levels, by
analyzing sequences of two or more housekeeping genes
from a large number of bacterial isolates (Hanage et al.,
2006; Fargier et al., 2011). Genes encoding housekeep-
ing proteins are universally distributed among bacteria,
present in single copies and dispersed in the genomes
(Hanage et al., 2006; Youseif et al., 2014). In the present
study, the MLSA results in general revealed the existence
of genetic diversity within Algerian Xcc isolates. A total
of 20 haplotypes were obtained displaying 68 polymor-
phic nucleotide sites (Table 4). However, no correlation
was found between haplotypes with species and host
variety, year of isolation or geographic origin of host
plants. This strongly indicates that inoculum came from
seeds that would have been imported and distributed
in the country. This also supports the conclusions of
previous studies (Zaccardelli et al., 2008; Fargier et al.,
2011; Rathaur et al., 2015; Lange et al., 2016; Bella, 2019).
Fargier et al. (2011) described two groups of Xcc from
MLSA using genomic sequences of seven housekeep-
ing genes. The present study confirmed the occurrence
of two genomic groups within Xcc, and showed that all
the strains isolated in Algeria belonged to the group Xcc
I of Fargier et al. (2011). Therefore, the MLSA haplotypes
of Algerian isolates were not unique, as no distinct clus-
tering was present when Algerian Xcc haplotypes were
compared with the internationally collected haplotypes.

Haplotype H1 contained approx. 50 strains isolated
from several Brassica varieties and from 21 fields over all
collection periods. It also contained two strains collected
from a nursery seedling, strain Xcc DZ11.1 isolated from
a cauliflower (cv. Smilla) leaf and strain Xcc DZ11.2 isolat-
ed from a cabbage (cv. Yerbouze). It cannot be confirmed
that these two isolates derived from a seed lot infected
with the same inoculum, because haplotype H1 is widely
distributed in Algeria and internationally. Strains Xcc
DZ114.9 and Xcc DZ114.10 were collected from one plant
but were of different haplotypes, respectively, haplotype
H1 and H2. This indicates that these isolates were from
different everal sources, either a seed lot contaminated
by more than one haplotype, from two different seed lots
sowed in the field, or from infected seed and with differ-
ent environmental origins (Schaad and White,1974; Alva-
rez and Cho, 1978; Schaad and Dianese 1981; Chun and
Alvarez; 1983; Alvarez and Lou 1985).

The phylogenetic tree obtained showed that Alge-
rian Xcc isolates were of three subgroups with a high
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bootstrap values. The majority of Xcc isolates clus-
tered in subgroup Ia. This included 13 haplotypes, and
the isolates were collected from different conditions
over the period 2011-2014, as well as Xcc-C168 isolated
from Uttar Pradesh (India) and Xcc-C278 isolated from
Delhi (India) (Rathaur et al., 2015, Singh et al., 2016).
The subgroup Ib contained haplotypes H7, H11, H12
and H13, as well as ICMP 6541 from New Zealand and
0407 (Fresco) from New York State (Lange et al., 2016).
Subgroup Ic contained three haplotypes (H16, H17 and
H18) were included in subgroup Ic, along with strain 470
(Kaiten) isolated in New York State (Lange et al., 2016)
and ICMP 13 (CFBP 2350) isolated in 1957 in the United
Kingdom. This suggests that the Xcc population isolated
in the present study covered the full diversity of group
Xcc I described by Fargier et al. (2011). Previous studies
have been conducted to trace the origins of Xcc isolates
using molecular characterization techniques based on
PCR or housekeeping MLSA (Ignatov et al., 2007; Zac-
cardelli et al., 2008; Jensen et al., 2010; Mulema et al.,
2011; Lema et al., 2012; Rathaur et al., 2015; Lange et al.,
2016; Bella et al., 2019), but these methods were not suit-
able for tracing particular inoculum sources in the Alge-
rian situation described here. This was probably due to
the international trading of Brassica seed lots, since the
pathogen is a seed-borne bacterium (Cook et al., 1952;
Weller and Saettler, 1980; Blackeman, 1991). Fields may
therefore contain strains from several origins conserved
in plant debris (Schaad and Dianese, 1981), or strains
may be associated with cruciferous weeds. The prelimi-
nary results presented here revealed the existence of
diversity within Algerian isolates. However the MLSA
approach, using two housekeeping genes, and the type
of sampling, were not discriminating enough to trace
relationships between genetic diversity within Algerian
strains and seed lot origins, varities, years or regions.
New approaches are currently under development,
such as multilocus variable number tandem repeat anal-
ysis (MLVA) (Vogler et al., 2006; Bui Thi Ngoc et al.,
2009). MLVA is widely used to study genetic diversity
and deduce patterns of the spread of bacterial patho-
gens (Achtman, 2008; Cunty et al., 2015), and this meth-
odology would allow increased understanding of the
structure of Algerian Xcc populations. This pathogen is
occurring in the main market gardens in the Algiers,
Mostaghenem, Ain Defla regions, and in Tipaza in west-
ern Algeria and Tizi Ouzou and Boumerdes in the east
of the country. It would be useful to extend the survey
area in western and eastern parts of Algeria where cab-
bages are grown. Although first symptoms of black rot
were reported in Algeria only at the beginning of this
study (2011), the level of diversity of recorded haplo-
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types in Algeria indicates that Xcc was introduced in the
country before that year.

The present study provides a basis to assess the rela-
tive roles of host weeds and infected plant debris versus
that of contaminated seed lots in the epidemiology of
the black rot of cruciferous plants in Algeria. Control of
seed-borne pathogens is important for appropriate dis-
ease management, and to prevent their introduction and
spread. To this aim, research on control and certification
of vegetable seeds is currently being promulgated by the
Ministry of Agriculture of the Republic of Algeria. This
should allow improved management of seed-borne path-
ogens and improve agricultural production. This is likely
to include the use of certified pathogen-free propagative
materials (seeds and seedlings) coupled with appropriate
agronomic practices such as destruction of crop debris
and wild hosts, and seedbed rotation.
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Summary. Pumpkin plants showing symptoms of witches’ broom (PuWB) were
observed in Xinjiang Uyghur autonomous region, China, in September 2018. A phy-
toplasma was detected in symptomatic plants by PCR amplifying portions of the 16S
ribosomal and tuf genes. In addition, the phylogeny based on these genes sequencing
indicated that the PuWB strain clusters with ‘Candidatus Phytoplasma solani’ (sub-
group 16SrXII-A). Furthermore, based on in silico and in vitro restriction fragment
length polymorphism analyses, the PuWB phytoplasma was confirmed as a ‘Ca. P.
solani’-related strain. This was the first record of the occurrence of phytoplasma pres-
ence in pumpkins in China, and the first record of 16SrXII phytoplasma infecting
pumpkins in the world.

Keywords. Cucurbita moschata, pathogen, phylogeny, RFLP.

INTRODUCTION

Phytoplasmas are prokaryotic plant pathogens first discovered in 1967
(Doi et al., 1967). They are wall-less Mollicutes phylogenetically related to
low G+C Gram-positive bacteria (Weisburg et al., 1989). Phytoplasma pres-
ence is associated with host symptoms such as phyllody, virescence, and
witches’ broom (Hogenhout and Segura, 2010). Due to difficulties in estab-
lishing axenic cultures of these organisms (Contaldo et al., 2012; Contaldo
et al., 2016; Contaldo and Bertaccini, 2019), the methods routinely used for
bacterial diagnosis and taxonomy are not yet applicable to phytoplasmas.
These organisms are classified in ‘Candidatus Phytoplasma’, according to
IRPCM (2004). Based on similarities in restriction fragment length polymor-
phism (RFLP) patterns of 16S rRNA genes, phytoplasmas are also classified
into 16Sr groups and subgroups. For the recognition of a new subgroup, the
similarity coefficient among the RFLP patterns should be 0.97 or lower (Wei
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et al., 2008); for a new group, the threshold value is 0.85
(Zhao et al., 2009). In addition, for finer differentiation
of closely related phytoplasma strains, some other genet-
ic loci are used, such as the ribosomal protein (rp) genes
and the elongation factor Tu (tuf) genes (Schneider et al.,
1997; Lee et al., 1998). More than 30 16Sr groups (16SrI
to 16SrXXXVI) and 43 ‘Ca. Phytoplasma’ species have
been established to date (Bertaccini and Lee, 2018; Bert-
accini, 2019). The 16SrXII group, also known as “stol-
bur”, includes ‘Ca. P. australiense’, ‘Ca. P. convolvuli’,
‘Ca. P. fragariae’, ‘Ca. P. japonicum’, and ‘Ca. P. solani’
(Zhao and Davis, 2016).

Pumpkins (Cucurbita moschata) are grown for vari-
ous uses. Their fruit has high vitamin, amino acids,
polysaccharide, fibre and mineral contents, and are
extensively used as vegetables, processed food and stock
feed in different parts of the world (Kumar et al., 2018).
Pumpkin seeds are low in fat and rich in proteins, pro-
viding highly nutritional and health protective value for
humans (Quanhong and Caili, 2005; Devi et al., 2018).
As one of the leading producers of Cucurbita spp., China
had total production of 7,789,437 tonnes of pumpkins,
squash and gourds in 2016 (http://www.fao.org/faostat/
en/#data/QC/visualize).

The present study reports pumpkin disease with
witches’ broom as the main symptom, which occurred
in Xinjiang Uyghur autonomous region of China. In this
region, viruses, including Cucumber mosaic virus and
Zucchini aphid-borne yellows virus, have been reported
as the main pathogens on Cucurbita species (Cheng et
al., 2013; Peng et al., 2019).

MATERIALS AND METHODS
Samples collection

In September 2018, during a survey on pumpkin dis-
eases in Urumgqi, Xinjiang, China, pumpkins (C. mos-
chata) with symptoms indicative of phytoplasma pres-
ence were observed at a vegetable plot (ca. 1,300 m?),
with incidence of approx. 1.5%. The infected plants had
small leaves, short internodes, growth of multiple leaves
at each node, and delayed or no fruit development (Fig-
ure 1). The disease was named pumpkin witches’ broom
(PuWB). Samples were collected from symptomatic and
asymptomatic plants for phytoplasma detection.

Amplification and sequencing phytoplasma gene specific
regions

To detect phytoplasma presence in affected plants,
the region encompassing the 16S rRNA, 16S-23S internal
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Figure 1. Symptoms on pumpkin. a) a healthy pumpkin vine; b)
pumpkin vine exhibiting witches” broom symptom.

transcribed spacer region and partial 5° end of the 23S
rRNA genes, and the partial tuf gene of phytoplasmas
were amplified using PCR. Fresh leaves of the PuWB
samples were collected and total nucleic acid extraction
was performed using a cetyltrimethylammonium bro-
mide-based (CTAB) method (Kollar et al., 1990). Leaves
of asymptomatic pumpkins were used as a negative con-
trol. The extracted nucleic acids were then used as tem-
plates in PCR assays. The PCR reactions were carried out
using rTaq (TaKaRa). The reaction mixture consisted of
2.5 pL of 10x PCR buffer, 1 pL of each primer (10 uM),
2 puL of dNTPs (2.5 mM each), 0.5 uL of the DNA pol-
ymerase (5 U pL?), and 1 pL of DNA template (20 ng
uL1), with added sterilized distilled water up to a final
volume of 25 pL. The primers P1/P7 (Deng and Hiru-
ki, 1991; Schneider et al., 1995) followed by the primers
R16F2n/R2 (Gundersen and Lee, 1996), amplifying the
partial 16S rRNA gene for RFLP analyses, were used in
nested PCR; 1 pL of 1:30 sterilized distilled water diluted
PCR products from the first amplification was used as
template in the nested PCR reactions. The PCR amplifi-
cation cycling was set up for P1/P7, as described by Lee
et al. (1998), and for R16F2n/R2, as described by Nejat
et al. (2010). The primers fTufu/rTufu (Schneider et al.,
1997) were used to amplify the partial tuf genes, using
94°C for 3 min, 35 cycles each of 94°C for 30 s, 50°C for
30 s and 72°C for 1 min, and a final extension at 72°C
for 10 min.

The PCR products of the expected sizes were puri-
fied using a QIAquick gel extraction kit (Qiagen), ligated
onto pMDI18-T vector (TaKaRa), and competent cells of
Escherichia coli strain JM109 were transformed. Colo-
nies containing recombinant plasmids were screened
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using agar plates of LB medium containing ampicillin
(100 ug mL') and X-Gal. The inserts were sequenced
by TaKaRa. The MI3 forward primer (-47): CGC-
CAGGGTTTTCCCAGTCACGAC and MI13 reverse
primer (-48): AGCGGATAACAATTTCACACAGGA
were used for sequencing the inserts from both ends,
which gave approx. 1.5 times of coverage for P1/P7
amplicons and 2 times of coverage for the tuf gene. For
each gene from each sample, the inserts of three colonies
were selected for sequencing.

RFLP and phylogenetic analyses

To identify the detected phytoplasma, RFLP patterns
of the R16F2n/R2 region were analyzed, and phylogeny
was determined based on sequences of partial riboso-
mal and tuf genes. To re-construct the phylogenetic tree,
the 16S partial ribosomal sequences of phytoplasmas
enclosed in subgroups 16SrXII-A to -K, and in anoth-
er 11 ribosomal groups, were selected. A total of 15 tuf
gene sequences from phytoplasmas in group 16SrXII and
two from group 16Sr] were used to infer the tree of tuf
genes. Phylogenetic trees were built using the software
MEGA?7.0, by aligning sequences with ClustalW and
using the neighbour-joining method with a bootstrap-
ping of 1000 pseudoreplicates. In virtual RFLP analysis,
the sequence of the R16F2n/R2 region of the detected
phytoplasma was submitted to the online tool iPhyclas-
sifier (https://plantpathology.ba.ars.usda.gov/cgi-bin/
resource/iphyclassifier_legacy.cgi) for virtual gel image
production and similarity coefficient calculations. The
gel purified PCR products of the R16F2n/R2 amplicons
were digested with the Alul restriction enzyme accord-
ing to the manufacturer’s instruction (TaKaRa) and sep-
arated in a 2% agarose gel.

RESULTS AND DISCUSSION

Using the primers P1/P7, PCR fragments of approx.
1.8 kb were amplified from two PuWB samples (PuWB1
and PuWM?2), which were of identical size to the P1/
P7 region of phytoplasmas. The subsequent nested PCR
used the primers R16F2n/R2 generated fragments of
approx. 1.2 kb. PCR products of approx. 0.8 kb were of
identical size to the partial tuf gene of phytoplasmas and
were produced with the primers fTufu/rTufu. After clon-
ing and sequencing, six sequences of the P1/P7 region
(three from the PuWBI1 and three from the PuWB2)
were identical to each other, and were each of size 1,783
bp. The consensus sequence was deposited in GenBank
under the accession number MH731275.
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Six single colonies (three for PuWBI and three for
PuWB2) of the 0.8 kb fragment were also sequenced.
The three sequences from the PuWB1 were identical
to each other, and the consensus sequence was depos-
ited under the accession number MK770825. One of
the three sequences from the PuWB2 showed two site
polymorphisms at nucleotide positions 62 and 758 with
the other two, and this was deposited under the acces-
sion number MK770826. The consensus sequence for
the other two strains was deposited under the accession
number MK770827. All the three tuf gene sequences
were of size 842 bp and had 99.8% similarity (840 bp
/ 842 bp) to each other. BLASTn searches for homolo-
gous gene sequences indicated that the obtained P1/P7
region sequence was homologous to those of phytoplas-
mas classified in the 16SrXII group, having the great-
est nucleotide sequence similarity of 99.5% (1772 nt /
1781 nt) with ‘Ca. P. solani’ strain SX-CP from Salvia
miltiorrhiza from Shanxi Province, China (GenBank
accession number KT844648). The tuf gene sequenc-
es showed the greatest nucleotide sequence similarity
99.6% (840 nt / 843 nt) to that of ‘Ca. P. solani’ strain
PFY from paper flower from China (GenBank acces-
sion number KC481242).

On the phylogenetic tree of the 16S ribosomal gene
region, the sequence of the PuWB strain clustered with
members classified in subgroups 16SrXII-] (GenBank
accession number FJ409897) and 16SrXII-A (GenBank
accession number AJ964960) (Figure 2a). On the tree of
tuf genes, the PuWB strain clustered with ‘Ca. P. sola-
ni’ strain PFY (GenBank accession number KC481242,
16SrXII-A) (Figure 2b).

Based on the virtual RFLP patterns generated using
iPhyclassifier, the PuWB strain was different from the
described representatives of subgroups 16SrXII-A to
16SrXII-K at the restriction site Alul (Figure 3b). In
addition, the phytoplasma had similarity coefficients
ranging from 0.74 to 0.96 with the representatives of
16SrXII-A to 16SrXII-K subgroups (Supplementary
table 1). These results indicated the possible occurrence
of a novel subgroup in the 16SrXII group. Furthermore,
the RFLP pattern generated using Alul on the ampli-
cons was identical to the virtual pattern (Figure 3a),
confirming the reliability of virtual results. The PuWB
phytoplasma is therefore considered a ‘Ca. P. solani’-
related strain.

The phytoplasmas in the 16SrXII group are widely
distributed, and the identification of the PuWB strain
described here expands knowledge their genetic diver-
sity. Phytoplasmas infecting Cucurbita spp. have been
previously reported in several countries including Bra-
zil, Japan, India, Iran, Egypt, Argentina, and have been
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Figure 2. Phylogenies of PuWB phytoplasma strains and other
phytoplasmas based on two conserved gene loci. The phylogenetic
trees were reconstructed based on, a) the R16F2n/R2 regions, and
b) the partial tuf genes of phytoplasmas. The sequences obtained in
the present study are indicated in red font. Bootstrap values greater
than 50% are shown. Bars = number of substitutions per base.

associated with host symptoms of yellows, virescence,
stunting, witches’ broom and phyllody. The detect-
ed phytoplasmas belong to several ribosomal groups,
including 16Sr I, -II and -III (Tanaka et al., 2000; Mon-
tano et al., 2006; Omar and Foissac, 2012; Galdeano et
al., 2013; Salehi et al., 2015; Rao et al., 2017). Identifica-
tion of the PuWB strain in pumpkins showing witches’
broom symptom in Xinjiang, China is the first record of
a phytoplasma disease of pumpkin in China, and a first
international record of a 16SrXII phytoplasma infecting
pumpkin.

The occurrence of phytoplasmas in group 16SrXII
has been reported previously in China, in Artemisia sco-
paria associated with witches’ broom (Yu et al., 2016)
and Peonia suffruticosa associated with yellows symp-
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Figure 3. The RFLP patterns of the R16F2n/R2 region of the PuWB
phytoplasma. a) PCR products digested using Alul. b) iPhyclassifier
generated virtual patterns of the PuWB phytoplasma and members of
subgroups 16SrXII-A to -K. MW, ¢X174 DNA digested with Haelll.

toms in Shandong (Gao et al., 2013), and Salvia mil-
tiorrhiza with red-leaf symptoms in Shaanxi (Yang et al.,
2016). In addition, a phytoplasma in group 16SrIl was
detected in Senna surattensis stem fasciation (Wu et al.,
2012), and phytoplasmas related to ‘Ca. P. fragariae’ were
identified in Solanum tuberosum showing purplish leaves
and aerial tuber formation (Cheng et al., 2012).

The pumpkin plants exhibiting the symptom of
witches” broom were mainly observed in Xinjiang, with
incidence of approx. 1.5%. It is important, however, to
record this disease in China for epidemiological reasons.
Although the spread of PuWB was not fully evaluated, it
is known that insects in Auchenorrhyncha are responsi-
ble for the transmission of phytoplasmas. These include
members of Cercopidae, Cixiidae, Derbidae, Delphaci-
dae, Cicadellidae and Psyllidae (Weintraub and Bean-
land, 2006). These insects were reported in Xinjiang, in
particular leathoppers (Cicadellidae) and psyllids (Psyl-
lidae) (Zhang et al., 2013; Chen et al., 2018), and these
insects are likely to disseminate PuWB phytoplasma-
associated diseases, increasing the risk of severe epidem-
ics and reductions of C. moschata production.
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Summary. Disease management programmes in Chilean table grape vineyards use the
hydroxyanilide fenhexamid as a pivotal fungicide for Botrytis cinerea control. Howev-
er, fenhexamid-resistant populations of this pathogen have progressively increased in
vineyards under fungicide use. Botrytis cinerea isolates were collected in “Thompson
Seedless’” vineyards under fenhexamid control programmes (>two sprays per season)
from three regions of Central Chile, during the 2013-2014, 2014-2015 and 2015-2016
growing seasons. Focusing on the 2015-2016 growing season when the greatest level
of resistance was measured, only 8% of recovered isolates were sensitive to fenhexa-
mid with 92% of isolates exceeding the sensitivity threshold for mycelium growth. All
fenhexamid resistant isolates analyzed carried a mutation in the Erg27 gene, which
encodes for 3-keto reductase (3-KR) enzyme. The largest proportion of isolates pre-
sented a single-point mutation, leading to a substitution of phenylalanine by serine or
isoleucine in the 412 residue of 3-KR (erg27™125, 27%; erg277121, 48%). Substitution
by valine in this position was observed in a lower proportion of isolates (erg2712V,
2%). In contrast to a previous report indicating high fitness cost in isolates carrying
erg27v125 or erg27"12l mycelium growth and sclerotia development under different
restrictive temperatures were not affected compared to wildtype Erg27¥412 in Chilean
mutant isolates. At 0°C, erg27"12S and erg27"1?! generated larger lesions than erg27/12V
and Erg27712 jsolates in wounded and unwounded berry assays. Another five muta-
tions were detected in low-resistance Erg27 F12 isolates; one was a previously unre-
ported mutation: erg27%%3", This study has demonstrated a significant loss of sensitivity
to fenhexamid, limited fitness cost and high aggressiveness levels (erg277!2% and erg27
F4121) in field isolates carrying Erg27 mutations, giving dirctions for the design of Botry-
tis control programmes based on fenhexamid.

Keywords: Botrytis fitness cost, Erg27 mutations, resistance, increased virulence.
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INTRODUCTION

Gray mold (caused by Botrytis cinerea Pers.: Fr.) is the
most economically important disease in Chilean table
grape production. Botrytis cinerea infection is favoured
under wet conditions with temperatures below 22°C; it is
a cool-season disease. Environmental conditions between
late winter and spring in Chile usually provide the
requirements for B. cinerea infection in the table grape
growing area, causing blossom blight during the bloom
period at the beginning of the season. Botrytis cinerea
infections may also remain latent (Keller et al., 2003; Viret
et al., 2004), leading to disease appearance after harvest
either during storage or after purchase by consumers.

Control of B. cinerea on diverse crops is commonly
achieved with combinations of pesticide and agronomic
practices. Agronomic practices alone cannot prevent the
disease in central Chile, so chemical treatments must be
applied (Esterio et al., 2011). Because of the epidemio-
logical traits of B. cinerea, disease forecasting models are
not commonly used. Instead, treatments are applied at
fixed phenological plant stages: bloom, bunch closure,
veraison, and pre-harvest. However, more sprays may
be scheduled under specific weather events that increase
the risks of disease outbreaks. Among the wide range of
fungicides registered for use against B. cinerea, fenhexa-
mid, a hydroxyanilide derivate, has become a key com-
ponent of gray mold management in Chilean table grape
vineyards.

The sterol-3-ketoreductase enzyme (3-KR) encoded
by the Erg27 gene is the biological target of fenhexamid.
This enzyme is required for C4 demethylation during
ergosterol biosynthesis (Debieu et al., 2001). Inhibition
of 3-KR leads to ergosterol depletion and accumulation
of cytotoxic-ergosterol precursors, triggering defects in
central cellular processes (Akins, 2005). Resistance to
fenhexamid in B. cinerea has been reported in vineyards
from Europe and the United States of America (Fillinger
and Walker, 2016), and is linked to several mutations in
the Erg27 gene. High level of resistance occurs in isolates
carrying single point mutations in codon 412 (Fillinger
et al., 2008).

Since the introduction of fenhexamid in 1999, this
fungicide has been widely used to B. cinerea control in
table grape vineyards in Chile, being applied mainly
during the grapevine bloom period. Fenhexamid resist-
ance was reported in B. cinerea isolates from the Central
Valley of Chile in the 2006-2007 growing season (Este-
rio et al., 2007; Esterio et al., 2011). Therefore, alternation
of fungicides with different modes of action has been the
strategy widely used for B. cinerea chemical control, in
order to reduce the selection pressure.
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Acquisition of high-level specific resistance to
fenhexamid in B. cinerea has been described in iso-
lates carrying mutation in codon 412 of Erg27, and has
been associated with important decreases in patho-
gen fitness, including reduced conidium germination,
myceliuml growth, and sclerotium development. Con-
sequently, field problems associated with loss of efficacy
of fenhexamid have not been reported to date (Ziogas
et al., 2003; De Guido et al., 2007; Billard et al., 2012).
In recent years, however, loss of sensitivity to fenhex-
amid has progressively and persistently increased in
table grape fields in central Chile (Esterio et al., 2017).
In order to maintain and promote fenhexamid effec-
tiveness, the fitness cost of fenhexamid-resistance iso-
lates from central Chile must be determined, and these
should be included during construction of comprehen-
sive and updated B. cinerea control programmes. For
this purpose, B. cinerea isolates were recovered from
six “Thompson Seedless’ vineyards managed with at
least two fenhexamid applications per growing season
to: (i) assess their sensitivity of the isolates to fenhexa-
mid; (ii) determine their Erg27 genotype; and (iii) eval-
uate fitness parameters.

MATERIALS AND METHODS
Botrytis cinerea isolation and culture media

Botrytis cinerea isolates were recovered during the
2013-2014, 2014-2015 and 2015-2016 growing seasons,
from grapevine flowers collected at the full bloom and
berries with 16.5° Brix stages, from six cv. Thompson
Seedless vineyards located in the Chilean Central Val-
ley, covering the three most important table grape pro-
duction areas of Valparaiso Region (VR), Metropolitan
Region (MR) and O’Higgins Region (OR). These vine-
yards had been undergoing field programmes with high
fungicide pressure, being sprayed at least twice with
fenhexamid per growing season. Botrytis cinerea single-
conidium cultures isolated from these three regions were
grown on malt yeast agar (20 g L' malt extract, 5 g L
Bacto yeast extract, 12.5 g L! agar) maintained at 20°C
in constant darkness until conidiation. In total, 132 iso-
lates from VR, 118 from MR, and 158 from OR were
used in this study.

Fenhexamid sensitivity assay
Fenhexamid sensitivity was evaluated in vitro using

colony growth tests. Colony growth tests were made
on plates containing Sisler synthetic medium (2 g L™
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KH,PO,, 1.5 g L' K,HPO,, 1 g L' (NH,), SO, 0.5 g
L1, MgSO,7H,0, 10 g L' glucose, 2 g L yeast extract
and 12.5 g L'! agar) (Leroux et al., 1999) supplemented
with different concentrations of fenhexamid (0; 0.03; 0.1;
0.3; 1; 3 and 10 mg L!). Four-day-old mycelium plugs
were seeded on the plates, and the cultures were then
kept for 5 days at 20°C in darkness. Colony growth was
determined by measuring the diameter of the resulting
colonies. Three replicate plates were analyzed for each
fenhexamid concentration in colony growth experi-
ments. ECs, values (effective inhibitory dose that gave
half-maximum inhibitory responses) were calculated for
each isolate using the Minitab Version 12 statistical soft-
ware program.

Erg27 genotyping: amplification and sequencing

Botrytis cinerea genomic DNA was isolated from
7-day-old mycelia using the DNeasy Plant mini kit (QIA-
GEN). A fragment of the Erg27 gene was amplified using
primers ergl800down and erg27End, which amplify
a 1052 pb fragment, previously described by Fillinger
et al. (2008). The PCR mix was composed of 50-100 ng
genomic DNA, 1X GoTaq” Green Master Mix (Promega)
and 0.2 uM each primer; 25uL volume was completed
with nanopure water (Promega). The PCR product was
purified and used for sequencing (Macrogen). Identifica-
tion of Erg27 genotypes was performed by alignment of
the sequences using BioEdit software (Hall, 1999).

Pathogenicity test

To assess the pathogenicity on grape berries B.
cinerea isolates were inoculated onto wounded and
unwounded berries of “Thompson Seedless’, at harvest
stage based on soluble solids content (16.5°Brix). The
berries were washed in 1% sodium hypochlorite solu-
tion for 0.5 min, rinsed twice with sterile distilled water
and allowed to dry under a laminar flow hood. Subse-
quently, a 10 pL droplet of B. cinerea isolate suspension
(106 conidia mL") was inoculated on the surface of each
unwounded or wounded berries. Wounding was made
by puncturing each berry with a sterile needle to a depth
of 2 mm. Inoculated berries were incubated at 0 or 20°C
in sealed humidity chambers (80% relative humidity)
for 4 days and the diameter of the gray mold lesion on
each berry was measured. Eighteen berries were used
for each Erg27 genotype separated into three replicates.
The experiment was repeated twice independently, firstly
using table grape berries from seasons 2016-2017 and
and second from 2018-2019.
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Evaluations of colony growth, conidium production and
sclerotium development

Six isolates for each identified Erg27 genotype were
used in this study, including wild type (no mutations in
the Erg27 gene). The exception was for erg277412V, where
only three isolates were found. In each case, 4-days-old
non-sporulating mycelium plugs grown in Potato Dex-
trose Agar (PDA) were transferred onto a fresh PDA plate
for phenotype evaluation. Three plates were used for each
genotype in two independent experimental repetitions.

Mycelium radial growth was evaluated for 4 or 5 days
in continuous darkness, under three temperature condi-
tions: 15, 20 or 25°C. Conidium production was evaluated
after 17 days of continuous colonial growth in darkness at
20°C. For each evaluation, total sporulating mycelium was
recovered in a vial with 15 mL of sterile water, which was
stirred, and conidia concentration was determined using
a haematocytometer. For sclerotium development, plates
were incubated for 40 days in darkness at 5 or 20°C.
Number and mass of sclerotia in each plate were recorded,
and the Sclerotium Index was defined as the ratio of total
number of sclerotia to total sclerotium mass per plate.

Statistical analyses

Statistical analyses were carried out using ANOVA
and the Bonferroni post hoc test in InfoStat software (Di
Rienzo et al., 2015).

RESULTS
Sensitivity of Botrytis cinerea isolates to fenhexamid

Sensitivity to fenhexamid of each isolate was evalu-
ated through the mycelium growth ECs,. The isolates
were then classified as sensitive (Fen®) or resistant (FenR)
to fenhexamid, using the recommended cutoft value for
field applications of fenhexamid (0.17 mg L'; Teldor-
Bayer). Thirty-six isolates were obtained from VR vine-
yards in the 2013-2014 season and 11% of these were
FenS, 72 isolates were obtained in 2014-2015 and 6%
were Fen®, and 24 isolates were obtained in 2015-2016
and 13% were Fen® (Figure 1A, Table 1). In the 2013-
2014, 2014-2015 and 2015-2016 seasons, 35, 36, and 47
isolates from the MR vineyards were analyzed, and 23%,
25%, and 0% of them were Fen® (Figure 1B, Table 1). Of
the isolates from OR vineyards 40, 72, and 46 isolates
were obtained in the seasons 2013-2014, 2014-2015 and
2015-2016, respectively, among them 18%, 15% and 19%
presented sensitivity to the fungicide (Figure 1C, Table
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Figure 1. Sensitivity to fenhexamid of Botrytis cinera isolates obtained in the 2013-2014, 2014-2015 and 2015-2016 growing seasons from
three regions of the Chilean Central Valley: Valparaiso Region (VR; N = 132), Metropolitan Region (MR; N = 118), and O’Higgins Region
(OR; N = 158). Fenhexamid effective concentration (mg L") was evaluated by ECs, value (effective concentration that reduces mycelial
growth by 50%). Isolates were considered as low resistance when 0.17 mg L' > EC5, > 2mg L' and high resistance when the ECy, > 2 mg

LY bothof these sensitivity limits are shown by dashed lines.

1). Resistance to fenhexamid was classified as low when
0.17 mg Lt > ECsy = 2 mg L' and high when ECy;> 2
mg L, considering the cutoff value described by Fill-
inger et al. (2008). The frequency of fenhexamid-resist-
ant and highly resistant isolates in the B. cinerea popula-
tion analysed in this study increased with time and this
occurred in the three geographical regions under study.

Genetic characterization of Erg27 in Botrytis cinerea isolates

Mutations in wild type Erg27 allele in B. cinerea iso-
lates from the field and laboratory-generated strains

have been associated with different ranges of loss of sen-
sitivity to fenhexamid (Fillinger et al. 2008; Esterio et
al. 2011; Grabke et al. 2013; Amiri and Peres, 2014). In
particular, mutations in 412 codon of Erg27 trigger high
resistance to this fungicide (Fillinger et al., 2008; Debieu
and Leroux, 2015; Fillinger and Walker, 2016).

The Erg27 genotypes of isolates from the three
regions (2015-2016 season) were evaluated in order to
find a genetic factor associated with resistance to fenhex-
amid. Of a total of 24 isolates from the VR region, 29%
carried a serine substitution (erg27f425) and 58% the iso-
leucine substitution (erg275!1?) at position 412, and only
13% of total isolates maintained phenylalanine at the 412

Table 1. Sensitivity to fenhexamid of Botrytis cinerea isolates from Central Chile, from Valparaiso Region (VR), Metropolitan Region (MR)

and O’Higgins Region (OR).

Mean

Region Season Total isolates % S* % LR® % HR® EC,¢ Min ECs* Max ECs,f
2013-14 36 11.11 11.11 77.78 19.16 0.04 125.50
VR 2014-15 72 5.56 1.39 93.05 16.19 0.02 100.70
2015-16 24 12.50 0.00 87.50 15.73 0.06 43.26
2013-14 35 22.86 5.71 71.43 18.67 0.01 87.08
MR 2014-15 36 25.00 11.11 63.89 12.75 0.06 142.30
2015-16 47 0.00 17.39 82.61 23.43 0.23 100.00
2013-14 40 17.50 22.50 60.00 16.41 0.01 208.10
OR 2014-15 72 15.28 1.39 83.33 21.80 0.04 273.60
2015-16 46 19.15 8.51 72.34 19.05 0.03 100.00

2 Frequency occurrence (%) of sensitive isolates (ECsy < 0.17 mg L).

b Frequency occurrence (%) of low-resistant isolates (0.17 mg L < EC4, < 2.0 mg L).
¢ Frequency occurrence (%) of high-resistant isolates (ECs, > 2.0 mg L).

4 Mean EC, (mg L1).
¢ Minimum value of ECs, (mg L).
f Maximum value of ECy, (mg L.
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Figure 2. Fenhexamid sensitivity levels of Botrytis cinerea isolates
carrying a mutation Erg275!2 from Valparaiso Region (VR; N =2
4), Metropolitan Region (MR; N = 47) and O’Higgins Region (OR;
N = 46) in the 2015-2016 growing season, based on ECj, values
(effective concentration that reduced mycelium growth by 50%).
Sensitivity limits are shown by dashed lines: low resistance = 0.17
mg L1 > ECs;, =2 mgL! and high resistance = EC5p> 2 mg L'\

position (Erg275412) (Table 2, Figure 2). As expected, all
isolates from this region carrying the mutations in the
412 position of Erg27 were highly resistant to fenhexa-
mid, and the isolates without mutation in this codon
were fenhexamid sensitive. From the MR region, 47
isolates were tested. Substitutions erg274!2% was at fre-
quency of 62%, and erg27¥412! at 13%, while 19% of the
isolates had no mutation in Erg2754!2 (Table 1, Figure 2).
Three isolates (6%) carried a non-common mutation of
valine instead phenylalanine at 412 position (erg27542,
6%) (Table 1, Figure 2). All the highly resistant isolates
in this population had mutations in codon 412 of Erg27,
as expected. However, nine isolates with no mutation in
Erg27¥412 showed some resistance to fenhexamid, sug-
gesting that mutations in other positions of Erg27 or on
another gene could be responsible for the resistance.

In the 46 isolates from OR, 48% carried the erg27:4128
mutation and 22% the erg27¥4!2l mutation, exhibit-
ing high resistance to fenhexamide (Table 1, Figure
2). In this case, 30% of the isolates had no mutation at
Erg27541% two of these isolates showed high resistance to
the fungicide and four had low resistance.

The low and high resistance in isolates from the MR
and OR regions that lacked mutations in Erg2754'2 raised
the possibility of another codon of Erg27 being mutated
and conferring resistance to fenhexamid. To answer this,
the sequence of the Erg27 gene was scrutinized to iden-
tify other mutations. Five other mutations were found in
the Erg27 gene, including erg27M1%°F, erg27°2385 erg2742%,
erg2783% and erg27™%°P. These mutations were found in
different combinations, in the 117 isolates analyzed from
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Table 2. Numbers of Botrytis cinerea isolates of Erg27 genotype
at the 412 position, obtained from Central Chile, from Valparaiso
Region (VR), Metropolitan Region (MR) and O’Higgins Region
(OR).

E}’g27F412 erg27F4121 erg27F4128 erg27F412V
Regi Total
cglon isolates Mean Mean Mean Mean
%* b % b % b % b
ECs, ECs ECs ECs
VR 24 13 0.07 58 19.85 29 1499 - -
MR 47 19 079 13 7718 62 1790 6 60.59
OR 46 30 1.81 22 4765 48 1390 - -

* Frequency occurrence of genotype in percentage
® Mean ECs, (mg L) for genotype of Erg27 at the 412 position.

the three regions. erg27°2385, erg27L19°F/ 4298 and erg2722%%/
R330P were present in isolates that lacked mutation in
position 412 of Erg27 and were resistant to fenhexamid
(Figure 3A), suggesting that these mutations could lead
to resistance to fenhexamide. However, erg274? by itself
possibly did not affect resistance to this fungicide. Simi-
larly, erg27M3%P combined with erg27°238F/N369D did not
give resistance to fenhexamid, although erg27°%3% by
itself correlated with fenhexamid resistance. Mutations in
other positions were also detected in the isolates carrying
erg27"4125or erg27¥412! (Figure 3B-D). However clear corre-
lations between their presence and fenhexamid resistance
were not detected, indicating that mutations in position
412 are more relevant for fenhexamid resistance.

Evaluation of growth parameters and virulence of the
Botrytis cinerea isolates carrying mutations in Erg27

Growth parameters and virulence were analyzed to
evaluate the performance of fenhxamid resistant isolates
from VR, OR, and MR carrying mutations in the 412
position of the Erg27 gene. Mycelium growth was evalu-
ated under suboptimal (15°C) and optimal temperature
conditions (20 or 25°C). No differences in mycelium
radial growth were observed among field isolates with
non-mutated Erg27™12 and erg27t1%5, erg27¥12! or erg-
278412V at the three growing temperature tested (Figure
4A, 4B and 4C).

Development of sclerotia as survival structures is
essential for overwintering of B. cinerea inoculum in
the field. Therefore, sclerotium development was evalu-
ated in two contrasting temperature conditions: 5 or
20°C. Numbers of sclerotia, sclerotia masses and sclero-
tia indices (ratio of numbers to masses) were quantified.
No statistically significant differences were observed
between Erg27v412, erg27v125 or erg27v12! at 5°C, but at
this temperature, the restriction of sclerotium develop-
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ment did not occur with erg278412Y isolates (Figur 4D, 4E
and 4F). At 20°C, erg274125 produced fewer of sclerotia
than erg27f'2, but equivalent numbers to Erg27f42 and
erg27t412V (Figure 4D). The sclerotium mass was greater
in erg27¥412V compared to other isolates carrying mutant
alleles (Figure 4E). Evaluation of the sclerotium indices
showed greater values in strains carrying erg27¥412! (Fig-
ure 4F).

Conidium production was investigated to establish
the propagation capacity of isolates carrying different
Erg27 mutations at optimal temperature for B. cinerea
development. No differences in conidium production
were observed between erg27t4125, erg2784121 and isolates
carrying the wild type Erg27. However, significantly few-
er conidia were produced by erg27¥412V isolates (Figure
4G), indicating that this mutation impaired conidium
development.

The infection capacity of the Erg27 mutants was
measured on detached “Thompson Seedless” grape ber-
ries using six isolates of each genotype. On unwounded
berries incubated at 0°C, erg27F412! isolates developed
larger rot lesions than berries inoculated with Erg27:412,
erg27¥4128 or erg27F412V jsolates. In wounded berries,
erg27t4125 and erg27"412! generated larger lesions com-
pared to the Erg27 ¥12 genotype, while erg27t4'2V pro-
duced smaller lesions than the Erg27 ¥12 genotype iso-
lates (Figure 4H). At 20°C, unwounded berries inocu-
lated with erg27¥412l or erg27F4125 isolates developed
enhanced infection damage compared with Erg278412,
However, the necrotic damage observed in wounded
berries infected by erg2754128 or erg27f4'%! did not dif-
fer from that caused by Erg27541? isolates. In contrast,
erg27t12V jsolates were less aggressive than Erg27:412
isolates in both unwounded and wounded berries (Fig-
ure 4I). Together, these results indicate that growth in
the erg27F4125, erg278412L and erg27F412V jsolates was not
affected, although they carried a mutation in Erg27,
and isolates carrying erg27¥4!%S and erg27F412! were
of increased aggressiveness on both unwounded and
wounded berries.

DISCUSSION

Table grape vines are cultivated mostly in the Cen-
tral Valley of Chile because this region has favorable
agroecological conditions for grape production. Grape
vineyards in Chile are threatened by Botrytis outbreaks
due to the frequent cool springs and wet weather con-
ditions. Therefore, fungicides are commonly applied to
vineyards in this region. Development of resistance to
fungicides has been observed in B. cinerea in this area,
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endangering the ability to control gray mold (Latorre et
al., 2015; Esterio et al., 2017).

In the present study B. cinerea populations col-
lected from ‘“Thompson Seedless’ table grape vineyards
from three regions of Central Chile were shown to have
reduced sensitivity to fenhexamid. This reduced sensi-
tivity increased progressively in the the three successive
growing seasons tested. Nevertheless, fenhexamid is still
one of the main fungicides regularly used in the local B.
cinerea control programmes, with at least two applica-
tions of this chemical in each growing season.

Botrytis cinerea resistant isolates to fungicides with
unisite modes of action have been widely reported in
the last 10 years, after intensive application programmes,
accompanied by reduced fungicide efficacy (van den
Bosch et al. 2015; Fillinger and Walker, 2016). The Erg27
mutation in position 412 is one of the most common
changes linked to fenhexamid resistance (Fillinger et al.,
2008; Billard et al., 2012; Debieu and Leroux, 2015). We
reported isolates carrying erg274125, erg278412land erg-
278412V mutations; these have been previously reported in
B. cinerea isolated from fields in France, Germany and
the United States of America, and have been associated
with high fenhexamid-resistance levels (Grabke et al.,
2013; Amiri and Peres, 2014; Rupp et al., 2017). Isolates
carrying mutant versions of Erg27 were predominant,
including erg27f4'2! from VR and erg274125 from MR
and OR. Strong correlations were observed between the
presence of mutations at codon 412 of Erg27 and high
resistance to fenhexamid (ECs;y = 2 mg L!). The erg-
2784128 and erg278412V genotypes showed the greatest ECs,
values in each population, while erg27f4125 presented the
lowest EC5, among the mutants. This indicates that this
mutation conferred less resistance to fenhexamid. In
all the Chilean regions analyzed in this study, progres-
sive increases of the resistant isolates were detected over
the three growing seasons assessed, demonstrating the
effects of constant fungicide pressure on B. cinerea pop-
ulation.

In addition to high fenhexamid resistance related to
mutation in Erg27 particularly in the 412 position, we
detected other mutations that produced moderate levels
of resistance in other Erg27 codons: erg27°23%, erg27-195
4298 and erg2742%% R330P Tsolates carrying mutations
erg271%°F and erg278%% are the first reported in Chile.
Particularly, erg278%3% associated with moderate resist-
ance to fenhexamid has not been previously reported
(Debieu and Leroux, 2015). The presence of erg27°238
and erg27~3%%°D together suppressed resistance to fenhex-
amid more than in isolates carrying erg27°%3% alone.
However, the level of resistance to fenhexamid remained
unchanged in strains erg275412% and erg27¥'%l when
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erg27M3%P was also present, suggesting that changes close
to the 3-KR transmembrane domain were more relevant
in the interaction between fenhexamid and 3-KR. Our
data also suggest that the presence of erg27"4125 produced
a second functional change within the Erg27 sequence, in
contrast to erg27f412! and erg27F412V,

Mutations in position 412 of Erg27 have been previ-
ously reported to reduce isolate performance (Billard et
al. 2012). However, the isolates erg27t412l and erg2754125,
identified in the present study grew similarly to fenhexa-
mid-sensitive strains at 15°C, 20°C and 25°C. Sclerotium
development and conidium production were also not
affected in erg27t4'2! and erg27v4128 isolates, in contrast
to previous reports that showed growth retardation in
fenhexamid-resistant strains (Billard et al., 2012; Saito et
al., 2014). erg278412! and erg27¥4128 B. cinerea isolates were
more pathogenic, particularly in unwounded grape ber-
ries at all the temperatures tested. It is possible that the
low effects on fitness and the increase in infection capac-
ity observed in erg27f412! and erg2754125 were due to accu-
mulation of additional mutations that conferred adaptive
advantages for survival under high fungicide selection
pressure (Ishii, 2015), overcoming the negative effect
reported in strains carrying erg27¥412! and erg2754128 (Bil-
lard et al., 2012). Isolates carrying erg27:412V exhibited
fitness costs, producing few conidia and possessing only
minor increases in infection capacity. This suggests that
this mutation may be rare in the field B. cinerea popula-
tions, being found only three times in isolates obtained
in the present study.

Amino-pyrazolinone fenpyrazamine was recently
introduced as a Botryticide for gray mold control in
Chile. Fenpyrazamine, like fenhexamid, targets 3-KR
(Kimura et al., 2017), but Erg27 changes associated
with resistance to fenpyrazamine have not been stud-
ied. Fenpyrazamine could potentially control fenhexa-
mid-resistant isolates by inhibiting 3-KR, targeting the
enzyme independently of the amino-acid at position
412. Therefore, experiments determining fenpyrazamine
efficacy on fenhexamid-resistant isolates are required, to
provide a basis for restructuring chemical control strat-
egies to reduce occurrence of highly resistant B. cinerea
populations.

The present research has highlighted the prevalence
of fenhexamid resistance linked to the Erg27 genotype
in B. cinera populations isolated from “Thompson Seed-
less’ vineyards treated with this fungicide in the Central
Valley of Chile. These results show an overall reduction
of fitness in fenehxamid-resistant B. cinera isolates, sug-
gesting the appearance of adapted strains resistant to
this fungicide. This poses serious risks for field control
of gray mold in table grape production in Chile.

Marcela Esterio et alii
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Summary. Citrus is one of the most important fruit crops cultivated in South Africa.
Internationally, citrus dry root rot is a common disease in major citrus production
areas. Several abiotic and biotic factors are involved in disease development, in which
Neocosmospora species are important biotic agents. The diversity of Neocosmospora
species associated with dry root rot symptoms of Citrus trees cultivated in South Africa
was evaluated using morphological and molecular analyses. Multi-locus analysis was
conducted, based on fragments of seven loci including: ATP citrate lyase (aclI), calmo-
dulin (cal), internal transcribed spacer region of the rRNA (ITS), large subunit of the
rRNA (LSU), RNA polymerase largest subunit (rpbl), RNA polymerase second largest
subunit (rpb2), and translation elongation factor 1-alpha (fefI). A total of 62 strains
representing 11 Neocosmospora species were isolated from crowns, trunks and roots
of citrus trees affected by dry root rot, as well as from soils sampled in affected cit-
rus orchards. The most commonly isolated taxa were N. citricola, N. ferruginea and N.
solani, while rarely encountered taxa included N. brevis, N. crassa, N. hypothenemi and
N. noneumartii. Furthermore, four Neocosmospora species are also newly described,
namely N. addoensis, N. citricola, N. gamtoosensis and N. lerouxii.

Keywords. Citrus decline, morphology, multigene phylogeny, systematics.

INTRODUCTION

Citrus is one of the most important world fruit crops, and South Afri-
ca is among the largest producers and exporters of citrus fruit (FAOSTAT,
2019). Citrus dry root rot (DRR) is a common problem among citrus grow-
ers, reported in major production areas such as Australia (Broadbent, 2000),
Florida, California and Texas in the United States of America (Graham et
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al., 1985), Italy (Polizzi et al., 1992), Oman (Nemec
et al., 1980; Bender, 1985), Pakistan (Kore and Mane,
1992; Conzulex et al., 1997; Verma et al., 1999; Rehman
et al., 2012), Turkey (Kurt et al., 2020), Tunisia, Greece
and Egypt (El-Mohamedy, 1998; Yaseen and D’Onghia,
2012).

While the aetiology of DRR is multifactorial and not
completely understood, it is usually attributed to Neoco-
smospora (Fusarium) solani sensu lato. However, several
species of Neocosmospora, but also Fusarium, are com-
monly found in orchard soils and citrus plants. These
two closely related fusarioid genera encompass impor-
tant plant pathogens, and are associated with major
diseases of citrus (Menge, 1988; Derrick and Timmer,
2000; Sandoval-Denis et al., 2018), including DRR, root
rot, feeder root rot, wilt, twig dieback and citrus decline
(Menge, 1988; Spina et al., 2008). Fusarium equiseti was
recovered from citrus roots in Florida (Smith et al.,
1988), while F. proliferatum, F. sambucinum and Neo-
cosmospora solani were found in Greece (Malikoutsaki-
Mathioudi et al., 1987). Fusarium oxysporum f. sp. citri
was reported as responsible for the wilt of citrus in Tuni-
sia (Hannachi et al., 2014). Fusarium oxysporum and
strains first assigned to “F. ensiforme” and later reiden-
tified as Neocosmospora brevis were also reported from
DRR in Italy (Sandoval-Denis et al., 2018; 2019), while
a number of Neocosmospora species have been reported
in association with DRR of citrus in Europe (Sandoval-
Denis et al., 2018).

Neocosmospora (Hypocreales, Nectriaceae), com-
prises species with varied ecologies, including saprobes,
endophytes, and plant and animal pathogens. Patho-
genic species of Neocosmospora are known to affect
more than 100 plant host families and diverse animal
species, including humans (Sandoval-Denis et al., 2019).
Although Neocosmospora (1899) is an old and well-
established name, recent phylogenetic, morphologi-
cal and ecological data (Lombard et al., 2015) provided
additional support for this genus as one of several dis-
tinct fusarioid genera in the Nectriaceae. Follow-up revi-
sions have corrected the taxonomy of most Neocosmo-
spora species known to date, including the main patho-
genic clades (Sandoval-Denis and Crous, 2018; Sandoval-
Denis et al., 2019).

Previous studies have demonstrated how DRR,
caused by the association between stressed plants and
Neocosmospora species, can generate sudden decline of
plants weakened by abiotic and biotic factors, such as
root injuries, Phytophthora root rot, graft incompatibil-
ity, poor drainage, poor soil aeration, excess fertilizer,
or soil pH (Menge, 1988; Polizzi et al., 1992). Chlorosis,
poor vigour, wilt, leaf abscission and degeneration are
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visible in affected plants for several years before they
suddenly die. Examination of scaffold roots, crowns and
basal trunks usually shows wood staining (Timmer et
al., 1979; Timmer 1982). Rot of the fibrous roots is also
visible and associated with canopy size reductions, defo-
liation, dieback and sloughing of root cortices (Nemec
and Baker, 1992). This disease has been managed by
planting resistant rootstocks. However, during the last
decade, trifoliate orange (Poncirus trifoliata) rootstocks,
which are very susceptible to DRR, have been widely
used, due to their resistance to virus and soilborne path-
ogens (i.e.: Citrus Tristeza Virus) (Fang et al., 1998).

Since 2013, sudden, devastating decline and death
of citrus trees has been reported in the Gamtoos and
Sundays River Valleys production areas in the Eastern
Cape province of South Africa. This decline is typically
observed on 4- to 10-year-old trees with the trifoliate
rootstocks Carrizo citrange and Swingle citrumelo. As
scions, these declining trees are of various citrus types,
including lemons, oranges and mandarins. To date, lit-
tle is known about DRR-like diseases in citrus orchards
in South Africa. Given the importance of citrus pro-
duction, and specifically in the two areas of South Afri-
ca, as well as the relevant economic impact of DRR in
other countries, further research was needed to increase
understanding of the aetiology of this disease.

Morphological, cultural and molecular characteris-
tics of the fungal species associated with symptomatic
trees were investigated in this study by employing large-
scale sampling to isolate the pathogens involved, and to
identify their strains according to modern taxonomic
concepts via morphological characterization and multi-
locus DNA sequence data. In 2018 several surveys were
conducted in citrus orchards with the aims to: (1) con-
duct extensive surveys to sample symptomatic plant
material; (2) cultivate as many of the associated fungi as
possible; (3) conduct DNA multi-locus sequence analyses
combined with morphological characterization of iso-
lates obtained; and (4) compare the obtained results with
known wood decay fungi previously associated with
trees displaying characteristic DDR symptoms.

MATERIALS AND METHODS
Sampling, fungal collection and isolation

The Patensie (Gamtoos River Valley) and Kirkwood
(Sundays River Valley) areas were surveyed during the
second half of 2018. During these visits, the external
and internal symptoms of diseased trees were examined.
Scaffold roots, crown and trunk portions taken from
between soil level and scion unions, were collected in
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both the survey areas. Samples were each transversally
cut into 3-cm-thick discs, which allowed observation of
internal wood decay symptoms.

Wood fragments (3 x 3 mm) were cut from necrotic
and healthy tissues and also from the margins between
them. Each fragment was then surface sterilised by
soaking in 70% ethanol for 5 s, 4% sodium hypochlorite
for 90 s, sterile water for 60 s and then dried on sterile
filter paper. Fragments were placed on potato dextrose
agar (PDA) amended with 100 pg mL" streptomycin
(PDA-S), and were then incubated at 25°C. Character-
istic Neocosmospora colonies were collected from these
plates by hyphal tipping onto clean PDA-S plates. The
isolates used in this study are maintained in the culture
collection of the Department of Plant Pathology, Univer-
sity of Stellenbosch, Stellenbosch, South Africa, and at
the Westerdijk Fungal Biodiversity Institute (CBS), Utre-
cht, The Netherlands (Table 1).

Morphological studies of isolates

Morphological studies were carried out as indicated
elsewhere (Leslie and Summerell, 2006; Sandoval-Denis
and Crous, 2018; Sandoval-Denis et al., 2019). Macro-
scopic characteristics and fungal colony appearance of
each isolate was determined after culturing on oatmeal
agar (OA), potato dextrose agar (PDA) and synthetic
nutrient-poor agar (SNA; Nirenberg, 1976), and incu-
bation for 7-14 d at 24°C in darkness under a 12 h/12
h light/darkness cycle using cool fluorescent light. Col-
our nomenclature follows that of Rayner (1970). Fungal
micromorphology was studied using 7-14-d-old cultures
on carnation leaf agar (CLA; Fisher et al., 1982) and
SNA, incubated at 24°C in a 12 h/12 h near UV light/
dark cycle. Photomicrographs were captured using a
Nikon Eclipse 80i microscope with Differential Interfer-
ence Contrast (DIC) optics and a Nikon AZ100 dissec-
tion microscope, both equipped with a Nikon DS-Ri2
high definition colour digital camera. Measurements
were recorded using Nikon NIS-elements D software
v. 4.50, from at least 50 randomly selected elements for
each structure.

Molecular studies of isolates

Total genomic DNA was extracted from isolates
grown on malt extract agar (MEA; Crous et al., 2019),
incubated for 7 d at room temperature (approx. 24°C).
Mycelium was scraped from the colony surfaces with the
aid of sterile scalpels, and DNA was isolated using the
Wizard® Genomic DNA purification Kit (Promega Cor-

poration) following the manufacturer’s protocol.

Seven gene fragments were PCR amplified using the
following primer combinations with protocols described
elsewhere: acll-230up and acll-1220low for the larger
subunit of the ATP citrate lyase (acll; Grifenhan et al.
2011), CAL-228F and CAL2Rd for calmodulin (cal; Car-
bone and Kohn, 1999; Quaedvlieg et al., 2014), ITS4
and ITS5 for the internal transcribed spacer region of
the rRNA (ITS; White et al., 1990), LROR and LR5 for a
partial fragment of the large subunit of the rRNA (LSU;
Vilgalys and Hester, 1990; Vilgalys and Sun, 1994), Fa
and G2R for the RNA polymerase largest subunit (rpbI;
O’Donnell et al., 2010), 52 and 7cr plus 7cf and 1lar for
two non-contiguous fragments of the RNA polymerase
second largest subunit (rpb2: Liu et al., 1999; Sung et
al. 2007), and EF-1 and EF-2 for the translation elonga-
tion factor 1-alpha gene (tefl: O’Donnell et al., 2008).
Sequencing was carried out in both directions on an
ABI Prism 3730XL DNA Analyzer (Applied Biosystems)
using the same primer pairs used for amplification,
plus the internal sequencing primers F6, F8 and R8 for
rpbl (O’Donnell et al., 2010). Consensus sequences were
assembled using Seqman Pro v. 10.0.1 (DNASTAR).

Sequence alignments were constructed and analysed
individually for each gene partition, including DNA
sequences representing the phylogenetic diversity of
Neocosmospora selected according to recently published
phylogenies (Guarnaccia et al., 2019; Sandoval-Denis
et al., 2019). Alignments were achieved using MAFFT
(Katoh et al., 2019) as implemented on the European
Bioinformatics Institute (EMBL-EBI) portal (www.ebi.
ac.uk), and were visually inspected and then manually
corrected if needed using MEGA v. 6 (Tamura et al.,
2013).

Phylogenetic analyses were based on two independent
algorithms: Maximum-Likelihood, using Random Accel-
erated (sic) Maximum Likelihood (RAxML) v. 8.2.10
(Stamatakis, 2014) and Bayesian inference (BI) under
MrBayes v. 3.2.6 (Huelsenbeck and Ronquist, 2001; Ron-
quist and Huelsenbeck, 2003). The analyses were carried
out using the CIPRES Science Gateway portal (www.
phylo.org: Miller et al., 2012). Single-gene phylogenies
were compared visually to check for topological con-
flict between significantly supported clades, and then as
combined multilocus phylogenies (Mason-Gamer and
Kellogg, 1996; Wiens 1998). A first analysis based on
combined rpb2 and tefl sequence data was directed to
identify Neocosmospora spp. from isolates obtained from
symptomatic citrus trees. A second analysis including
the combined seven gene dataset was directed to clarify
the phylogeny of South African citrus Neocosmospora
isolates with uncertain phylogenetic position or deter-
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mined as putative novel species in the previous analy-
ses. For RAXML analyses, the default parameters were
selected and clade stability was determined by bootstrap
(BS) analysis using 1000 repetitions. Bayesian analyses
consisted of two parallel runs of 5 M generations, with
the stop-rule on, set to 0.01. The sampling frequency was
set to 1000 generations, and consensus trees and poste-
rior probability values (PP) were calculated after discard-
ing the first 25% of sampled trees as the burn-in fraction.
The best evolutionary model for each gene partition was
determined using MrModelTest v. 2.3 (Nylander, 2004).

RESULTS
Sampling, fungal collection and isolation

In the Patensie and Kirkwood areas, diseased trees
initially showed yellowing, wilting leaves and dieback
of branch tips. Symptoms subsequently progressed with
defoliation and sudden decline before the plants died.
Inspection of affected trees showed cracks or blisters on
the trunks above the crowns with, rarely, gum exudates
(Figure 1). If each trunk was transversely cut, brown to
black discolouration and necrosis of the vascular tissue
became visible with different extensions (Figure 2). Simi-
lar discolouration and stains were visible into the scaf-
fold roots. Symptoms were observed in orchards older
than 8 years. Incidence of symptomatic plants was in
some cases up to 50% of affected trees in orchards.

A total of 62 monosporic isolates resembling those of
Neocosmospora were collected from the sampled citrus
trees. Among them, 33 isolates were obtained from the
Kirkwood area and 29 from Patensie. Thirty-eight were
isolated from trunk portions, 22 from scaffold roots,
and two from soil surrounding infected roots. Among
the isolates collected from trunks, 17 were from necrotic
tissue, two from healthy tissue and 14 from the margins
between necrotic and healthy tissues.

Phylogenetic studies and identification of the pathogens

A first analysis, based on combined rpb2 and fefl
loci, was conducted to identify the Neocosmospora iso-
lates obtained from symptomatic citrus trees. The data-
set contained 129 isolates, representing 62 South African
isolates, as well as 67 ex-type or reference strains rep-
resenting 46 taxa in Neocosmospora, and two outgroup
taxa (Geejayessia atrofusca NRRL 22316 and G. cicatri-
cum CBS 125552). The alignment included 2290 posi-
tions (1614 rpb2, 676 tefl) of which 748 were variable
(480 rpb2, 268 tefl), and 562 positions were phyloge-

netically informative sites (379 rpb2, 183 tefl). For both
gene partitions, a GTR + I + G model was selected and
incorporated in the analyses. The BI lasted for 1,855,000
generations, and the consensus tree and PP were cal-
culated from 1392 trees after discarding 494 trees as
burn-in fraction. Phylogenetic trees inferred using ML
and BI analyses resulted in very similar topologies, and
therefore only the ML tree is presented in Figure 3a. The
South African isolates were distributed among 11 dis-
tinct phylogenetic lineages, of which seven corresponded
to known Neocosmospora species, which were, in order
of frequency of isolation: N. ferruginea and N. solani
(15 isolates each), N. hypothenemi (five isolates), N. bre-
vis (three isolates), N. noneumartii (two isolates), and N.
crassa and N. falciformis (one isolate each). The remain-
ing 20 South African isolates grouped within four unde-
scribed phylogenetic lineages, among which 15 isolates
clustered in a well-supported clade (“Neocosmospora sp.
17, BS = 93/PP = 0.96), sister to N. bataticola; three iso-
lates (VG268, 279 and 281) clustered in a fully-supported
clade (“Neocosmospora sp. 27, BS = 100/PP = 100), sister
to N. metavorans; while two isolates (singletons VG16
and VG48) were resolved as single lineages (respectively,
“Neocosmospora sp. 3” and “Neocosmospora sp. 4”); how-
ever, with low statistical support values compared with
those in the rpb2 and tefI analyses.

To further assess the phylogenetic position of the
putative novel phylogenetic clades, a second, more robust
multi-locus phylogenetic analysis was performed using
seven loci (acl, cal, ITS, LSU, rpbl, rpb2 and tefl) and
selected strains representing closely related species, as
determined in the previous phylogenetic assessment of
the genus Neocosmospora. The combined dataset included
5904 positions (616 acl, 573 cal, 467 ITS, 480 LSU, 1489
rpbl, 1613 rpb2 and 666 tefl) from 47 strains, represent-
ing a subset of 28 phylogenetic clades of Neocosmospora,
plus two outgroup taxa. From the total sites included,
1405 were variable (188 acl, 103 cal, 100 ITS, 34 LSU,
372 rpbl, 390 rpb2 and 218 tefl), and 856 were phyloge-
netically informative (81 acl, 82 cal, 70 ITS, 22 LSU, 196
rpbl, 266 rpb2 and 139 tefl). Optimal model selection for
each gene partition was determined as follows: GTR + G
for tefl, GTR + I + G for LSU and ITS; K80 + G for acl,
K80 + I + G for cal, and SYM + I + G for rpbl and rpb2.
The BI lasted for 1,520,000 generations, and PP were cal-
culated from 1141 trees after discarding 380 trees as the
burn-in fraction. The BI analysis (shown in Figure 3 b)
confirmed the topology obtained by ML.

The analyses confirmed the results obtained in the
two-gene phylogeny, and the four novel lineages were
resolved with high BS and PP support. Neocosmospora
sp. 2 and representative isolates of clade Neocosmospora
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Figure 1. Dry root rot symptoms of citrus observed in South Africa. Tree decline progression: initial leaves wilting (A), yellowing, loss of
leaves, and dieback of branch tips (B) and plant death (C). External cracks or blisters on the trunk portion above the crown (D) and inter-
nal dry rot (E) of the same plant. Gum exudate at the crown level (F). Brown to black discolouration and necrosis of the vascular tissue vis-
ible in longitudinal and transverse sections (G).
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Figure 2. Small (A), medium (B) or large (C) extensions of internal
discolouration in transverse sections through citrus tree trunks.

sp. 1 were both resolved as fully supported clades (BS =
100/PP = 100), while the lone lineages Neocosmospora sp.
3 and Neocosmospora sp. 4 were confidently resolved as
well-supported branches (respectively, BS = 96/PP = 0.97
and BS = 86/PP = 0.96). These four phylogenetic lineages
are therefore here proposed as the novel species Neoco-
smospora addoensis, N. citricola, N. gamtoosensis and N.
lerouxii.

Taxonomy

Neocosmospora addoensis Sand.-Den. & Guarnaccia,
sp. nov. - MycoBank MB837939; Figure 4.

Etymology. Named after the geographical area Addo,
South Africa where first collected.

Typus. South Africa, Eastern Cape, Kirkwood, from
Citrus sinensis crown, May 2018, V. Guarnaccia (holo-
type CBS H-24565 designated here, culture ex-type CBS
146510 = CPC 37128 = VG28l).

Conidiophores borne on aerial mycelium, 53.5-
425 pum long, unbranched or less commonly laterally
branched, bearing terminal single phialides, proliferating
percurrently; aerial phialides monophialidic, subulate to
subcylindrical, smooth- and thin-walled, 34-64.5 x 2-4
pm, with short and flared apical collarettes and incon-
spicuous periclinal thickening; aerial conidia arranged in
false heads on phialide tips, hyaline, broadly ellipsoidal
to clavate and slightly asymmetrical, smooth- and thin-
walled, aseptate, (5.5-)7-10(-14.5) x (2-)3-4 pm (av. 8.5
x 3 yum). Sporodochia pale luteous to pale peach coloured,
formed abundantly on carnation leaves. Sporodochial
conidiophores unbranched or laterally and irregularly
branched bearing apical groups of 2-3 monophialides;
sporodochial phialides subulate to subcylindrical, 12.5-25
x 2-4.5 um, smooth and thin-walled, commonly prolif-
erating sympodially, collarettes and periclinal thicken-
ing absent or inconspicuous. Sporodochial conidia falcate,
slightly curved dorsoventrally to almost straight, broad-
est near the half portion or the upper third, tapering
towards both ends, with blunt and slightly curved apical
cells and blunt, sometimes inconspicuous foot-like basal
cells, (1-)2-5-septate, predominantly 4-septate, hyaline,
smooth- and thick-walled; one-septate conidia: (18.5-)19-
24(-25) x 3-4.5 pm (av. 21.5 x 4 um); two-septate conid-
ia: (24-)26-30 x 3.5-5 pm (av. 27.5 x 4.5 um); three-sep-
tate conidia: (27-)33-43(-45) x (3-)4-5.5(-6) pm (av. 38
x 5 um); four-septate conidia: (39-)42-47.5(-51.5) x 4.5-
6 um (av. 49 x 5.5 um); five-septate conidia: (37.5-)42.5-
51 x 5-6 um (av. 47 x 5.5 um). Chlamydospores subspher-
ical to spherical, hyaline to pale yellow, smooth-walled or
slightly roughened, thick-walled, 4-10 pm, single or in
chains, terminal or intercalary on hyphae and conidia.
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Figure 3. Maximum-likelihood (ML) phylograms obtained from combined rpb2 and tefl (A) and acl, cal ITS, LSU, rpbl, rpb2 and tefl (B)
sequences, of 62 isolates of Neocosmospora spp. from South African Citrus (shown in red), and representative and ex-type isolates of Neo-
cosmospora. Names of new species described here are shown in bold font. Numbers on the nodes are ML bootstrap values greater than 70%
followed by Bayesian posterior probability values greater than 0.95. Branch lengths are proportional to distance. Ex-type, ex-epitype and
ex-neotype strains are indicated, respectively, with T, E and NT. The trees are rooted to Geejayesia atrofusca (NRRL 22316 and G. cicatricum
(CBS 125552).
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Figure 4. Neocosmospora addoensis (ex-type culture CBS 146510). (a and b) sporodochia formed on the surface of carnation leaves; (c to f)
sporodochial conidiophores and phialides; (g to i) aerial conidiophores; (j and k. aerial conidia; (I) sporodochial conidia. Scale bars: a and b
=100 pm; c to 1 = 10 pum.
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Culture characteristics. Colonies on PDA reaching 79
mm diam. at 24°C after 7 d (growth rate: 4.1-5.6 mm
d?). Colony surface white to primrose, becoming scarlet
to bay, flat with abundant dense aerial mycelium, cot-
tony to woolly; colony reverse pale luteous to sulphur
yellow, a vivid scarlet to rust pigment can be formed.
On SNA, white to pale buff, membranous to woolly
with scant aerial mycelium, becoming powdery; colony
reverse white to pale buff. On OA, pale luteous to pale
rosy buff, flat, membranous to cottony; colony reverse
pale luteous to pale rosy buff.

Additional materials examined. South Africa, Eastern
Cape, Patensie, from Citrus sinensis crown, May 2018, V.
Guarnaccia (CBS 146508 = CPC 37126 = VG 268, CBS
146509 = CPC 37127 = VG279).

Notes. Both phylogenetic analyses resolved Neoco-
smospora addoensis as the closest genetic relative to N.
metavorans (96 to 98% sequence similarity among indi-
vidual gene datasets). Neocosmospora metavorans is a
frequent opportunistic pathogen of animals, including
humans (Sandoval-Denis et al., 2019). Nevertheless, in
addition to its genetic exclusivity, these two species are
morphologically quite distinct, particularly in the size
and septation of the aerial conidia (aseptate, up to 14.5
pum in N. addoensis and multiseptate, up to 25 um in N.
metavorans), while sporodochial conidia of N. addoen-
sis are more slender (up to 6 pm wide) than those of N.
metavorans (up to 7.5 pum wide).

Neocosmospora addoensis is characterized by its
small and slender macroconidia, which are much small-
er than the average macroconidial type in Neocosmospo-
ra. Based on its macroconidial size, this species is close
to N. brevis and N. pseudoradicicola; however, these two
species are well-delimited phylogenetically, clustering in
far separate lineages of the genus (96% sequence simi-
larity with N. brevis and 97% with N pseudoradicicola).
Morphologically, N. addoensis differs from N. pseudo-
radicicola by its macroconidial shape and curvature,
with more rounded apical cells, rather inconspicuous
foot cells and less pronounced dorsoventral curvature;
and from N. brevis by the absence of aerial macroconidia
and slightly more elongated and hooked macroconidial
apical cells.

Neocosmospora citricola Guarnaccia & Sand.-Den.,
sp. nov. — MycoBank MB837940; Figure 5.

Etymology. In reference to occurrence of this fungus
on Citrus plants.

Typus. South Africa, Eastern Cape, Patensie, from
Citrus sinensis crown, May 2018, V. Guarnaccia (holo-
type CBS H-24566 designated here, culture ex-type CBS
146513 = CPC 37131 = VG343).
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Conidiophores borne on aerial mycelium, 66.5-198.5
pum long, unbranched or irregularly laterally branched,
bearing terminal single phialides; aerial phialides mono-
phialidic, subulate to subcylindrical, smooth- and thin-
walled, 39.5-73.5 x 2-4.5 pm, each showing a discrete
flared collarette and inconspicuous to evident pericli-
nal thickening; aerial conidia arranged in false heads on
phialide tips, hyaline, broadly ellipsoidal to obovoidal,
rarely clavate, smooth- and thin-walled, 0-1-septate,
(6-)9-17(-24.5) x 3-5(-6.5) um (av. 13 x 4.5 um). Sporo-
dochia pale luteous to pale orange, formed abundantly
on carnation leaves and on the agar surface. Sporodochial
conidiophores laterally and irregularly branched, bear-
ing single terminal monophialides or terminal groups or
up to three monophialides; sporodochial phialides subu-
late to subcylindrical, 11-27.5 x 3-5.5 pm, smooth and
thin-walled, with inconspicuous or absent apical collar-
ettes and periclinal thickening. Sporodochial conidia fal-
cate, curved dorsoventrally to almost straight, each with
broadening in the upper third, tapering towards both
ends, with a blunt to papillate and slightly curved apical
cell and a blunt, foot-like basal cell, (2-)3-5(-6)-septate,
predominantly five-septate, hyaline, robust, smooth- and
thick-walled; two-septate conidia, 44 x 5.7 pm; three-sep-
tate conidia: 33.5-49.5(-58) x 4.5-6 pum (av. 43 x 5.5 um);
four-septate conidia: (46.5-)47.5-56(-59.5) x 5-6.5 pm
(av. 52 x 6 um); five-septate conidia: (49.5-)53-60.5(-65)
X (4.5-)5.5-6.5(-7) um (av. 57 x 6 um); six-septate conid-
ia: 60 x 6 pm. Chlamydospores subspherical to spherical,
hyaline to pale golden brown, smooth to slightly rough-
ened and thick-walled, 5-10 um, single or in chains, ter-
minal or intercalary on hyphae and conidia.

Culture characteristics: Colonies on PDA reaching
69 mm diam. at 24°C after 7 d (growth rate: 3.2-4.9
mm d!). Colony surfaces straw, buft to pale luteous,
with pale luteous to orange centres and abundant aerial
mycelium, flat, felty, woolly to cottony with abundant
concentric rings of aerial mycelium, colony reverse pale
luteous to orange. On SNA, white and translucent, flat,
woolly, becoming slightly pulverulent with sporulation,
colony reverse white. On OA, saffron to peach, flat,
membranous to cottony, colony reverse intense peach
to flesh.

Additional materials examined. South Africa, Eastern
Cape, Patensie, from Citrus sinensis crown, May 2018,
V. Guarnaccia (CBS 146511 = CPC 37129 = VG302, CBS
146512 = CPC 37130 = VG307).

Notes. Neocosmospora citricola resolved as a highly
supported monophyletic clade, basal to a fully supported
lineage containing N. bataticola and N. elegans, which
clearly differentiated genetically (96 to 98% sequence
similarity to N. citricola in the single gene datasets).
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Figure 5. Neocosmospora citricola (ex-type culture CBS 146513). (a and b) sporodochia formed on the surface of carnation leaves; (c to f)
sporodochial conidiophores and phialides; (g and h) aerial conidiophores;( I and j) aerial conidia; (k) sporodochial conidia. Scale bars: a
and b = 100 um; ¢ to k = 10 pm.
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Although genetically distant, Neocosmospora citricola
is morphologically similar to N. nirenbergiana, N. piperis
and N. protoensiformis (92% sequence similarity with N.
nirenbergiana and 96% with N. piperis and N. protoensi-
formis; data not shown), the four species producing very
similar macroconidia in shape and overall size. Nev-
ertheless, N. citricola difters from N. nirenbergiana and
N. piperis by the absence of aerial macroconidia. Con-
versely, N. nirenbergiana and N. piperis do not produce
aerial microconidia, and the aerial conidiophores of N.
citricola are much more robust than those of N. niren-
bergiana and N. piperis. Neocosmospora protoensiformis
also lacks aerial macroconidia; however, in addition to
forming smaller microconidia (up to 15 pm long, aver-
age size 7.6 x 3.6 um in N. protoensiformis vs up to 24
pum long, average size 13 x 4.5 um in N. citricola), and
shorter sporodochial phialides (up to 19.5 um long in
N. protoensiformis vs up to 27.5 um long in N. citricola),
macroconidia of N. protoensiformis differ from those of
N. citricola by usually being more tapered at both ends.

Neocosmospora gamtoosensis Sand.-Den. & Guar-
naccia, sp. nov. - Mycobank MB837941; Figure 6.

Etymology. Named after the valley where this fungus
was collected, Gamtoos River Valley, South Africa.

Typus. South Africa, Eastern Cape, Patensie, from
Citrus sinensis crown, May 2018, V. Guarnaccia (holo-
type CBS H-24564 designated here, culture ex-type CBS
146502 = CPC 37120 = VG16).

Conidiophores borne on aerial mycelium, 96.5-291
pum long, unbranched or irregularly laterally branched,
bearing terminal single phialides; aerial phialides mono-
phialidic, subulate to subcylindrical, smooth- and thin-
walled, 17.5-61 x 2-3.5 um, collarettes and periclinal
thickening evident; aerial conidia arranged in false
heads on phialide tips, hyaline, broadly ellipsoid, obo-
void to short clavate, smooth- and thin-walled, asep-
tate, (4.5-)5.5-9(-11.5) x 2-3.5(-6) pm (av. 7 x 3 pum).
Sporodochia citrine to honey, formed abundantly on
carnation leaves. Sporodochial conidiophores commonly
unbranched and densely packed, bearing terminal, sin-
gle monophialides or groups of 2-3 phialides; sporo-
dochial phialides lageniform to ampulliform, 7.5-17 x
3-5 pm, smooth and thin-walled, each with an often
conspicuous periclinal thickening and a reduced, flared
collarette. Sporodochial conidia falcate, slightly curved
dorsoventrally to almost straight on their ventral faces,
broadening in the upper third, tapering towards both
ends, with blunt and hooked apical cells and blunt
to slightly pointed and extended foot-like basal cells,
(4-)5-6(-7)-septate, predominantly five-septate, hya-
line, smooth- and thick-walled; four-septate conidia:
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(37-)40-55(-56.5) x 4.5-5.5 um (av. 48.5 x 5 um); five-
septate conidia: (46.5-)51.5-60(-62) x 4.5-5.5 pm (av.
56 x 5 um); six-septate conidia: 55.5-64(-65) x 4.5-5.5
pm (av. 60 x 5 pm); seven-septate conidia: 60.5 x 5
um. Chlamydospores subspherical, hyaline to pale yel-
low, inconspicuously roughened, thick-walled, 5-12 um
diam., single or forming chains or clusters, terminal or
intercalary on hyphae.

Culture characteristics: Colonies on PDA reaching 60
mm diam. at 24°C after 7 d (growth rate: 3.8-4.3 mm
d!). Colony surfaces pale luteous, amber to pure yel-
low, flat with abundant dense aerial mycelium in radial
patches, cottony to woolly, colony reverse pale luteous to
vivid pure yellow. On SNA, colonies white to pale buff,
translucent, flat, woolly with scant aerial mycelium,
becoming slightly powdery; reverse white to pale buff.
On OA, the colonies are pale luteous, pale buff to prim-
rose, flat, membranous to cottony, and colony reverse
pale luteous to pale rosy buft.

Notes. In the combined rpb2 and tefl analysis, Neo-
cosmospora gamtoosensis formed an unsupported lone
lineage, basal to a larger lineage containing N. hypothe-
nemi, N. perseae and N. pseudoradicicola. The combined
seven-loci analysis resolved N. gamtoosensis within the
larger lineage, with high statistical support for all the
earlier listed species. Base pair similarities between the
novel species and its closest relatives ranged from 98%
in the combined dataset to between 96 and 99% in the
individual gene datasets.

Neocosmospora gamtoosensis is morphologically remi-
niscent of N. hypothenemi, both species having predomi-
nantly five-septate macroconidia of very similar size and
shape; however, N. gamtoosensis has conspicuously flared
collarettes on its aerial phialides, also producing shorter
(length up to 11.5 pm, average = 7 um in N. gamtoosensis
vs up to 13.5 um, average = 8.2 pm in N. hypothenemi),
aseptate aerial conidia, and honey coloured sporodochia
(yellow-green in N. hypothenemi), and lacking reddish
pigments on PDA. Neocosmospora noneumartii, another
genetically distant (97% sequence similarity in the com-
bined analysis), but morphologically similar species, dif-
fers from N. gamtoosensis by forming dimorphic conidia
from aerial phialides and longer sporodochial conidia
(five-septate sporodochial conidia of average length 56
pm vs 63 um in N. noneumartii). Neocosmospora gam-
toosensis is also morphologically very similar to N. ler-
ouxii. However, N. gamtoosensis has shorter (five-septate
sporodochial conidia average length 63 um in N. lerouxii)
and more curved sporodochial conidia.

Neocosmospora lerouxii Guarnaccia & Sand.-Den.,
sp. nov. — Mycobank MB837942; Figure 7.
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Figure 6. Neocosmospora gamtoosensis (ex-type culture CBS 146502). (a toc) sporodochia formed on the surface of carnation leaves; (d and
e) sporodochial conidiophores and phialides; (f to h) aerial conidiophores; (I and j) aerial conidia; (k) sporodochial conidia. Scale bars: a
and b = 100 um; ¢ to k = 10 pm.
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Figure 7. Neocosmospora lerouxii (ex-type culture CBS 146514). (a and b) sporodochia formed on the surface of carnation leaves; (c) sporo-
dochial conidiophores and phialides; (d tog) aerial conidiophores and phialides; (h and i) aerial conidia; (j) sporodochial conidia. Scale
bars: a and b = 100 pm; d and e = 50 pm; fto j = 10 pm.
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Etymology. In memory of Dr Hennie Le Roux (10 Jul
1967 - 4 Oct. 2016), who made major contributions to
the South African and international citrus industries.

Typus. South Africa, Eastern Cape, Patensie, from
Citrus sinensis root scaffold, May 2018, V. Guarnaccia
(holotype CBS H-24567 designated here, culture ex-type
CBS 146514 = CPC 37132 = VG48).

Conidiophores borne on aerial mycelium, 139.5-295
pm long, simple or most commonly abundantly and
irregularly branched, proliferating percurrently, bearing
terminal single phialides; aerial phialides monophialid-
ic, subulate to subcylindrical, smooth- and thin-walled,
37-61.5 x 2-4 um, with periclinal thickening and col-
larettes abundant; aerial conidia arranged in false heads
on phialide tips, hyaline, ovate, broadly ellipsoidal to
short clavate, smooth- and thin-walled, 0(-1)-septate,
(4.5-)6-10(-18.5) x 2-5 um (av. 8 x 3.5 pm). Sporodochia
pale luteous, ochreous to citrine, formed abundantly
on carnation leaves and on agar surfaces. Sporodochial
conidiophores verticillately and laterally branched and
densely packed, smooth- and thin-walled, bearing apical
whorls of up to four monophialides; sporodochial phial-
ides subulate to subcylindrical, (12-)14.5-19.5(-22.5) X
2.5-4.5 um, smooth- and thin-walled, with conspicuous
periclinal thickening and short, flared collarettes. Sporo-
dochial conidia falcate, almost straight or gently curved
dorsiventrally, each broadening in the centre and upper
third, tapering towards both ends, with a conical and
slightly curved apical cell and a notched foot-like basal
cell, (2-)4-6-septate, predominantly five-septate, hya-
line, smooth- and thick-walled; two-septate conidia, 29
X 4 pum; three-septate conidia: 40 x 5 um; four-septate
conidia: (44-)45-49(-50.5) x (4-)4.5-5 pm (av. 47 X 5
um); five-septate conidia: (46.5-)56.5-67(-73.5) x 4.5-
5(-6.5) pm (av. 62 x 5 um); six-septate conidia: 60-74 x
4.5-5.5 um (av. 67 x 5 pm). Chlamydospores subspherical
to spherical, hyaline to pale yellow-brown, smooth- and
thick-walled, 4-8 um diam., single or in chains, terminal
or intercalary on hyphae.

Culture characteristics. Colonies on PDA reaching 61
mm diam. at 24°C after 7 d (growth rate: 3.5-4.3 mm
d!). Surfaces buff, pale luteous to pale flesh, with abun-
dant and dense whitish aerial mycelium, flat to slightly
raised, felty to cottony. Colony reverse pale luteous,
quickly becoming amber to sulphur yellow, with or
without pale apricot patches. On SNA, colonies white
and translucent, flat, felty, with white reverse sides. On
OA, colonies white, saffron to buff, flat, membranous to
cottony, with reverse sides buff to pale luteous with pale
salmon patches.

Notes. The combined rpb2 plus tefl analysis showed
this taxon to form a well-supported (BS = 74, PP = 0.96)

lone lineage, basal to a larger, unsupported linage con-
taining N. catenata, N. cyanescens, N. ferruginea, N.
macrospora, and N. spathulata, and the undescribed
phylogenetic species FSSC 12. The analysis of the com-
bined seven-gene dataset confirmed the previous results,
with all the species described here resolved as highly- to
fully-supported monophyletic clades. Genetic similarity
between N. lerouxii and its closest phylogenetic relatives
also support phylogenetic exclusivity of N. lerouxii (98%
sequence similarity with all the above taxa in the com-
bined alignment, and 97 to 99% similarity for the indi-
vidual gene datasets).

Morphologically, Neocosmospora lerouxii most
closely resembles the three distantly related species
N. gamtoosensis, N. hypothenemi and N. noneumartii
(respectively, 97, 98 and 97% sequence similarity, in the
seven-loci combined dataset). While the three species
were clustered in well-separated lineages in all analyses,
morphologically they share very similar characteristics.
Although N. lerouxii has similar macroconidial shape
to N. gamtoosensis and N. hypothenemi, the macroco-
nidia of N. lerouxii are longer and straighter than in
the other two species (five-septate macroconidia average
length 62 pm vs 56 pm in N. gamtoosensis and 59 um in
N. hypothenemi). Macroconidia of N. lerouxii also have
thinner walls in comparison to those of N. noneumar-
tii. In addition, has a slower growth rate in culture than
N. noneumartii, (3.5-4.3 mm d! for N. lerouxii vs 4.7-8
mm d! in N. noneumartii).

DISCUSSION

Since 2013, severe sudden decline and death of cit-
rus plants has been observed in citrus production areas
of the Eastern Cape province of South Africa. Several
species of Colletotrichum, Diaporthaceae and Botryo-
sphaeriaceae have been reported as causing wood decay
of citrus plants internationally (Guarnaccia and Crous,
2018; Mayorquin et al., 2019; Berraf-Tebbal et al., 2020;
Esparham et al., 2020; Bezerra et al., 2021). Consider-
ing the very large economic losses to the South African
citrus industry due to the observed sudden decline of
trees, and because no surveys and isolations had been
previously conducted for this disease and associated
pathogens in the Eastern Cape citrus production area, a
large-scale survey of affected citrus plants was required.
The present study provides the first preliminary survey
and sampling of citrus trees affected by dry root rot, and
characterization of Neocosmospora diversity related to
the observed disease in two important citrus production
areas of South Africa.
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Neocosmospora species are well-established in geo-
graphical areas with Mediterranean, sub-tropical or
tropical climates, where these fungi are associated with
diseases of important agricultural crops (Sandoval-Denis
et al., 2018; Guarnaccia et al., 2018; 2019).

Fusarium oxysporum, F. proliferatum and N. solani
s. str. were previously considered as pathogens associ-
ated with dry root rot of citrus plants. (Menge, 1988;
Adesemoye et al., 2011). Specifically F. oxysposrum and
N. solani were previously reported from South Africa.
Diversity of Fusarium (three species) and Neocosmospora
(five species) was revealed associated with dry root rot in
restricted areas of three European countries by Sandov-
al-Denis et al. (2018). However, that study considered it
likely that many other Neocosmospora spp. would also be
isolated if a wider sampling area was surveyed.

In the present study, several citrus orchards in two
major citrus production area of South Africa were inves-
tigated. A total of 62 Neocosmospora strains were collected
from symptomatic tree trunks, roots and soil surrounding
the roots. Phylogenetic analyses as well as morphological
characters, revealed ten Neocosmospora species associated
with infections on Citrus in South Africa, plus one species
(N. falciformis) from soil from affected citrus orchards.
The analyses included several of the closest related taxa
to each of the Neocosmospora species recovered, based on
BLAST searches of NCBI's GenBank nucleotide database.
The final phylogenetic tree revealed four previously unde-
scribed species (N. addoensis, N. citricola, N. gamtoosen-
sis, and N. lerouxii) and six known species (N. brevis, N.
crassa, N. ferruginea, N. hypothenemi, N. noneumartii,
and N. solani) all of which were always associated with
abovementioned symptomatic material.

Neocosmospora citricola, N. ferruginea and N. solani
were the predominant species, largely found associated
with the affected tissues of symptomatic plants cultivat-
ed in all the investigated orchards. Although follow-up
studies will conduct pathogenicity trials to confirm these
observations, it is assumed that these species represent
the major biotic factors causing DRR of citrus in South
Africa as they were consistently associated with the symp-
toms described from the diseased trees. These results also
partially confirm what was recently demonstrated after
surveys conducted in Mediterranean countries, where N.
ferruginea (formerly FSSC28) and N. solani were isolated
from typical DRR of citrus (Sandoval-Denis et al., 2018).
Neocosmospora citricola was not found before the present
study, and considering the broad distribution on affected
plants, this fungus is likely to be important in DRR. Neo-
cosmospora addoensis was isolated with low frequency,
from one orchard and from necrotic trunk tissue. The
other novel species described in this study, N. gamtoosen-
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sis and N. lerouxii, were found only sporadically, and are
thus not considered as important pathogens. However,
their description provides new insights into the taxonomy
of Neocosmospora. Neocosmospora brevis, N. crassa, N.
hypothenemi and N. noneumartii were also isolated spo-
radically, and future studies will investigate their roles in
DRR. The complexity of pathogens associated with artifi-
cially reproducing DRR of citrus is well-known (Graham
et al., 1985), but needs to be confirmed in further field tri-
als. Furthermore, additional surveys in South Africa and
other citrus-producing areas, and pathogenicity trials of
Neocosmospora spp. in association with abiotic factors,
should also be conducted.

The present study has provided the first overview of
Neocosmospora diversity associated with DRR of citrus
trees in South Africa, and has given useful information
about taxonomic characterization within Neocosmospora.
All the Neocosmospora species were isolated from crowns,
trunks, roots and soil from the affected citrus orchards.
Infected propagation material and soil can spread the
pathogens nationally and internationally as the fungi can
survive as chlamydospores in the soil and systemic infec-
tions in plant material. Further studies are required to
resolve the host range and pathogenicity of all the species
recovered. These fungi can survive as endophytes or as
latent infections within citrus plants, so healthy propaga-
tion material should be used by growers. Favourable cli-
matic conditions and, especially, plant stress factors could
also play major roles in disease development. Further
research on the epidemiology of DRR of citrus should be
conducted to develop specific knowledge as the basis for
effective disease prevention and management.
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Summary. Parietaria mottle virus (PMoV) is an emerging virus in Mediterranean
countries, responsible for severe disease in tomato and pepper crops in the field and
protected cultivation. The principal wild reservoir of PMoV is Parietaria officinalis, and
only few additional wild plants have been described as natural reservoirs of the virus.
During field survey in southern Italy, several plants of Phytolacca americana show-
ing virus-like symptoms were collected. Serological and molecular assays showed that
these plants were infected by PMoV. Sequence comparison of the movement protein
gene of the PMoV isolate from P. americana showed the greatest similarity to the cor-
responding sequence from tomato plants growing nearby. These results indicate that P
ameriacana is a new natural host of PMoV, and further investigation is warranted to
establish the potential of this host as reservoir of the virus in the field.

Keywords. PMoV, alien species, American pokeweed, natural host, emerging viruses.

INTRODUCTION

Phytolacca americana L. (Phytolaccaceae), commonly known as “Ameri-
can pokeweed”, “pokeweed” or “dragonberries”, is a poisonous perennial
geophyte herb native to North America. It was introduced in Europe where it
is invasive in many countries, including Italy (Galasso et al., 2018). This neo-
phyte plant mainly spreads in anthropic and disturbed environments (Stin-
ca and Motti, 2017; Bonanomi et al., 2018). In July 2020, during a survey of
tomato virus diseases in southern Italy (Campania region), several individu-
als of P. americana were noticed showing virus-like symptoms, comprising
mosaic, chlorotic spots and lines and leaf distortions (Figure 1). The detected
plants were growing close to a family garden, located in the Sorrento penin-
sula, were Parietaria mottle virus (PMoV) was detected in a local variety of
tomato with high incidence. Distances from pokeweed plants to the toma-
to plants ranged between 5 to 20 m. The presence of thrips individuals on
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Figure 1. Symptoms associated to Parietaria mottle virus infection
in Phytolacca americana L.: (A) mosaic on the apical leaves, and (B)
details of symptoms on a leaf.

tomato and pokeweed plants was also observed. Over-
all, field observations suggested possible implication of
PMoV as the cause of the symptoms observed in poke-
weed plants.

Table 1. Parietaria mottle virus isolates used in the present study.

Giuseppe Parrella et alii

MATERIALS AND METHODS

Leaf-sap from three symptomatic and two asympto-
matic P. americana plants, and two symptomatic tomato
plants, was mechanically inoculated to Chenopodium
quinoa Willd., C. amaranticolor (H.].Coste & A.Reyn.)
H.J.Coste & A.Reyn., Vigna unguiculata (L.) Walp.
‘Black eye” and Nicotiana tabacum L. Xanthi nc.’.

The same samples were tested by antigen-coated-plate
enzyme-linked immunosorbent assay (ACP-ELISA) with
a specific PMoV polyclonal antibody (Lisa et al., 1998),
following the procedure of Parrella (2020). In addition,
samples were tested by cucumber mosaic virus (CMV)
and tomato spotted wilt virus (TSWV)-specific lateral
flow (LF) kits (Pocket Diagnostic), since in tomato symp-
toms induced by PMoV resembling those induced by
CMYV and TSWYV in single or mixed infections have also
been reported (Ramasso et al., 1997; Roggero et al., 2000).

Total RNAs were extracted with the E.Z.N.A”°
Plant RNA Kit (Omega Bio-tek), and RT-PCR using the
PMoV specific primers PMoVMPla and PMoVMP2b,
encompassing the entire PMoV movement protein (Par-
rella et al., 2016). Amplicons of the expected size (916
bp) obtained from symptomatic samples were cloned
into pGEM-T vector (Promega), and were sequenced at
Microsynth Seglab (Goéttingen, Germany). Blast analy-
sis was performed online (http://blast.ncbi.nlm.nih.gov/
Blast.cgi), and fifteen sequences of other PMoV isolates
(Table 1) were downloaded and were used to determine

Isolate Host Geographic origin Year of collection Accession No.
Phal Phytolacca americana Campania, Italy 2020 MW248388
390 Solanum lycopersicum Campania, Italy 2020 MW456562
391A Solanum lycopersicum Campania, Italy 2020 MW456563
Sar-1 Solanum lycopersicum Sardinia, Italy 2019 MN782302
Rucl Diplotaxis tenuifolia Campania, Italy 2016 KX866978
Ruc2 Diplotaxis tenuifolia Campania, ITtaly 2016 KX866979
Fri-1 Capsicum annuum Campania, Italy 2015 LT160068
Fri-2 Capsicum annuum Campania, Italy 2015 LT160070
Pap-1 Capsicum annuum Campania, Italy 2015 LT160069
M31A Solanum lycopersicum Catalonia, Spain 2006 AM182749
G34H Solanum lycopersicum Catalonia, Spain 2006 AM182744
AC1 Solanum lycopersicum Catalonia, Spain 2006 AM182743
SD2 Solanum lycopersicum Catalonia, Spain 2006 AM182745
RAMS1 Solanum lycopersicum Catalonia, Spain 2006 AM182748
So7] Solanum lycopersicum Catalonia, Spain 2006 AM182746
JBT1 Solanum lycopersicum Catalonia, Spain 2006 AM182747
CR8 Solanum lycopersicum Catalonia, Spain 2001 FJ858204
T32 Solanum lycopersicum Piedmont, Italy 1979 KT005245




Molecular and serological detection of Parietaria mottle virus in Phytolacca americana 103

the phylogenetic relationships among them and the
pokeweed isolate (named Phal). Multiple sequence align-
ment was performed using the ClustalW algorithm of
MEGA 6.0 (Tamura et al., 2013), with gap opening pen-
alty of 15 and gap extension penalty of 6.66. A phyloge-
netic tree was constructed using the neighbor-joining
(NJ) method with 1000 bootstrap replicates, and genetic
distance was calculated by the Tamura three-parameter
model which was determined as the best-fitting model
of substitution using MEGA 7.0.

RESULTS AND DISCUSSION

Inoculated host plants showed the following symp-
toms after 1 to 3 weeks, consistent with symptoms caused
by PMoV (Ramasso et al., 1997; Marchoux et al., 1999):
large chlorotic local lesions followed by dieback and wilt-
ing in C. quinoa; large chlorotic local lesions followed by
mosaic in C. amaranticolor; necrotic local lesions in V.
unguiculata; and pinpoint necrotic local lesions followed
by mosaic, leaf distortions, vein necrosis and necrotic
patches on the apical non-inoculated leaves of N. taba-
cum. PMoV infection in symptomatic hosts was con-
firmed by RT-PCR. Host plants inoculated with leaf sap of
the asymptomatic pokeweed plants showed no symptoms.

PMoV was detected by ACP-ELISA in all symptomat-
ic plants, with an average optical density (O.D.) at 450
nm of 0.96 £ 0.60 (n = 3), and 0.12 + 0.03 for asymp-
tomatic plants (n = 2), after 1 h of substrate incubation.
Tests for the potential additional presence of TSWV and
CMV by LF were negative.

The ACP-ELISA results were confirmed with reverse
transcription (RT)-PCR. The expected 916 bp frag-
ment was obtained from symptomatic pokeweed (Fig-
ure 2) and tomato plants tested, while no amplicon was

Figure 2. RT-PCR detection of Parietaria mottle virus in sympto-
matic Phytolacca americana L. leaves. Lanes M, 100 bp DNA ladder;
C, control without total RNAs; 1, Positive control (PMoV infected
tomato plants); 2 to 4, symptomatic P. americana leaves from three
different plants; 5 and 6, asymptomatic P. americana leaves from
two different plants.

obtained from asymptomatic plants. Sequences obtained
from symptomatic P. americana shared 100% nucleo-
tide similarity, and the corresponding sequence of the
isolate Phal was deposited in GenBank (Accession n.
MW248388). The Phal sequence shared greatest nucleo-
tide similarity with sequences of the two PMoV tomato
isolates from hosts growing nearby: 99.67% with the
tomato isolate 390 (Accession n. MW456562) and 99.78%
similarity with isolate 391A (Accession n. MW456563).
This indicated virus movement between the American
pokeweed and tomato hosts. These three isolates also
clearly grouped in the phylogenetic tree, forming a dis-
tinct clade together with the isolates Rucl, identified
previously from Diplotaxis tenuifolia (L.) DC., and Fri-
2, from Capsicum annuum L., in the same Italian region
(Parrella et al., 2017; Parrella et al., 2016). Nevertheless,
overall phylogenetic grouping showed no clear correla-
tion with host or geographic origin, although the exist-
ence of four distinct phylogenetic groups of PMoV iso-
lates was indicated based on the MP gene (Figure 3).
These results confirm those previously obtained and
based on the coat protein (CP) phylogenetic relationships
of PMoV isolates (Galipienso et al., 2015).

PMoV is an emerging virus, due to its increasing inci-
dence in tomato and other cultivated plants, such as Cap-

SofJ
RAMS1
Sar1 |

JBT1
Pap-1

Fri-1 IV
93 = Ruc2 i
TSV 1973

0.05

Figure 3. Phylogenetic analysis based on the movement protein
(MP) gene of the Parietaria mottle virus (PMoV) isolates exam-
ined in this study (Phal, 390 and 391A), and 15 other PMoV iso-
lates available in GenBank. The accession numbers, isolate names,
hosts, geographic origins and years of sampling for each isolate are
listed in Table 1. The isolate from Phytolacca americana (Phal) is
indicated in the tree with the symbol 4. The phylogenetic tree was
constructed using the neighbor joining (NJ) method, with 1000
bootstrap replicates, and genetic distances were calculated by the
Tamura three-parameter model using MEGA 7.0. The isolate of
tobacco streak virus TSV 1973 (Accession n. JX463336) was used
as an outgroup.
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sicum annuum, Diplotaxis tenuifolia, and the ornamental
plant Mirabilis jalapa L. (Parrella, 2002; Janssen et al.,
2005; Parrella et al., 2016; Parrella et al., 2017; Caruso
et al., 2018; Parrella et al., 2020). The discovery of a new
natural host of PMoV, i.e. Phytolacca americana, con-
firms the tendency of the virus to occupy new ecological
niches. Within Caryophyllales, Phytolaccaceae are closely
related to Nyctaginaceae, the plant family to which Mira-
bilis jalapa belongs, and this host is another unusual nat-
ural host of PMoV (Rettig et al., 1992; Cuénoud et al.,
2002; Lee et al., 2013). After the present discovery, fur-
ther investigations would be useful to increase knowledge
of the possible role of American pokeweed as a reservoir
of PMoV, and the impacts of epidemics of this pathogen
on susceptible crops such as tomato and pepper.
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Summary. Durum wheat (Triticum turgidum var. durum Desf.) is an important cere-
al crop in many regions of the world. In March of 2018 and 2019, symptoms typical
of blast were frequently observed on durum wheat plants under field conditions in
Jashore, Bangladesh. The putative causal pathogen was isolated from infected wheat
spike specimens onto potato dextrose agar and oatmeal agar, and was identified from
mono-conidium cultures as Magnaporthe oryzae, based on morphological features.
The pathotype of the fungus was identified as Triticum, based on comparative molec-
ular analyses of ITS sequences and MoT3 specific markers. BLAST analysis revealed
>99.8% similarity with M. oryzae/P. oryzae, retrieved from the NCBI Genebank. This
was confirmed through amplification of the predicted products with MoT3 prim-
ers in PCR analysis. Pathogenicity was confirmed by inoculating healthy durum
wheat seedling leaves and spikes with a conidium suspensions of M. oryzae isolate
DuBWMRI1901.2A. The fungus produced similar symptoms on inoculated leaves and
spikes as those observed in the field, and was subsequently re-isolated, fulfilling Koch’s
postulates. This is the first report of blast of durum wheat caused by Magnaporthe ory-
zae pathotype Triticum in Bangladesh.

Keywords. Isolation, morphological detection, molecular analysis, pathogenicity.

INTRODUCTION

Durum wheat (Triticum turgidum var. durum) is the second most culti-
vated species of wheat after bread wheat, accounting for 5 to 8% of global
wheat production, and is the 10" most important cereal crop overall (Kab-
baj et al., 2017). Durum wheat is cultivated under diverse climatic condi-
tions in West Asia and North Africa (WANA) and is the most sustainable
wheat type in the Mediterranean basin due to its tolerance to hot and dry
environmental conditions. It remains a significant staple food crop for mar-
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ginalized farmers due to its potential for large-scale
production and high monetary returns (Yahyaoui et al.,
20005 Sall et al., 2019). The largest durum wheat produc-
er is the European Union, with projected production in
2020 of 309 million bushels, followed by Canada (162),
Turkey (132), Algeria (118), U.S.A. (59) and Morocco
(48) (NDWC, 2020). The high protein grain content and
hard structure make durum wheat ideal for producing
pasta products, and it is therefore often referred as ‘pasta
wheat’. In addition, it can also be used to make bulgur,
couscous, freekeh, puffed cereals, desserts, filler for pas-
tries, and unleavened breads. In Bangladesh, wheat crops
are only grown during winter. Although durum wheat is
a non-traditional minor cereal in Bangladesh, it still has
significant commercial importance (BARI, 2015). The
Bangladesh Wheat and Maize Research Institute (BWM-
RI) produces durum grain on a limited field scale (<0.2
ha) to explore its production and marketing potential
in Bangladesh. Despite its current limited production,
durum wheat may have good prospects in future as a
niche market crop in the country.

Durum wheat can be severely affected by several
pests and diseases. The most important diseases include
stripe rust, Septoria tritici blotch, Fusarium head blight,
stem rust, leaf rust, tan spot, root rot, crown rot, and
common bunt (Yahyaoui et al., 2000; Haile et al., 2019).
Under favourable environmental conditions yield loss-
es in the WANA region due to diseases can reach 40%
(Yahyaoui et al., 2000). In March of 2018 and 2019, a
disease with symptoms similar to those of wheat blast,
previously identified on bread wheat in Bangladesh
(Malaker et al., 2016), was observed on durum wheat
for the first time in experimental field plots in Jashore,
Bangladesh. Blast is caused by the hemi-biotrophic asco-
mycete fungus Magnaporthe oryzae (Catt.) B. C. Couch
2002 (anamorph Pyricularia oryzae Cavara 1892) (Couch
and Kohn 2002; Couch et al., 2005; Zhang et al., 2016).
There was no record of blast on durum wheat under field
conditions in Bangladesh prior to this report. Magna-
porthe oryzae is versatile in nature, having a group of
sub-species, and can attack 50+ species in the ‘Poaceae’,
including wheat, rice, triticale, barley, millet, oat, and
others (Sundaram et al., 1972; Ou, 1985; Igarashi et al.,
1986; Urashima et al., 1993; Kato et al., 2000; Urashima
et al., 2004; Roy et al., 2020). The pathogen is host-spe-
cific: the Triticum pathotype is responsible for infect-
ing wheat, the Oryza pathotype, rice, the Setaria patho-
type, millet, the Lolium pathotype, annual and perennial
ryegrass, among others. The first epidemic of the Triti-
cum pathotype occurred in Parana, Brazil in 1985 (Iga-
rashi et al., 1986). The initial outbreak outside of South
America was observed in wheat in Bangladesh in Febru-
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ary 2016 (Malaker et al., 2016), devastating the season’s
harvest. This pathotype can also attack other barley and
triticale, as observed in Bangladesh in 2019 and con-
firmed by morphological and molecular analyses (Roy et
al., 2020; Roy, unpublished). Positive cross-infection of
MoT isolates on wheat, triticale, durum, and barley was
observed under laboratory conditions at BWMRI (Roy,
unpublished).

In the present investigation, symptoms of blast were
observed in durum wheat under field conditions. Hence,
the aim of the present study was to identify the causa-
tive pathogen by confirming morphological features,
conducting molecular analyses using ITS sequences and
pathotype-specific markers, and conducting pathogenic-
ity tests.

MATERIALS AND METHODS
Isolation, purification, and detection of the pathogen

To isolate the disease-causing pathogen, four to five
diseased spikes were randomly collected from blast-
affected plots in Jashore, Bangladesh in 2018, and
brought to the BWMRI pathology laboratory. The infect-
ed spikes were partially or fully bleached with shriveled
grains, indicating pathogen infections at an early stage
of grain development. Special care was taken to ensure
samples were fresh and therefore less likely to be con-
taminated with other fungi. Small portions (<1 cm?) of
symptomatic spike tissues were surface disinfected in
1% Clorox (NaOCI) solution for 20-30 sec, and were
then rinsed twice with sterile distilled water. The sam-
ples were incubated in darkness at 25-28°C on three-
layer moistened Whatman blotter paper to promote fun-
gal sporulation. After 24 h, conidiophores and conidia
developed on the tissue samples. Single conidia were
transferred onto Petri dishes containing potato dextrose
agar (PDA) (200 g sliced potato, 15 g agar powder, and
12 g dextrose in 1000 mL distilled water). These were
incubated for 5-7 d in a laminar air flow chamber with
continuous fluorescent light at 28 + 2°C and 40-42%
relative humidity to produce single-conidium isolate
cultures. The morphology of two isolates was recorded,
including colony characteristics and conidium colour,
shape, and size.

Molecular analyses with ITS sequences and MoT3 primers
The pathotype of the two isolates was confirmed

through molecular analyses using ITS sequencing
(White et al., 1990) and PCR amplification with MoT3
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primer sets (Pieck et al., 2017). To confirm the patho-
type of two of the isolates through ITS sequencing, total
genomic DNA was extracted from mycelia of the isolates
separately using a Wizard Genomic DNA Purification
Kit (Promega) following the manufacturer’s protocol.
Molecular confirmation was first performed using the
internal transcribed spacer (ITS) region of the ribosomal
DNA by amplifying the isolates with ITS5 (GGAAG-
TAAAAGTCGTAACAAGG) and ITS4 (TCCTCCGCT-
TATTGATATGC) primers. The primers were synthe-
sized by First BASE Laboratories (Malaysia), and the
resulting products were sequenced and aligned using
BioEdit 7.2. The sequences were submitted to GenBank
under the following accession numbers: LC554422
(isolate DuBWMRI1901.2A) and LC554423 (isolate
DuBWMRI1902.76C), and were analyzed using BLAST
(https: //blast.ncbi.nlm.nih.gov/Blast). A phylogenetic
tree was constructed with the neighbour-joining likeli-
hood method with 1000 bootstrap replications using the
MEGA-X model (Kumar et al., 2018). To confirm the
pathotype with MoT3 primer sets (MoT3 primers are
responsible for the identification of wheat blast fungi),
the protocol described above was used to extract genom-
ic DNA from the isolates. PCR amplification was per-
formed on the samples in 100 uL PCR tubes using the
GoTaq G2 Green Master Mix (Promega) and the MoT'3
specific primers- MoT3F (GTCGTCATCAACGTGAC-
CAG) and MoT3R (ACTTGACCCAAGCCTCGAAT).
PCR was performed as described by Pieck et al. (2017)
using a Thermal Cycler (Veriti, Applied Biosystems). The
PCR cycling conditions were as follows: initial denatur-
ation occurred at 94°C for 3 min, followed by 30 cycles
of denaturation at 94°C for 1 min, annealing at 62°C
for 2 min, extension at 72°C for 1 min 30 sec, and final
elongation at 72°C for 10 min. Five microliters of each
amplification mixture were verified by agarose (1% w/v)
gel electrophoresis in 0.5x Tris-borate-EDTA (TBE) buft-
er. The presence or absence of the 361 bp MoT-specific
PCR band was observed after electrophoresis. To test the
specificity of MoT'3 primers, several other blast-causing
isolates from wheat (positive), rice, triticale, barley, and
foxtail millet were included, and water was used as a
negative control.

Pathogenicity tests on spikes and seedling leaves

Pathogenicity tests were carried out using seedling
leaves and spikes of durum wheat genotype BDW 08.
The seedlings were grown in 4 x 3 x 2.5 cm plastic pots,
and adult plants in 15 x 13 x 7 cm pots, under labora-
tory conditions. There were four pots each for seedlings
and for adult plants, with ten seedlings or adult plants

in each pot. Seedlings at the two-leaf stage (12-14 d
after sowing) and spikes (2-3 d after initiation of head-
ing) were inoculated with isolate DuBWMRI1901.2A.
To prepare conidia for MoT inoculation, inocula were
multiplied on oatmeal agar (OMA) (50 g oatmeal and 15
g agar powder in 1000 mL distilled water). Sections of
PDA-cultured MoT fungus growth were transferred onto
OMA, and were then incubated at 27-29°C and 40-45%
relative humidity for 7-10 d to promote conidium pro-
duction. and then harvested. A conidium suspension
was then prepared by scraping the conidia from OMA
plates into a 100 mL capacity beaker using a camel hair
brush. The suspension was filtered through two layers
of cheesecloth, and two drops of 0.01% Tween 20 solu-
tion were added to 100 mL of aqueous conidium sus-
pension. The suspension was stirred gently for 10 min to
thoroughly disperse the conidia. The test seedlings and
adult (headed) plants were inoculated using the suspen-
sion of 30,000 conidia mL" using a hand sprayer. The
suspension was applied onto plant leaves and spikes to
run-oft. Two series of inoculations using seedling leaves
and adult-plant spikes were performed using the same
procedure. Some leaves and spikes were sprayed with
water only to serve as negative controls. The inoculated
leaves were incubated in continuous darkness for 36
h and spikes for 48 h, at 27 £ 2°C and 80 to 85% rela-
tive humidity (RH) in a ‘polyhood’ chamber (a metal-
lic framework covered with a transparent polyethylene
sheet). Following incubation, all pots were removed from
the chamber and placed onto a laboratory bench for
symptom expression.

RESULTS AND DISCUSSION

Putative blast symptoms were observed in three
durum wheat plots, one of 6 m? in 2018, and two of 1 m?
in 2019. In these plots, 30-50% of the total spikes were
infected. Symptoms were found primarily on spikes, but
also on leaves and stems. Spike symptoms were partially
bleached spikes typical of blast (Figure 1, A; and A,).
These had visible dark gray or brown infection points
on each rachis, and sometimes exhibited gray to white
fungus sporulation (Figure 1 D). Infection of heads at
the initial stage of anthesis led to aborted or shriveled
and distorted grains with low test weights. Leaves with
blasted symptoms had typical eye-shaped or elongated
lesions with white centres and brown margins (Figure 1
B). Foliar symptoms were mostly observed on old leaves
and rarely on young or flag leaves. Elongated lesions
were also observed on stems; these had white centres
and brown or black margins (Figure 1 B). They were
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Figure 1. Field symptoms of durum wheat blast on different plant parts: (A, and A,) typical partially-bleached spikes; (B) elongated or eye-
shaped lesions on durum leaf with white centers surrounded by brown margins; (C) elongated lesion on stem with white center and dark
brown or black margins; and (D) dark gray or brown infection points and gray to white sporulation in rachis.

observed rarely, and may have only developed when con-  Fungus growth was observed on rachis surfaces and on
ditions particularly favoured disease development. foliar lesions under a light microscope after 24-36 h of

Microscope examination of affected samples showed incubation (Figure 2, A and B). Young conidia of both
vegetative and reproductive growth of the pathogen. isolates were pyriform, two-septate (three-celled), and
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translucent; over time these became grayish or slightly
darkened (Figure 2 G), and sometimes appeared to be
single-celled. Conidia were of uniform shape, although
their sizes varied from 16-25 x 7-10 um. The middle cell
of each conidium was wider and darker than the termi-
nal cells, and each conidium tapered towards its apex.
When conidia were water-mounted on glass slides, ger-
mtubes were evident within 2-3 h. Conidiophores were
observed as coloured, erect, and cylindrical, with dark-
ened basal portions and apical conidia. Conidiophores
each bore seven to nine conidia acrogenously.

Colonies of the two isolates on PDA were gray to
dark gray after 7 to 10 d incubation (Figure 2, C and E).
Colonies of isolate DuBWMRI1901.2A were darker than
those of DuBWMRI1902.76C. Puffy mycelial growth
and a single concentric ring were observed in both iso-
lates. On OMA, profuse grayish to white conidium
masses were found after 8-12 d incubation (Figure 2, D
and F). In the laminar flowhood, optimum conditions
for conidium production were 28-29°C and 40-45%,
and continuous florescent light. Conidium production
on rachis tissues was more profuse than on leaf tissues.

The morphological features of the conidia were identi-
cal to Magnaporthe oryzae as described by Subramanian
(1968). Both isolates were placed in long-term storage on
dried filter paper at -81°C at the BWMRI pathology labo-
ratory for future use. These can be accessed universally.

The pathotype of the isolated M. oryzae was con-
firmed by molecular analyses of the two representative
isolates, DuBWMRI1901.2A and DuBWMRI1902.76C,
using the internal transcribed spacer (ITS) region primer

ot

Figure 2. Growth of durum blast pathogen isolates on infected
rachis and leaf tissues, and in PDA and OMA cultures after incu-
bation under laboratory conditions. (A) gray to dark gray conidia
of the fungus on an incubated rachis; (B) grayish conidia spores
on an incubated leaf lesion; mono-conidium colonies of iso-
late DuBWMRI1901.2A on PDA (C), and OMA (D), and of
DuBWMRI1902.76C PDA (E) and OMA (F); and (G) compound
light microscope image of two-septate pyriform conidia.
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Figure 3. Neighbour-joining phylogenetic tree of Magnaporthe ory-
zae isolates DuBWMRI1901.2A and DuBWMRI1902.76C with 28
related rDNA-ITS sequences from GenBank. Numbers at the nodes
indicate bootstrap values generated from 1000 replicates, and the
scale bar indicates the number of nucleotide substitutions.

sets and the pathotype-specific MoT3 primers. The ITS
sequences of the isolates were >99.8% similar to several
M. oryzae/P. oryzae sequences available in GenBank. The
phylogenetic tree (Figure 3) grouped the Bangladeshi
durum blast isolates together with other M. oryzae/P.
oryzae isolates from Triticum aestivum, x Triticosecale
and Hordeum vulgare from Paraguay and Bangladesh.
Based on the aligned sequences of ITS, the constructed
neighbour-joining likelihood phylogenetic tree con-
firmed that the two blast isolates were identical to Mag-
naporthe oryzae (Subramanian 1968). Similarly, MoT3
primer results demonstrated that the two blast isolates
were amplified with the band (361 bp) identical to those
of wheat, triticale and barley blast isolates during PCR
assay, while there was no PCR amplification found with
rice and foxtail millet blast isolates (Figure 4).

The pathogenicity tests of the M. oryzae isolates gave
at 48-72 h post-inoculation, eye-shaped water-soaked
lesions developed on the seedling leaf blades (Figure 5
A), while there were no symptoms observed on water-
treated plants (controls). The lesions had gray centres
and dark green margins. The lesions became elongated
and developed grayish centres with brown margins
(Figure 5 B); ultimately whole leaves became blighted.
In contrast, the inoculated spikes were only partially
bleached 13-15 d after inoculation (Figure 5 C). The
water-inoculated spikes remained symptomless. Magna-
porthe oryzae was re-isolated on PDA plates (Figure 5 E)
from the symptomatic leaves of inoculated plants, which
produced profuse conidia within 24 h of incubation



110

bp

361
500

Figure 4. PCR amplification of durum wheat blast isolates
DuBWMRI1901.2A (lane 5) and DuBWMRI1902.76C (lane 6), and
blast isolates from wheat (lanes 1 and 2), rice (lane 3), triticale (lane
4), barley (lanes 7), and foxtail millet (lane 8), using MoT3 primer
sets for confirming the Triticum pathotype of the Magnaporthe ory-
zae pathogen, during molecular detection assay.

(Figure 5 D). Conidia of the re-isolated pathogen were
identical to those used for inoculations, and thus fulfill-
ing Koch’s postulates for the inoculated fungi (Cohen
1994).

Krishna Kanta Roy et alii

Based on the morphological features of the selected
isolates (conidium shape, size and colour), molecular
analyses (ITS sequences and MoT3 markers) and patho-
genicity tests, the causal organism of durum wheat blast
observed in field plots was confirmed to be Magnaporthe
oryzae pathotype Triticum. This is the first report of
blast of durum wheat in Bangladesh, by Magnaporthe
oryzae pathotype Triticum.
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Summary. Septoria leaf spot is an important disease of pistachio trees in Greece. This
study aimed to determine effects of temperature and the incubation period on germi-
nation of conidia of Septoria pistaciarum, and to evaluate a generic model to forecast
pistachio leaf spot under the field conditions of Aegina Island, Greece. The optimum
temperature for conidium germination was 23°C, and germination was inhibited at
35 and 4°C. At constant temperature of 23°C, conidia commenced germination after
9 h. The predictive model indexed disease risk close to 100 at 10 May at two locations
(Rachi Moschona and Vigla) in 2017, and first leaf spot symptoms were observed on
17 May. Moderate to high disease severity (>25% leaves infected) were observed in
unsprayed trees at the end of May. In 2018, the model indexed risk close to 100 on 9
May at Rachi Moschona, and first symptoms were observed on 18 May. Moderate to
high disease severity (>25% leaves infected) were observed in unsprayed trees on 25th
of May. This study has shown that the forecasting model can be used in Aegina Island,
Greece, to predict the severity of Septoria leaf spot of pistachio.

Keywords. Generic model, temperature.

INTRODUCTION

Septoria leaf spot is an important disease of pistachio trees in Greece.
Three species of Septoria have been reported on pistachio worldwide; Sep-
toria pistaciarum, S. pistaciae and S. pistacina (Teviotdale et al., 2001). In
Greece, the fungus was identified as Mycosphaerella pistaciarum by Chitza-
nidis (1956), and the pycnidial stage of S. pistaciarum. Eskalen et al. (2001)
reported S. pistaciarum as the causal agent of leaf spot of pistachio in the
Eastern Mediterranean and Southeast Anatolian regions. The main symp-
toms of this disease are development of round to irregular lesions (each of
1-2 mm diam. and containing one to many (~20) pycnidia per lesion (Young
and Michailides, 1989; Aghajani et al., 2009). The lesions form between small
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veins on both sides of affected leaves. These spots may
increase slightly in size with time, but generally remain
small and isolated from one another. Hundreds of spots
may develop on each infected leaf. Over time, large sec-
tions of the leaf turn tan in colour. In severe cases, trees
defoliate prematurely which reduces the amount of car-
bohydrates produced and stored, ultimately decreasing
tree vigour.

Meteorological factors play key roles in infection
caused by Septoria leaf spot fungi. The onset and sever-
ity of the disease was affected by wet weather and tem-
peratures from 15-25°C in Arizona, United States of
America (Young and Michailides, 1989; Matheron and
Call, 1998). In South Greece, these climate conditions
occur mainly in the period from May to June each year.

Many models have been developed for forecasting
the probability of infections for particular plant patho-
gens (Newlands, 2018). Modelling approaches have
strengths and weakness, and model selection depends
upon several factors. Magarey et al. (2005) developed a
generic infection model based on temperature and wet-
ness duration. This model is generic in the sense that it
was developed to describe any pathosystem when appro-
priate parameters are supplied. The successful develop-
ment of a plant disease forecasting system also requires
the proper validation of a developed model to reduce the
risk of two false predictions a) false positive predictions,
in which a forecast was made for a disease when in fact
no disease was found in a location, and b) false negative
predictions, in which a forecast was made for a disease
not to occur when in fact the disease was found (Esker
et al., 2008).

The main aims of this study were a) to investigate the
minimum, maximum and optimum temperatures for
the conidia germination of S. pistaciarum, b) to examine
the minimum duration of incubation period (in hours)
for the conidia germination of S. pistaciarum and c) the
evaluation of the generic model developed by Magarey
et al. (2005) to forecast the pistachio leaf spot disease
under the field conditions of Aegina Island, Greece.

METHODS

Assessment of effects of temperature and time on conidium
germination

Leaves with typical symptoms of Septoria leaf spot
were collected from a commercial pistachio orchard
on Aegina Island, Greece in 2016. Identification of the
pathogen as S. pistaciarum was based on the descrip-
tion of Crous et al. (2013). To enhance sporulation,
infected leaves were placed in damp chambers for 2
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d. Conidium suspensions were made by flooding the
surface of leaf spots with sterile distilled water and fil-
tering the resulting suspension through four layers of
cheesecloth. Conidium concentration was adjusted to
10° conidia mL'with a haemocytometer. One mL of sus-
pension was spread into each Petri dish containing 2%
malt extract agar (MEA), and the dishes were placed in
a growth chamber (Emmanuel E. Chryssagis, Growth
Plant Chambers - GRW 500/CMP2) (98 + 3% relative
humidity) under continuous wetness for 24 h at 4, 8, 10,
15, 20, 23, 25, 30, 32 or 35°C. The proportions of germi-
nated conidia in the Petri dishes incubated at 23°C were
recorded at 3, 6, 9, 12, 24, 36 and 48 h after placing in
the growth chamber. Conidium germination was deter-
mined for 100 conidia, using a microscope at 400x mag-
nification. A conidium was considered germinated when
the germ tube length was at least equal to the greatest
diameter of the swollen conidium. There were four Petri
dishes for each treatment (Dhingra and Sinclair, 1985;
Dantigny et al., 2006). This experiment was conducted
twice.

General linear regression analysis was performed
(SPSS Grad Pack 23, SPSS Inc.) to determine relation-
ships between temperature, incubation period and
conidium germination.

Disease prediction model

The following parameters were used to run a Septo-
ria leaf spot predictive model based on the results pro-
duced in the above experiments: Minimum Tempera-
ture (Tmin) = 8°C, Maximum Temperature (Tmax) =
32°C, Optimum Temperature (Topt) = 23°C, Minimum
Leaf Wetness (Wmin) = 9 h, Maximum Leaf Wet-
ness (Wmax) = 24 h (based on the above results). This
model was evaluated under the field conditions of Aegi-
na Island. Leaf wetness was estimated from the hour-
ly data: if the leaf wetness sensor indexed the hour as
wet, it was designated as 1, or when the sensor indexed
the hour dry, it is designated 0 (so the dry hours were
not counted and were not considered). Continuous wet
hours were summed to determine leaf wetness. However,
if there was an interruption of fewer than or equal to 24
dry hours (based on the preliminary results produced
in the laboratory) the summation of hours was contin-
ued. If the interruption of dry hours was longer than 24
dry hours, a new summation of hours was immediately
started. Temperature was the average temperature dur-
ing each wet period.

Cultivar susceptibility or inoculum level were not
considered because insufficient information was avail-
able about their effects on the occurrence of infection.
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Model accuracy in predicting the day of infec-
tion was evaluated by comparing actual and predicted
times of symptom appearance. In the Aegina Island,
which is one of the most important pistachio produc-
tion areas in Greece, a telemetric meteorological station
(Neuropublic S.A., Information Technologies & Smart
Farming Services, Piraeus, 18545, Attica, Greece) was
established to record weather data, and these data were
used to run the model. The model was operated hourly,
starting from 00.01 h on 1 May [aiming to include the
periods favourable for development of the disease (May
to June), and unfavourable for the development of the
disease (July-August)], and ending at 31 August, using
hourly leaf wetness and temperatures as driving vari-
ables for calculations The date of the first observation of
leaf spot symptoms (in young leaves) was used to verify
the indexing of the models, and the final intensity of
the symptoms was recorded 15 d later by calculating the
percentage of infected leaves in a sample of 100 leaves
randomly selected from each of ten trees. The period
of possible appearance of the disease was calculated on
each day when Risk (LW, T) > 30, considering an incu-
bation period indicated from our preliminary stud-
ies (incubation period estimated at 5 to 15 d in leaves).
The model predictions were from 0 (when Disease Risk
= 0) to 100 (Disease Risk = the greatest possible value).
All the other values were distributed between 0 and 100.
Previous preliminary study showed that no or very light
symptoms were observed when the model predictions
were from 0 to 29.

Two commercial pistachio fields (trees of cv. Aegina,
10-12 years old) were chosen to record the appearance
of Septoria leaf spot symptoms in the locations Rachi
Moschona and Vigla in 2017, and the experiment was
repeated in the same field at Rachi Moschona in 2018.
No results could be collected in 2018 from the Vilga
location because of technical problems with the meteor-
ological station). Selected trees did not show any symp-
toms of the disease before starting the trials. The trees
(kept unsprayed) were inspected twice each week to
determine the time of symptoms onset. When symptoms
were unclear, the trees were carefully inspected for the
appearance of the first symptoms. Leaves with leaf spot
symptoms were marked and observed during the follow-
ing surveys. Inspections ceased after the appearance of
the first disease symptoms.

The predicted period of disease onset was then com-
pared with the actual onset of disease. The model was
judged to have provided accurate prediction of dis-
ease when the observed symptom onset coincided with
the time interval predicted by the model (Giosue et al.,
2000).
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RESULTS AND DISCUSSION
Effects of temperature and time on conidium germination

There were no significant differences between the two
years for effects of temperatures (P = 0.175) or incuba-
tion period (P = 0.207), so the data from the two experi-
ments were combined. Temperature influenced (P <
0.001, SE = 0.259) conidium germination. The optimum
temperature for germination was 23°C, germination was
strongly reduced at 32 and 8°C, and was inhibited at 35
and 4°C. The estimates of the parameters from the quad-
ratic function are presented in Figure 1. Incubation peri-
od also influenced (P < 0.001, SE = 0.107) conidium ger-
mination. Under constant temperature at 23°C, germina-
tion was first observed after 9 h incubation. The greatest
percentage of conidium germination was observed after
24 h incubation. No significant differences were detected
in the proportions of germinated conidia after 24, 36 or
48 h incubation. Estimates of the parameters from the
quadratic function are presented in Figure 2. According
to Matheron and Call (1998), the onset and severity of
Septoria leaf spot of pistachio in Arizona was affected by
summer rainfall temperatures ranging from 15 to 25°C.

Control of the Septoria leaf spot has been based on
disease prognosis. This method is adequate, but has
disadvantages of inopportune and unnecessary spray
applications. These increase the costs pistachio produc-
tion and also possible environmental pollution with pes-

o R? Quadratic =0,790
8 o
50 e
: B
§ o
s o
£
c
0 .
) ¥ Q
B i
8w
E o y=-57,64+10,32%-0,25"%"2
] o
(V] ]
8 (]
-
.E 8
o
Qo Q
5 o g
o o
. o o o
g : . T T T T
5 10 15 20 25 30 25

Temperature (C)

Figure 1. Proportions (%) of germinated Septoria pistaciarum
conidia in Petri dishes held at different temperatures.
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Figure 2. Proportions (%) of germinated Septoria pistaciarum
conidia in Petri dishes held at 23°C for different incubation periods.

ticides. Disease forecasting has become an established
component of quantitative epidemiology. Although it is
difficult to exactly predict disease incidence, estimating
possible ranges of disease intensity (risk) can be rela-
tively easy. This improvement will provide disease man-
agement decision makers with valuable information. The
introduction of predictive models to forecast disease
appearance could reduce the number of spray applica-
tions required for disease control, and improve the effec-
tiveness of spray applications conducted.

Predictive models for forecasting plant diseases are
typically developed in specific climates and regions.
Before using a model not field tested or validated for a
specific location, the model must be tested for one or
more seasons under local conditions to verify that it has
good precision in that location. Predictive models may
contain assumptions about site-specific conditions that
may not apply for all areas. Input variables may need to
be adjusted due to pathogen biology, and host phenology
and variety in a specific area.

Magarey et al. (2005) developed a generic model
appropriate for predicting the appearance of several
plant diseases. This model requires climate parameters
such as minimum, maximum and optimum tempera-
tures, and minimum and maximum number of hours
of leaf wetness. In the present study this approach was
evaluated under field conditions for predict the appear-
ance of pistachio leaf spot. The model indexed risk close
to 100 on May 10 at two locations (Rachi Moschona

Thomas Thomidis et alii

Location Rachi Moschona, 2017

Location Rachi Moschona, 2018

Location Vigla, 2017

Figure 3. Indexing of the generic predictive model (orange line) to
forecast infections by Septoria pistaciarum on pistachio trees at two
locations in 2017 and one location in 2018.

and Vigla) in 2017 (Figure 3), and first symptoms of
the disease were observed on May 17. Moderate to high
intensity of the symptoms of the disease (>25% of leaves
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infected) were observed in the unsprayed trees at the
end of May. In 2018, the model indexed risk close to
100 on May 9 at Rachi Moschona. The first symptoms
of the disease were observed on May 18. Moderate to
high intensity of the symptoms (>25% of leaves infected)
were observed in the unsprayed trees on May 25. These
results showed that the model correctly indexed infec-
tion periods.

Based on the results of this study, the Septoria leaf
spot prediction model can be used on the Aegina Island,
Greece. Greek pistachio producers now have the option
to spray their trees only when the model predicts risks of
infections. More investigations should be conducted to
determine possible correlations between disease risk lev-
els and the proportions of disease, and to determine the
number of spray applications which are economically
acceptable for pistachio production.
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Summary. Puccinia striiformis causes wheat yield losses in all countries where wheat is
cultivated. Virulence and diversity of the P. striiformis were assessed in 2013-2018 in
South Russia, and this showed that the North Caucasian population of the pathogen
was diverse. One hundred and eighty two virulence phenotypes were identified in 186
P, striiformis isolates. Among isolates collected in 2014, 2015, and 2018, all phenotypes
were unique. In the 2013 and 2017 populations, phenotypes with few (one to eight)
virulence alleles prevailed. In the 2014, 2015, and 2018 populations, most of the phe-
notypes contained greater numbers (nine to 19) of virulence alleles. Over the 5 years of
research, the pathogen population lacked isolates virulent to the host Yr resistance genes
3, 5, 26, and Sp. Single (from 1 to 5%) occurrences of isolates virulent to host lines with
Yr genes 3a, 17, 24, 3b + 4a + H46, and 3c + Min were identified. Differences in fre-
quencies of virulence alleles between years in the P. striiformis populations (Ney indices,
N) were generally non-significant (N = 0.11 to 0.23), with the exception of the popula-
tions in 2013 and 2017 (N = 0.37). The minimum N values was found for the popula-
tions of 2015 and 2018 (N = 0.10). Over the five years of this study, the dynamics of the
virulence of the population and jumps in the frequency of isolates with respect to many
Yr genes were identified. This feature of the P. striiformis populations in South Russia,
combined with high phenotypic diversity, indicates the ability for rapid race formation
and morphogenesis in response to changes in biotic and abiotic factors.

Keywords. Yellow rust, virulence, effective resistance genes, pathogen population.

INTRODUCTION

The yellow rust pathogen (Puccinia striiformis West. f. sp. tritici Erikss.
et Henn.) causes wheat yield losses in all countries where this crop is grown
(Singh et al., 2004; Bux et al., 2011; Hovmeller et al., 2017). This pathogen
can also infect barley, rye and more than 50 species of herbs (Waqar et al.,
2018). Puccinia striiformis has rapid coupled evolution with the formation of
new virulent races that can infect previously resistant wheat varieties (Well-
ings and McIntosh, 1990; Hovmeller and Justesen, 2007). Recent spread
of the pathogen has been limited to regions with temperate climates. Since
2010, new races of P. striiformis have caused serious yellow rust epidemics in
India, Iran, Pakistan (Afshari, 2008; MacKenzie, 2011), the United States of
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America and Canada (Wan and Chen, 2014), Australia
(Wellings and Kandel, 2004), Ethiopia (Gebreslasie et al.,
2020), Egypt (Ashmawy et al., 2019; Shahin et al., 2020)
and other countries.

In Russia, until the end of the 1960s, yellow rust
had no economic significance, although the disease was
periodically recorded (Morozova, 1974). Since 1990,
in the south of Russia, there has been a steady expan-
sion of the area affected by this disease (Chuprina et al.,
1999; Shumilov and Volkova, 2013). The main regions
of South Russia are Krasnodar, Stavropol and Rostov.
These regions are leading in the production of winter
cereal crops (49% of the total Russian production), and
are characterized by favourable weather conditions for
the development of phytopathogens, including P. strii-
formis. Foci of infection appear in epiphytotic years due
to migration of the pathogen from the Transcaucasus,
where a maternal P. striiformis population with high
variability is formed, to foothills in Dagestan, Ossetia,
Ingushetia, Kabardino-Balkaria, adjacent steppe regions
of the Stavropol and Krasnodar Regions (Chuprina et
al., 1999). The infected area in 1995 to 1997 in some
regions of southern Russia was 56 to 63% (Berdysh,
2002). In 1997, in Krasnodar region, the infected area
varied between 30 and 90% (Dobryanskaya et al.,
1999). In 2001, an epiphytotic of yellow rust occurred
(Berdysh, 2002). In 2004 and 2008, the development of
yellow rust, especially in the southern foothill zone of
the region, reached 20 to 40% with wheat yield losses
of 10 to 15% (Sanin and Nazarova, 2010). The propor-
tion of P. striiformis in the pathocomplex during 2001
to 2008 averaged 8% and varied from 5 to 22%. In 2004,
moderate yellow rust development was noted, while in
2001 to 2003 and 2005 to 2007, low level of this disease
occurred. In 2009-2011, the development of yellow rust
ranged from 0.3 to 6.1%. In 2012, the pathogen was not
detected in the region, which is most likely due to the
low temperatures that occurred in winter. In 2013 to
2017, development and spread of yellow rust remained
at the level of previous years and fluctuated from 0.2 to
3.5%. In 2018, the development of the disease was less
than 2% (Volkova et al., 2018; Matveeva, Volkova, 2019).

Traditionally, in large areas of cultivation, yellow rust
is controlled by the use of effective fungicides. However,
with the trend towards “greening” of agricultural pro-
duction, biosafety methods for protecting wheat from
yellow rust are becoming increasingly important, with
method being the use of disease-resistant wheat varie-
ties (Aktar-Uz-Zaman et al., 2017). To effectively use
their potential, a substantiated strategy for host variety
distribution in agrolandscape niches is necessary, but
this cannot be achieved without knowledge of virulence
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of phytopathogen population (Wellings, 2011). Thus,
monitoring the virulence dynamics of the P. striiformis
population is an important tool for disease management
(Chen, 2005; Ali et al., 2017).

The aim of the present study was to assess diversity
and virulence dynamics of P. striiformis populations in
southern Russia during 2013 to 2018.

MATERIALS AND METHODS
Route surveys and sample collection

The collection of yellow rust material was carried
out in late May to early June of each year, from wheat
crops and plant breeding sites in the main grain-pro-
ducing regions of southern Russia, including Krasnod-
ar, Stavropol and Rostov. Leaves with urediniopustules
were wrapped in filter paper and labelled with dates
and localities of collection, and were stored during the
survey periods in a portable refrigerator. When storing
samples in the laboratory, collected leaves were dried
and then placed in a refrigerator at 2-4°C.

Weather conditions of growing seasons

In 2013, spring was prolonged with frequent rains,
which favourably affected development of yellow rust.
In 2014, positive deviations of air temperature prevailed
in the early spring period. Heavy rains fell in the sec-
ond half of March, which contributed to the develop-
ment of yellow rust on crops. The spring of 2015 was
early, unstable, and protracted, with intense frosts in late
March to early April, and there were intense frosts (-1
to -5°C). The cold weather in April reduced growth and
development of diseases, but these conditions did not
affect yellow rust development. In spring of 2017, fre-
quent rains and low temperatures favoured yellow rust
development. 2018 was an unfavourable year for devel-
opment of yellow rust. The combination of high temper-
atures and low soil moisture in spring limited develop-
ment of the pathogen.

Multiplication of Puccinia striiformis isolates

Multiplication of infectious material for isolation of
P. striiformis monopustule isolates was carried out on
the highly susceptible wheat variety Kaw (United States
of America). This was carried out in a greenhouse, using
optimal temperature (15 to 18°C), humidity (60 to 80%)
and lighting (12,000 to 15,000 lux) for development of
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the pathogen (Anpilogova and Volkova, 2000). Wheat
plants were grown in 0.5 L capacity pots, five to eight
plants in each pot, until their second leaves appeared
(germination phase). The wax bloom was then removed
from the plants by lightly rubbing the leaves with slight-
ly moistened fingers, and suspensions of urediniospores
of the respective populations were applied at low con-
centration. Water was then applied to the plants with
a pump sprayer and the plants were placed in a humid
chamber for 18 to 20 h at 13 to 16°C, after which they
were transferred to isolated boxes in a greenhouse. After
13 to 14 d, when first signs of disease appeared, only one
plant with a single chlorotic spot was left in each pot.
This plant was covered with an insulator 10 cm in diam-
eter, with a double layer of gauze fixed on top.

Multiplication of P. striiformis isolates was carried
out on the same variety using the methods described
above. Urediniospores were collected into test tubes,
which were identified isolate identifications and agrocli-
matic zones.

Virulence analysis of Puccinia striiformis isolates

To study the virulence of the pathogen population,
standard sets of host differentials and lines, carrying 41
resistance genes (Table 1), were used. Perforated pots
each containing 25 mL of sand were placed on trays, and
were irrigated with Knop’s nutrient solution (stock solu-
tion: 100 g calcium nitrate, 25 g potassium phosphate, 25
g of magnesium sulphate, 12.5 g potassium chloride, 0.1
g of ferric chloride, in 1 L water). For irrigation, 100 mL
of the stock solution was diluted in 10 L of water and the
trays were filled with the nutrient mixture (Smirnova
and Alekseeva, 1988).

Sprouted seeds of differentials and near isogenic
lines were sown into pots, at five seed per pot. In the 1-2
true leaf phase, When resulting plants were at the one
to two leaf stage, they were inoculated with each of P.
striiformis isolates. A tray with each set of varieties and
lines was designated by the isolate number with which
the plants were infected. At 14 to 18 d after inoculation,
when the type of reaction was well pronounced, the
reaction was assessed. The type of reaction was deter-
mined using the Gassner and Streib scale (Roelfs et al.,
1992). Varieties and lines with reaction type i, 0, 1 and
2 were considered resistant to the isolate, and type 3.4 as
susceptible. a virulence formula was then determined,
where the effective resistance genes of each host plant
were indicated in the numerator, and the ineffective
genes were indicated in the denominator (Green, 1965).
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Table 1. Sets of host plant differentials, near isogenic lines of vari-
ety Avocet and additional varieties with known resistance genes for
characterizing Puccinia striiformis virulence.

Varieties and

. Yr Gene(s)  Varieties and lines Yr Gene(s)
lines

International set Fielder 6+20
Chinese 166* 1 Tyee Tye
Lee* 7422423 Tres Tr1+Tr2
Heines Kolben 2+6 Hyak 17
Vilmorin 23 3a+4a+V23  Express Expl+Exp2
Moro* 10+Mor Australian set on the base of
Strubes Dickkopf SD+25 variety Avocet

Suwon 92x Omar SU Yrl / 6 Avocet S 1
Clement* 2+9+Cle Yr5 / 6 Avocet $* 5

T. spelta album 5 Yr6 / 6 Avocet S 6
European set Yr7 / 6 Avocet S 7
Hybrid 46 3b+4b+H46 Yr8 /6 Avocet $* 8
Reichersberg 42 7+25 Yr9 / 6 Avocet $* 9
Heines Peko 2+6+25 Yr10 / 6 Avocet S 10
Nord Desprez 3a+4a+ND  Yr15/ 6 Avocet S 15
Compair* 8+19 Yrl7 / 6 Avocet S 17
Carstens V 25+32 Yr24 / 6 Avocet S 24
Spaldings prolific Sp+25 Yr26 / 6 Avocet S 26
Heines VII* 2+HVII Yr27 / 6 Avocet S 27
American set Yr32 / 6 Avocet S 32
Lembhi 21 YrSp / 6 Avocet S Sp
Paha Pal+Pa2+Pa3 Avocet Resistans A
Druchamp 3a+Dru+Dru2 Jupateco 73 R 18
Produra Pr1+Pr2 additional varieties

Yambhill 2+3a+Yam  Minister 3c+Min
Stephens 3a+Ste+Ste2  Vuka 4b

* Host varieties and lines also included in the American set of dif-
ferentiator varieties.

Statistical analyses of results

The level of diversity of P. striiformis phenotypes was
assessed using the Shannon index (Hw) according to the
formula (Kolmer et al., 2003):

H, = -¥ pi In(pi)/In(n)

where pi is the frequency of i-th phenotype in the popu-
lation, and n is = the total number of isolates of the pop-
ulation.

The diversity of the P. striiformis population The fre-
quencies of virulence genes was described using the Ney
diversity index (H,) (Kosman and Leonard, 2007):

H,P)=21-¢q°-1-¢)Vk 1<i<k,
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where g; is the frequency of i-th gene in this population,
and k= number of genes.

The differences of frequencies of virulence genes
between the P. striiformis populations were assessed
using Ney’s genetic distance (Kosman, 1996):
N=22x;y;/VIZx% I8y,
where x;; and y; indicate frequencies of i-th allele, in the
j-th year in compared populations.

RESULTS
Virulence of the wheat yellow rust pathogen population

For the period from 2013 to 2018, virulence of 186
isolates of P. striiformis was described (Table 2). Of 41
host lines with resistance genes, 38 showed different
responses to P. striiformis infection.

Over the 5 years of study, the pathogen popula-
tion lacked isolates virulent to the Yr resistance genes
3, 5, 26, or Sp. Single (from 1 to 5%) occurrences were
observed of isolates virulent to lines with the Yr genes
3a, 17, 24, 3b + 4a + H46, or 3c + Min. In 2009, 1010 and
2011, isolates affecting varieties with Y717 occurred with
a frequency of 30%, while isolates virulent to the Yr3c +
Min gene were absent in the population (Shumilov et al.,
2015). The frequency of P. striiformis isolates virulent to
the lines with the Yr genes 4 + 12, 6, 7 + 25, 2 + HVI],
32,2+ 9, or SD remained at an average level and vary-
ing from 6 to 20%.

The frequency of isolates on host lines with the
Yr genes 1, 2, 4b, 21, SU, 2 + 6, 7 + 22 + 23, or 8 + 19
remained stably high (30-80%). On differentiator varie-
ties with the Yr genes 39 + Alp and Dal + Da2 the fre-
quency of isolates was high in all years of study, except
2017. On varieties and lines with Yr genes 7, 9, 10, 15,
18, 25, 10 + Mor , 3a + 4a + V23, or 25 + 32, high poly-
morphism of the pathogen reaction types was observed.
There was also a decrease in the frequency of isolates for
the line with the Y78 gene, and an increase for the line
with the Yr3a + 4a + ND genes.

Diversity of Puccinia striiformis populations by virulence
phenotypes

The study of the phenotype composition of the
North Caucasian population of the wheat yellow rust
pathogen revealed significant diversity; 182 virulence
phenotypes were identified from 186 P. striiformis iso-
lates. Among the isolates from the populations of 2014,
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Table 2. Frequency (%) of isolates with virulence alleles in the
North Caucasian population of Puccinia striiformis f. tritici during
2013 to 2018.

Yr gene frequency (%) and Years of assessment

Yr genes of
virulence 2013 2014 2015 2017 2018
30.6 87.8 783 40 52.7
2 50.0 69.4 65.7 30 45.1
3a 0.0 2.0 0.0 5 1.6
4+12 8.3 6.1 7.0 20 5.8
4b 25.0 81.6 71.6 55 42,4
6 0.0 6.1 8.2 0 2.8
7 11.1 8.2 104 40 0.0
19.4 10.2 11.8 5 0.0
9 0.0 67.3 125 45 222
10 16.7 79.6 18.1 10 5.1
15 11.1 81.6 37.4 30 13.9
17 0.0 4.1 12 0 48
18 8.3 51.0 106 40 62.7
21 58.3 79.6 448 30 64.3
24 0.0 4.1 0.0 0 2.8
25 19.4 85.7 20.2 30 18.6
27 11.1 2.0 2.1 0 0.0
29 30.6 69.4 56.7 15 49.1
32 0.0 12.2 10.1 5 17.2
249 0.0 12.2 10.8 20 10.8
SU 222 57.1 483 15 44.4
SD 5.6 8.2 5.2 5 7.2
10+Mor 5.6 46.9 10.1 20 5.6
3a+4a+V23 16.7 51.0 34.1 35 28.4
246 48.9 73.5 51.0 40 46.1
7422423 41.7 75.5 59.7 45 52.5
2+HVII 11.1 6.1 10.9 20 19.4
25+32 0.0 65.3 12 15 14.8
8+19 55.6 65.3 31.8 40 414
3a+4a+ND 19.4 10.2 16.1 20 35.6
246425 8.3 30.0 246 35 16.7
7425 19.4 8.2 6.1 20 10.4
3b+4a+H46 0.0 2.0 0.0 5 3.6
A 19.4 63.3 54.4 35 722
Dal+Da2 139 32.7 27.5 0.0 18.4
39+Alp 41.7 57.1 49.8 0.0 51.3
3, 5,26, Sp 0.0 0.0 0.0 0.0 0.0
3c+Min 2.8 0.0 0.0 0.0 1.6
Number of isolates 36 49 45 20 36

2015, and 2018, all the phenotypes were unique. In the
2013 pathogen population, four phenotypes occurred
twice. Diversity of the populations (frequencies of vir-
ulence alleles) remained at a moderate average level
(Table 3).
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Table 3. Ney and Shannon indices for Puccinia striiformis popula-
tions in South Russia, during 2013 to 2018.

Year Number of P, Number of Neyindex  Shannon
striiformis isolates phenotypes (Hs) index (Sh)
2013 36 32 0.21 0.96
2014 49 49 0.27 1.0
2015 45 45 0.26 1.0
2017 20 20 0.27 1.0
2018 36 36 0.27 1.0

Differences between Puccinia striiformis populations in
2013 to 2018 by frequencies of virulence alleles

The populations of P. striiformis in 2013 to 2018 was
compared for the number of virulent alleles (Figure 1).
The population of the pathogen in 2013 was character-
ized by reduced virulence, and phenotypes with small
numbers (1-8) of virulence alleles. In contrast, the 2014
population was characterized by a predominance of
highly virulent isolates with medium and high levels of
virulence alleles.

The 2015 P. striiformis population was also domi-
nated by isolates with medium numbers of virulence
alleles. In the 2017 population of the pathogen, isolates
with short virulence formulae prevailed, although iso-
lates with a medium and high content of virulent alleles
totalled 50%. The 2018 population was characterized
by an approximately equal ratio of isolates containing
medium and large numbers of virulence alleles. Thus,
from year to year, the virulence of the populations var-
ies greatly, which indicated the pathogen ability for rapid
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Figure 1. Frequency of Puccinia striiformis phenotypes with different
numbers of virulence alleles in South Russia during 2013 to 2018.
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Table 4. Ney indices for Puccinia striiformis populations in South
Russia during 2013 to 2018, as indicated by the frequencies of viru-
lence alleles.

Compared Year of assessments of Puccinia striiformis populations

pairs

2013 2014 2017 2018
2013 0.23 0.37 0.17
2014 0.15 0.14
2015 0.18 0.11 0.21 0.10
2017 0.20

race formation in response to changes in biotic and abi-
otic factors.

The differences in frequencies of virulence alleles in
the P. striiformis populations between years, as shown
by Ney indices were generally insignificant (Table 4),
with the exception of populations in 2013 and 2017 (N
=0.37).

The minimum Ney index value was found between
Puccinia striiformis populations in 2015 and 2018 (N =
0.10).

DISCUSSION

The established diversity of the P. striiformis popu-
lation in southern Russia in terms of virulence pheno-
types, noted earlier in previous studies (Shumilov et al.,
2015; Volkova, 2020), has been primarily associated with
the large number of cultivated winter wheat varieties.
In the Krasnodar region, about 98 varieties are grown,
in the Rostov region, 125 varieties, and in the Stavropol
region, 140 winter wheat varieties are used.

The effective Yr genes 3, 5, 26, and Sp partially
retained their efficiency shown in previous years. For
host lines with resistance genes Yr5 and Y#Sp, this ten-
dency has continued since 2009 (Shumilov, 2013),
although the moderate frequency of isolates virulent to
Yr26 in 2009 to 2011 was about 6%. In populations of
the P. striiformis in other continents, the effectiveness
of a number of resistance genes has been similar. For
example, in western Canada for many years (1984 to
2013) the host lines with Yr genes 1, 5, 15, and SP were
not affected by the pathogen, and starting in 2010, iso-
lates virulent to Yr genes 24 and 26 started to occur
(Brar et al., 2016; 2018). In the United States of America,
Yr genes 5, and 15 have been effective since 1960 (Liu
et al., 2017). In contrast, in Kazakhstan, Yr5, Yr9, Yr26,
and Yr27 are considered to be effective genes (Rsaliev,
2008), while in South Russia Y79 has lost its effective-
ness and the frequency of P. striiformis isolates infecting
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Yr27 was from 2 to 11% (Table 2). Isolates from Pakistan
and the United States of America were avirulent to lines
with genes Yr5, Yrl5, and YrSP (Bux et al., 2012). The
Y126 gene, which was effective in South Russia, is gradu-
ally losing effectiveness in regions of China, which are
especially prone to yellow rust. This is probably due to
active use of this gene in wheat breeding in these regions
(Han et al., 2015). In 2015, P. striiformis isolates virulent
to Yr26 were also found in Mexico (Huerta-Espino and
Singh, 2017). In Europe, western and central Asia and
Africa, this gene has retained effectiveness (Howmoller
et al., 2020). The appearance and spread of new races in
Europe and North Africa, which are annually record-
ed in new territories, causes concern. For example, the
race “Warrior” (PstS7), discovered in 2011 in the United
Kingdom (virulence profile Yrl, 2, 3, 4, 6, 7, 9, 17, 25, 32,
Sp, AvS, and Amb), and introduced into the European
population of the pathogen, caused increased yield losses
in many varieties (Rahmatov, 2016). In 2016, a virulent
race was found in Ukraine and Azerbaijan (Hovmeller
et al., 2018). In Russia, Yr3 and YrSp still retain their
effectiveness, but the appearance of virulent races in
neighbouring regions dictates the need for careful moni-
toring of the virulence of P. striiformis populations.
Thus, the Yr5, Yrl5, and Yr26 genes have remained
effective in different regions of the world for many years.
This is probably due to their origins. The Yr5 gene was
obtained from the wild species Triticum spelta album,
the Yr 15 gene from Triticum dicoccoides, (Gerechter-
Amitai et al. 1989), and the Yr26 gene was transferred
from durum wheat to soft wheat via amphiploid with
Aegilops tauschii (McIntosh and Lagudah, 2000). These
three genes belong to the group of so-called ASR genes,
which are distinguished by their efficacy at all stages of
plant growth (Wang and Chen, 2017). For the P. strii-
formis population in southern Russia, the frequency of
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isolates virulent to lines with YrI5 genes varied from 11
to 82%.

Dynamics of the frequency of P. striiformis isolates
to some differential varieties and lines with Yr genes
can be traced, starting from 2009 (Figure 2 and Figure
3) (Shumilov, 2013).In 2014, there was a sharp increase in
the frequency of pathogen isolates virulent to varieties
and lines with genes Yr25 + 32 and Yr10 + Mor. In sub-
sequent years, the frequencies decrease. A similar surge
was observed for most of the other Yr genes, including 1,
2, 4b, 9, 10, 15, 21, 25, 29, SU, 3a + 4a + V23, 2 + 6, and
7 + 22 + 23. In general, however, there were no signifi-
cant differences between the 2014 population and other
populations. This indicates that the pathogen popula-
tions were clonal, and the variability was probably due
to weather conditions or rotation of varieties, and not
from pathogen introductions from outside the region.

Comparing the frequencies of virulence alleles with
similar results in previous years indicates that the resist-
ance of some effective genes has gradually been lost (see
Figures 2, and 3). For example, the frequency of isolates
virulent to testers with the genes Yr3a + 4a + ND and
Yr2 + 9 in 2009 to 2011 did not exceed 5%, while from
2013 to 2015 this was greater ranging from 6 to 19%.

A specific feature of the North Caucasian P. strii-
formis populations has been the low or moderate fre-
quency of occurrence of isolates virulent to a number of
differential lines based on the wheat variety Avocet, as
compared to pathogen populations in Canada and the
United States of America. For example, in the patho-
gen population in Canada in 2012, there was high fre-
quency of pathogen isolates (70 to 100%) with virulence
to YrA, Yr2, Yre6, Yr7, Yr8, Yr9, Yrl7, Yr26, Yr27, Yr31 and
Yr32 (Kumar et al., 2012). In the South Russian popula-
tion, the frequency of isolates virulent to most of these
lines ranged from 6 to 17%. Therefore, for a complete
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Figure 2. Frequencies of Puccinia striiformis isolates in South Russia from 2009 to 2018 with virulence to the European set of differential

wheat varieties.
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Figure 3. Frequencies of Puccinia striiformis isolates in South Russia
during 2009 to 2018, with virulence to the host varieties and lines
of the International and Australian differential sets.

and objective analysis of the virulence of the P. strii-
formis population, differentiation in the southern region
of Russia was carried out using the international, Ameri-
can, European and Australian host differential sets.

CONCLUSIONS

These studies of the P. striiformis populations in
South Russia have shown that even in conditions unfa-
vourable for the pathogen, yellow rust of wheat occurred
in the region every year, and in some areas there were
foci of the disease with of up to 50% severity. Effec-
tive host genes for resistance to P. striiformis were the
Yr genes 3, 5, 26, and Sp. At the same time, host lines
with genes Yr5 and Yr Sp have continued to be resist-
ant since 2009. Single (from 1 to 5%) occurrences of
isolates virulent to host lines with several Yr genes were
observed, including gene 3a, 17, 24, 3b + 4a + H46, and
3¢ + Min. According to the Shannon diversity indices,
phenotypic composition of the P. striiformis population
in South Russia has been established. This confirms is a
characteristic feature of the population, as described in
previous studies (Shumilov et al., 2015; Volkova et al.,
2020). The differences in P. striiformis populations in the
frequency of virulence genes between years are insig-
nificant. During the five years of the present study, there
were intensive virulence dynamics and changes in the
frequency of virulence to host Yr genes in the pathogen
population. This feature in South Russia, combined with
high phenotypic diversity, indicates the ability of P. strii-
formis for rapid race formation and morphogenesis in
response to changes in biotic and abiotic environmental
factors. This dictates the need for continued monitoring
of an important pathogen in this region. The obtained
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long-term data on the dynamics of virulence of P. strii-
formis are important for understanding the interaction
mechanisms of this host-pathogen system, and provide a
necessary link in breeding for resistance to yellow rust
in South Russia.
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Summary. A new cleistanthane nor-diterpenoid, named olicleistanone (1), was isolated
as a racemate from the culture filtrates of Diplodia olivarum, an emerging pathogen
involved in the aetiology of branch canker and dieback of several plant species typical
of the Mediterranean maquis in Sardinia, Italy. When the fungus was grown in vitro on
Czapek medium, olicleistanone was isolated together with some already known phyto-
toxic diterpenoids identified as sphaeropsidins A, C, and G, and diplopimarane (2-5).
Olicleistanone was characterized as 4-ethoxy-6a-methoxy-3,8,8-trimethyl-4,5,8,9,10,11-
hexahydrodibenzo[de,g]chromen-7(6aH)-one. When D. olivarum was grown on min-
eral salt medium it produced (-)-mellein (6), sphaeropsidin A and small amounts of
sphaeropsidin G and diplopimarane. Olicleistanone (1) exhibited strong activity against
the insect Artemia salina L. (100% larval mortality) at 100 ug mL"! but did not exhibit
phytotoxic, antifungal or antioomycete activity. Among the metabolites isolated (1-6),
sphaeropsidin A (2) was active in all bioassays performed exhibiting strong phytotox-
icity on leaves of Phaseolus vulgaris L., Juglans regia L. and Quercus suber L. at 1 mg
mL . Sphaeropsidin A (2) also completely inhibited mycelium growth of Athelia rolfsii,
Diplodia corticola, Phytophthora cambivora and P. lacustris at 200 ug per plug, and was
active in the Artemia salina assay. Also in this assay, diplopimarane (5) and sphaerop-
sidin G (4) were active (100% larval mortality). Diplopimarane also showed antifungal
and antioomycete activities. Athelia rolfsii was the most sensitive species to diplopi-
marane. Sphaeropsidin C (3) and (-)-mellein (6) were inactive in all bioassays. These
results expand knowledge on the metabolic profile of Botryosphaeriaceae, and embody
the first characterization of the main secondary metabolites secreted by D. olivarum.

Keywords. Botryosphaeriaceae, forest ecosystems, olicleistanone, toxins.

INTRODUCTION

Diplodia Fr. is a large genus in the Botryosphaeriaceae, typified by Diplo-
dia mutila (Fr.: Fr.) Fr. (Alves et al., 2014). Species of Diplodia are cosmopoli-
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tan in temperate and subtropical regions, and occur on a
wide range of angiosperm and gymnosperm hosts (Masi
et al., 2018). They exhibit diverse lifestyles, from endo-
phytes inhabiting asymptomatic plant tissues to aggres-
sive pathogens that cause severe diseases in various plant
hosts (Pérez et al., 2010; Adamson et al., 2015; Martin
et al., 2017; Masi et al., 2018). The increasing number of
reports of new diseases caused by these pathogens has
stimulated research into the virulence factors involved
in their pathogenesis processes. Several bioactive sec-
ondary metabolites were isolated and characterized from
the emerging Diplodia pathogenic species D. africana,
D. corticola, D. cupressi, D. fraxini, D. quercivora and D.
sapinea. These metabolites belong to different classes of
organic compounds including pimarane diterpenoids,
a-pyrones, furanones, diplobifuranylones, naphthoqui-
nones, biphenols, cyclohexene oxides, furopyrans, isoch-
romanones and melleins (Evidente et al., 2012; Andolfi
et al., 2014; Cimmino et al., 2016; Cimmino et al., 2017a;
Masi et al., 2018). Some phytotoxins produced by Diplo-
dia species (e.g. the tetracyclic pimarane diterpenoid,
sphaeropsidin A) have broad-spectra of biological prop-
erties, including anticancer activity (Masi et al., 2018).

Recently, Diplodia olivarum has emerged as an
aggressive pathogen on different plant hosts in Italy.
This fungus was first found on rotting olive drupes in
southern Italy, and was described as a new species in
2008 (Lazzizera et al., 2008). It was later reported as a
cause of canker on carob tree (Granata et al., 2011), len-
tisk (Linaldeddu et al., 2016) and wild olive (Manca et
al., 2020). Symptoms caused by the pathogen in infected
hosts include sunken cankers with characteristic wedge-
shaped wood necroses on branches and stems. Foliar
symptoms have also been observed especially on lentisk
shoots (Figure 1).

Given the expansion of severe dieback caused by D.
olivarum in several natural ecosystems in Italy, and the
limited information available about bioactive secondary
metabolites produced by this emerging pathogen, the
study described here was conducted to isolate, identify
and evaluate phytotoxic, antifungal, antioomycetes and
zootoxic activities of the main compounds produced by
D. olivarum

MATERIALS AND METHODS
Chemical characterization procedures
Optical rotations were measured in MeOH on a
P-1010 digital polarimeter (Jasco, Tokyo, Japan), unless

otherwise noted. IR spectra were recorded as a glass film
deposits using a 5700 FT-IR spectrometer (Jasco), and
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Figure 1. Foliar symptoms on lentisk shoots infected by Diplodia
olivarum.

UV spectra were measured in MeCN on a V-530 spec-
trophotometer (Easton). 'H and *C NMR spectra were
recorded, respectively, at 400 and 100 MHz in CDCl;, on
a Bruker spectrometer (Billerica), using the same solvent
as internal standard. The multiplicities were determined
by DEPT spectrum (Berger and Braun, 2004). COSY,
HSQC, HMBC and NOESY spectra were recorded using
Bruker microprograms. HR ESIMS spectra were record-
ed on a 6120 Quadrupole LC/MS instrument (Agilent
Technologies). Analytical (0.25 mm thickness) and
preparative TLC (0.50 mm thickness) were performed
on silica gel (Kieselgel 60, F,s,,) and on reversed phase
(Kieselgel 60 RP-18, F,s5,, 0.20 mm tickness) plates (Mer-
ck). Resulting spots were visualized by exposure to UV
radiation (253 nm), or by spraying first with 10% H,SO,
in MeOH and then with 5% phosphomolybdic acid in
EtOH, followed by heating at 110°C for 10 min. Column
chromatography was performed using silica gel (Merck,
Kieselgel 60, 0.063-0.200 mm).
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Fungus strain

The D. olivarum strain used in this study was origi-
nally isolated from a cankered branch of lentisk col-
lected in a natural area on Caprera Island (Italy). Rep-
resentative genetic sequences from this strain were
deposited in GenBank, with the accession numbers:
ITS; KX833078), tefl-a; KX833079) and MAT1-2-1;
MGO015783 (Lopes et al., 2018). Pure cultures were main-
tained on potato dextrose agar (PDA) (Fluka, Sigma-
Aldrich Chemic GmbH) and were stored at 4°C in the
collection of the Dipartimento di Agraria, University of
Sassari, Italy, as BL96.

Production, extraction and purification of secondary
metabolites

Diplodia olivarum was grown on Czapek broth
amended with 2% yeast extract or mineral salt medium
(Pinkerton and Strobel, 1976), both at pH 5.7 in 1 L
capacity Erlenmeyer flasks each containing 250 mL of
medium. Each flask was seeded with 5 mL of a myce-
lium suspension and then incubated for 30 d at 25°C.
Culture filtrates were obtained by filtering the cultures
through filter paper in a vacuum system.

The filtrate (14.5 L), obtained growing the fungus on
Czapek medium, was acidified to pH 4 with 2 N HCl
and extracted exhaustively with EtOAc. The combined
organic extracts were dried with Na,SO, and evapo-
rated under reduced pressure. The brown-red oil residue
recovered (4.5 g) was fractioned by column chromatog-
raphy on silica gel (90 x 4 cm) eluted with n-hexane-
EtOAc (7:3). Eleven fractions were collected and pooled
on the basis of similar TLC profiles. Fraction 2 (195.2
mg) was purified by column chromatography on silica
gel, eluted with petroleum ether-EtOAc (9.5:0.5), and
yielded 13 homogeneous fractions. The residue of the
fourth fraction from this latter column (11.0 mg) was
further purified by TLC, eluted with n-hexane-acetone
(8.5:1.5), and yielded sphaeropsidin G, 4 [6.7 mg, 0.46
mg L, R, 0.82, eluent n-hexane-acetone (8.5:1.5)] as an
amorphous solid. The residue of the third fraction (103.2
mg) was purified by column chromatography on silica
gel (75 x 3 cm), eluted with CHCl;-isoPrOH (93:7), and
yielded eight homogeneous fractions. The residue of the
third fraction from this latter column (23.0 mg) was
crystallized with EtOAc-n-hexane (1:5) to give diplopi-
marane, 5 [14.2 mg, 0.97 mg L, R, 0.7, eluent n-hexane-
EtOAc (7:3)] as white crystals. The residue of the eighth
fraction (56.4 mg) was purified by preparative TLC,
eluted with n-hexane-CHCI;-isoPrOH (8:1.5:0.5), and
yielded olicleistanone (1) as an amorphous solid [5.8
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mg, 0.4 mg L', R;0.45, eluent n-hexane-CHCl;-isoPrOH
(8:1.5:0.5)]. The residues from the fifth (290.3 mg) and
sixth (278.9 mg) fractions from the first column were
combined and crystallized with EtOAc-n-hexane (1:5) to
give sphaeropsidin A, 2 [312.6 mg, R;0.5, eluent n-hex-
ane-acetone (7:3), Ry 0.7, eluent n-hexane-EtOAc (6:4)] as
white crystals. The residue of the seventh fraction (135.1
mg) from the first column was purified by CC on silica
gel, eluent n-hexane-EtOAc-acetone (6:2.5:1.5), giving
sphaeropsidin C, 3 [53.3 mg, 3.67 mg L, R;0.52, elu-
ent n-hexane-EtOAc-acetone (6:2.5:1.5), Ry 0.63, eluent
n-hexane-EtOAc (6:4)] as a white solid, and a further
amount of sphaeropsidin A, 2 (33.2 mg, total yield 23.7
mg LY).

The culture filtrate (10.0 L) obtained growing the
fungus on modified mineral medium was extracted fol-
lowing the procedure described above to obtain 3.2 g of
organic extract. This was fractioned by column chro-
matography on silica gel (80 x 4 cm) eluted with n-hex-
ane-EtOAc (7:3), and yielded ten groups of homogene-
ous fractions. The residue of the third fraction (302.3
mg) was purified by column chromatography on silica
gel (75 x 3 cm), eluted with n-hexane-CHCl;-isoPrOH
(7.5:2:0.5), and yielded diplopimarane (5; 1.4 mg, 0.01
mg L) and (-)-mellein [6; 105.8 mg, 7.30 mg L, R, 0.65,
eluent n-hexane-CHCI;-isoPrOH (7.5:2:0.5)]. The residue
of the fourth fraction of the first column (8.2 mg) was
further purified by TLC, eluted with n-hexane-acetone
(8.5:1.5), and yielded sphaeropsidin G (4; 1.5 mg, 0.10
mg L1). The residue of the fifth (815.9 mg) fraction of
the first column was crystallized with EtOAc-n-hexane
(1:5) to give sphaeropsidin A (2; 677 mg, 46.69 mg /L).

Spectroscopic data of secondary metabolites

Olicleistanone (1): UV A, (log ¢€) 333 (2.98), 241 (3.55)
nm; IR v, 1725, 1610, 1592, 1560, 1458 cm’’; 'H and
1BC NMR: Table 1; HRESI -MS (+) spectrum m/z: 735
[2M+Nal*, 395 [M + KJ*, 379.1876 [C,,H,s Na O,, calcd.
379.1885, M+Na]*, 311 [M+H-CH,CH,OH]".

Sphaeropsidin A (2): [a]p*® +104 (¢ 0.4, MeOH); [lit. (Evi-
dente et al., 1996): [a]p?® +109.6 (c 0.2, MeOH); 'H NMR
is very similar to that previously reported (Evidente et
al., 1996); HRESI-MS (+) spectrum m/z: 715 [2M+Nal*,
369 [M+Na]’, 347.1820 [C,,H,,0s, calcd. 347.1780,
M+H]".

Sphaeropsidin C (3): [a]p?® +18.3 (¢ 0.7, MeOH); [lit.
(Evidente et al.,, 1997): [a]p* + 16.8 (c 1.0, MeOH)];
'H NMR is very similar to that previously reported
(Evidente et al., 1997); HRESI-MS (+) spectrum m/z:
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703 [2M+K]*, 687 [2M+Nal*, 665 [2M+H]*, 333.2037
[Cy0H,0,, caled. 333.2066, M+H]".

Sphaeropsidin G (4): [a]p?® +48.6 (¢ 0.8, CHCL;) [lit.
(Cimmino et al., 2016): [a]p?® +51.4 (¢ 0.56, CHCL,)]; 'H
NMR is very similar to that previously reported (Cim-
mino et al., 2016); ESI-MS (+) spectrum m/z: 309 [M +
K%, 293 [M + NaJ*, 271 [M + HJ".

Diplopimarane (5): [a]p?® +23.0 (¢ 0.1, CHCl,) [lit.
(Andolfi et al., 2014): [a]p**+25.8 (¢ 0.6, CHCI,)]; 'H
NMR is very similar to that previously reported (Andolfi
et al., 2014); ESIMS (+) spectrum m/z: 623 [2M - 4H +
Nal*, 339 [M - 2H + K]*, 325 [M + Na]*, 323 [M - 2H +
Na]".

(-)-Mellein (6): [a]*°D -93.0 (c 0.3 MeOH) [lit. (Masi et
al., 2020): [a]**y -90 (c 0.2, CH;OH)]; 'H NMR is similar
to that previously reported (Masi et al., 2020); ESI MS
(+) spectrum m/z: 179 [M + H]*.

Computational methods

Molecular mechanics, Hartree-Fock (HF) and den-
sity functional theory (DFT) calculations were run with
Spartan’l8 (Wavefunction, Inc. 2018), with standard
parameters and convergence criteria.

First, the conformers of (7S,155)-1 and (7S,15R)-1 were
investigated with the Monte Carlo algorithm using Merck
molecular force field (MMFEF). They were then screened
by geometry optimizations at HF/3-21G level, single-point
calculations at B3LYP/6-31G(d) level, and final geometry
optimizations at the same level. Energies and populations
were then estimated at the BO7M-V/6-311+G(2df,2p) level.
The procedure gave six energy minima for (7S,155)-1 and
ten minima for (7S,15R)-1 within the final energy thresh-
old (10 k] mol! at the BO7M-V/6-31G(d) level). 3C-NMR
chemical shifts were then calculated with the GIAO meth-
od at the B3LYP/6-31G(d) level. An empirical correction
was applied to each molecule depending on the number
of bonds to the carbon and on the bond lengths (Hehre et
al., 2019). 3] coupling constants were determined as Boltz-
mann averages of all the DFT structures described above,
either with Karplus equations or at B3LYP/pcJ-0 levels
(Fermi contact term only).

Leaf puncture assays
Leaves of Phaseolus vulgaris L, Juglans regia L. and

Quercus suber L. were used for this assay, and each com-
pound was tested at 1.0 mg mL!. The assays were per-

Roberta Di Lecce et alii

formed as previously reported (Andolfi et al., 2014), and
each treatment was repeated three times. Leaves were
observed daily and scored for symptoms after 5 d. The
effects of the toxins on the leaves were observed up to 10
d . Lesions were estimated using APS Assess 2.0 software
following the tutorials in the user’s manual. Lesion size
was expressed in mm?2.

Antifungal assays

All compounds (1-6) were preliminarily tested on
four different plant pathogens including the two fungi
(Athelia rolfsii and D. corticola) and the two oomycetes
(Phytophthora cambivora and P. lacustris). The sensitiv-
ity of all four species to these compounds was evaluated,
depending on the species, on carrot agar (CA) or pota-
to dextrose agar (PDA), as inhibition of the mycelium
radial growth. The assays were performed as previously
reported (Masi et al., 2016). Each metabolite was tested
at 200 pg per plug. Methanol was used as negative con-
trols. Metalaxyl-M (mefenoxam; p.a. 43.88%; Syngenta),
a synthetic fungicide to which the oomycetes are sensi-
tive, and PCNB (pentachloronitrobenzene) for ascomy-
cetes and basidiomycetes, were used as positive controls.
Each treatment consisted of three replicates, and the
experiment was repeated two times

Artemia salina bioassays

All compounds were assayed on brine shrimp lar-
vae (Artemia salina L.). The assay was performed in
cell culture plates with 24 cells (Corning) as previously
described (Andolfi et al., 2014). The metabolites were
tested at 100 mg mL!. Tests were performed in quad-
ruplicate. The proportions (%) of larval mortality was
determined after 36 h incubation at 27°C in the dark.

RESULTS AND DISCUSSION

The organic extract obtained from filtrates of D. oli-
varum culture grown on Czapek medium was purified to
yield a new nor-diterpenoid cleistanthane (1; Figure 2),
named here as olicleistanone, together with two known
pimarane diterpenoids identified as sphaeropsidins A and
C (respectively 2 and 3; Figure 2), and two known nor-
pimarane diterpenoids identified as sphaeropsidin G and
diplopimarane (respectively, 4 and 5; Figure 2). When the
fungus was grown on mineral salt medium it produced
(-)-mellein (6; Figure 2), sphaeropsidin A (2) and low
amounts of sphaeropsidin G (4) and diplopimarane (5).
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2, Sphaeropsidin A

3, Sphaercpsidin C

4, Sphaeropsidin G

OH O

6 (-)-Mellein

5, Diplopimarane

Figure 2. Structures of olicleistanone (1), sphaeropsidins A, C and
G (2, 3 and 4), diplopimarane (5) and (-)-mellein (6).

The known compounds (2 to 6) were identified compar-
ing their physical (specific optical rotation) and spectro-
scopic data (‘"H NMR and ESIMS) with those previously
reported (Evidente et al., 1996; Evidente et al., 1997; Evi-
dente et al., 2010; Andolfi et al., 2014; Abou-Mansour et
al., 2015; Cimmino et al., 2016; Cimmino et al. 2017b;
Masi et al., 2018; Masi et al., 2020).

Olicleistanone (1) has a molecular formula of
C,,H,30,, as deduced from its HR ESIMS spectrum and
consistent with nine hydrogen deficiencies. Preliminary
investigation of its 'H and *C NMR spectra (Table 1)
showed that the compound is closely related to a tricy-
clic nor-diterpenoid, with aromatized and cyclohexa-
diene rings (C and B) joined to a dihydropyran ring (D)
generated probably from a cleistanthane carbon skeleton
(Devappa et al., 2011). The signal at § 195.5 in the C
NMR spectrum also showed the presence of a conjugated
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ketone group (Breitmaier and Voelter, 1987). These results
are in full agreement with the bands typical for carbonyl
and aromatic groups observed in the IR spectrum (Naj-
kanishi and Solomns 1977) and the absorption maxima
observed in the UV spectrum (Pretsch et al., 2000).

The 'H and COSY spectra (Berger and Braun, 2004)
of olicleistanone (1) showed the presence of the typical
signals of two ortho-coupled protons (H-11 and H-12) of
a 1,2,3,4-tetrasubstituted C benzene ring, and the sin-
glets of a methoxy group (CH;-22), a vinyl methyl (CH;-
17) and two methyls (CH;-19 and CH;-18) bonded to a
quaternary carbon. The two methyls represent the head
of the geranylgeranyl biosynthetic precursor which gen-
erated the diterpenoid cleistanthane carbon skeleton.
The same spectra showed the signal of an ethoxy group.
A signal pattern due to pyran moiety (ring D) of the
benzohydropyran system (C and D rings) appeared as an
ABC system. The spectra also showed a signal typical of
the three adjacent methylene groups (CH,-1, CH,-2 and
CH,-3) of the A ring (Pretsch et al., 2000).

The correlations observed in the HSQC spectrum
(Berger and Braun, 2004) allowed the chemical shifts to
be assigned to the protonated carbons, as reported in
Table 1 (Breitmaier and Voelter, 1987).

The long range couplings observed in the HMBC
spectrum (Berger and Braun, 2004) (Table 1) allowed
the quaternary carbons to be assigned. The signals at §
34.0 correlated with H,-2, H,-3, H;-18 and H;-19 and
were assigned to C-4, at 136.4 with H,-1, H,-3, H;-18
and H;-19 and assigned to C-5, at 195.5 with H,-1 and
assigned to C-6, at 92.3 with H-15, H,-16 and H-20A
and assigned to C-7, at 130.6 with H-12 and H;-17 and
assigned to C-8, at 146.1 with H,-1, H,-2, H-11 and
assigned to C-10, at 138.7 with H-11 and H;-17 and
assigned to C-13, and at 130.2 with H-12, H-15 and
H,-16 and assigned to C-14. The remaining signal at
§ 132.9 was assigned to C-9 (Breitmaier and Voelter,
1987). The correlation between C-7 and H-20A allowed
the ethoxy group to be located at C-7 and consequently
the methoxy group at C-15. Ethoxy groups are rela-
tively rare in natural products, but not unprecedent-
ed, including several ethoxy-containing ketals like 1
(Wang et al., 2006; Lim et al., 2013; Xiong et al., 2015;
Shen et al., 2015; Zhang et al., 2016). We avoided the
use of ethanol during the extraction or purification
process, which could lead to 1 as an artifact (Maltese et
al., 2009; Capon, 2020).

Thus, the chemical shifts were assigned to all the car-
bons and the corresponding protons, which are report-
ed in Table 1, and olicleistanone (1) was formulated
as 4-ethoxy-6a-methoxy-3,8,8-trimethyl-4,5,8,9,10,11-
hexahydrodibenzo[de,g]chromen-7(6aH)-one.
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Table 1. 'H and *C NMR and HMBC data for olicleistanone (1)*%.

Roberta Di Lecce et alii

Table 2. NOESY data for olicleistanone (1).

Position 8¢ Oy (Jin Hz) HMBC Irradiated Observed Irradiated Observed
2.77 (1H) dt (18.8, 6.1) H-11 H,-1 OMe Hy-17
1 27.4t 247 (1H) ddd (18.8, H,-2, H,-3 H,-20 H,-21 H,-18 H,-20
122, 6.6) H-15 Hy-17, OMe
2 18.6 t 1.80 m (2H) H,-1
3 405t i:i; gg; rrﬁ H,-1, H,-2, H;-18, Hy-19
4 34.0s H,-2, H,-3, H;-18, H,-19 Table 3. Experimental and calculated 3]y values (Hz) for oli-
5 1364 s H,-1, H,-3, Hy-18, H,-19  cleistanone (1)*.
6 195.5 s H,-1
7 923 s H-15, H,-16, H-20A Calculated Calculated Calculated Calculated
g 130.6 s H 12, H, 17 Experimental (Karplus)  (DFT)  (Karplus) (DFT)
9 1329 s (75,158)-1 (7S,15R)-1
10 146.1 s H,-1, H,-2, H-11 H-15/H-16a 3.3 3.14 4.05 7.24 9.26
11 1250d 731 (1H) d (7.9) H-15/H-16b n.d. 0.89 0.70 7.81 8.63
12 131.3d 7.18 (1H) d (7.9)
13 138.7 s H-11, Hy-17 J values ca}culated either by a Karplus curve or by DFT at B3ITYP/
14 1302 s H-12, H-15, H,-16 E;II—)OFI;V; (;nm Z:l:;:)),pz:is ni;)iizi(r)rrlla?:e :::;:)ge of all structures obtained
15 69.5d 420 (1H)d (3.3) H,-16, H,-22 nd: Not detected.
4.22 (1H) dd (12.7, 3.3)¢

16 605t 4.511 ()IH) <(i (12.7) ) H-15
17 1849 234 (3H) s H-12 NMR data, a molecular modelling study was undertak-
18¢ 27.7q 1.23 3H) s H;-19 . First, two diastereomeric structures (7S,15S5)-1 and
19¢ 29.7 q 1.36 (3H) s H,-18 en ’ . o

(7S,15R)-1 were generated and their possible conforma-
20 59.0 t ;2431 Eig; 33 8:; ;8; H,-21 tions were explored by means of a conformational search
) 154q 114 GH) t (7.0) with molecular mechan%cs .(Mérck molecular force ﬁe'ld,
2 557 q 338 (3H) s H-15 MMFF). Geometry optimizations were then run with

22D 'H, 'H (COSY) and *C, 'H (HSQC) NMR experiments con-
firmed the correlations of all the protons and the corresponding
carbons.

> Coupling constants (J) are given in parenthesis.

< Multiplicities were assigned with DEPT.

4 These signals could be exchanged.

¢These two signals are in part overlapped.

The structure assigned to 1 was supported by the
other HMBC couplings reported in Table 1 and from
the data of its HR ESIMS spectrum which showed the
sodium dimer [2M+Nal*, the potassium [M+K]* and the
sodium [M+Na]* adducts at m/z: 735, 395, 379.1876. The
significant ion [M+H-CH;CH,OH]* observed at m/z 311
was probably generated from a pseudo-molecular ion by
loss of ethanol.

Attempts to assign the relative configuration of 1
were made recording a NOESY spectrum. The meas-
ured NOESY correlations are reported in Table 2, but
since there is no clear correlation between the protons of
the methoxy and ethoxy groups, these data alone were
not sufficient to assign the relative configuration of the
two chiral centres (C-7 and C-15). To better interpret

the density functional method (DFT) at the B97M-V/6-
311+G(2df,2p)//B3LYP/6-31G(d) level, using the compu-
tational protocol for the prediction of *C chemical shifts
of flexible compounds, developed by Hehre et al. (2019).
For the two diastereomers, six or ten conformers were
found with detectable populations at room temperature.
The various conformers differed in the conformation of
the methoxy and ethoxy groups, but also in the pucker-
ing of ring A. A clear difference between the two dias-
tereomers was the orientation of H-15, which was pre-
dominantly pseudo-equatorial in (75,155)-1 and pseudo-
axial (7S,15R)-1. Thus, we presumed that the coupling
constants between H-15 and H-16a/H-16b could be used
to discriminate between the two isomers. Experimen-
tally, H-15 appears as a doublet with splitting of 3.3 Hz,
meaning that one Jj5,, was small (3.3 Hz) and the other
was negligible. This agreed with a pseudo-equatorial ori-
entation. 3]5,, were then estimated with Karplus curve
and spin-spin coupling calculations at B3LYP/pcJ-0 level.
These results are shown in Table 3, and strongly support
the assignment of 1 as (75%155%)-1. ®*C-NMR calculations
were then run at the B3LYP/6-31G(d) level. The estimated
root-mean-square (rms) error between experimental and
calculated *C chemical shifts was acceptable (2.4-2.5)
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but similar for both isomers, confirming the (75%155%)-1
assignment but without further supporting it. Neverthe-
less, we consider that the argument based on J-couplings
is accurate enough to assign the relative configuration.

For the absolute configuration, the ECD spectrum of
a solution of 1 in acetonitrile (1 mM, 0.01 cm cell) was
measured. The ECD spectrum was not distinguishable
from the baseline over the whole range (185-400 nm,
data not shown), despite the optimal absorption (0.3 to
0.8 for the absorption peaks). It therefore must be con-
cluded that the isolated sample of 1 was a racemate.
Racemic natural products are rare, and are thought to
result from nonenzymatic reactions (Zask and Ellestad,
2018). The chirality centre at C-7 of 1 is a tertiary benzyl-
ic carbon in a position to carbonyl group and it is there-
fore easily subject to racemization. However, racemiza-
tion of this centre does not occur in a post-synthetic step,
otherwise two diastereomers would be obtained. On the
other hand, the isolated (7S,15S)-1 isomer was more sta-
ble than its (7S,15R) diastereomer by about 2 kcal mol™ at
the present level of calculation, suggesting that if the chi-
ral centre at C-15 was biosynthesized in a later step than
C-7, its configuration would be dictated by that at C-7.

All metabolites (1 to 6) isolated in this study were
screened for phytotoxic, antifungal, antioomycete and
zootoxic activities.

Except for compound 2, phytotoxicity was not
detected for any of the metabolites (at 1 mg mL"') when
applied to leaves of Phaseolus vulgaris, Quercus suber,
or Juglans regia. Sphaeropsidin A (2) caused necrot-
ic lesions on leaves of all the plant species tested, with
mean lesion sizes of 75.6 mm? on P. vulgaris, 163.3 mm?
on J. regia and 15.1 mm? on Q. suber.

In the assays of antifungal activity, sphaeropsidin A
(2) inhibited mycelium growth of all the plant pathogens
tested (100% inhibition rate). Diplopimarane (4) com-
pletely inhibited growth of Athelia rolfsii and partially
inhibited growth of D. corticola, P. cambivora and P.
lacustris, inhibition from 56% to 75%. No colony growth
inhibition was observed for the other four metabolites at
the concentration used.

In the brine shrimp larvae bioassay, which is widely
used for toxicology and ecotoxicology studies, com-
pounds 1, 4 and 6 (at 100 ug mL") caused 100% larval
mortality. Compound 2 caused 51% larval mortality, and
compounds 3 and 5 were inactive.

Cleistanthane-type diterpenoids are produced by
different fungi and plants, but few examples of cleistan-
thane nor-diterpenoids are reported. Among them there
are aspergiloids A, B, F and G isolated from the fermen-
tation broth extract of Aspergillus sp. YXf3, an endo-
phytic fungus from Ginkgo biloba. However, no biologi-
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cal activities have been reported for these compounds
(Guo et al., 2012; Yan et al., 2013).

Sphaeropsidin A, C and G, as well as B, D, E and F,
previously isolated from D. cupressi, D. mutila (Spara-
pano et al., 2004), and D. corticola (Masi et al., 2018),
belong to the group of tricyclic and tetracyclic unar-
ranged pimarane diterpenoids, which are well-known
fungus and plant metabolites (Reveglia et al., 2018).
Smardesines and chenopodolins also belong to this group
of compounds. These cytotoxic and phytotoxic metabo-
lites were isolated from Smardaea sp. AZ0432 living in
the moss Ceratodon purpureus (Wang et al., 2011), and
from Phoma chenopodiicola, a fungus proposed for bio-
control of the weed plant Chenopodoium album (Cim-
mino et al., 2013; Evidente et al., 2015). Sphaeropsidin A
and its 6-O-acetyl derivative also showed antimicrobial
(Evidente et al., 2011) and anticancer activity (Lallemand
et al., 2012; Ingels et al., 2017; Masi et al., 2018).

Melleins are 3,4-dihydroisocoumarins, which are pro-
duced by many fungi of various genera as well as plants,
insects and bacteria. These compounds have several
phytotoxic, zootoxic and antifungal effects (Reveglia et
al., 2020). (-)-Mellein was toxic on grapevine leaves and
grapevine calli (Djoukeng et al., 2009; Ramirez-Suero et
al., 2014, Masi et al., 2018), and was detected in symp-
tomatic and asymptomatic grapevine wood samples and
green shoots (Djoukeng et al., 2009) from plants with
Botryosphaeria dieback and leaf stripe. The role of this
compound in pathogenesis was investigated by examin-
ing the extent to which it caused expression of defense-
related genes in grapevine calli (Ramirez-Suero et al.,
2014). Recently, (-)-mellein was also identified as a metab-
olite of Lasiodiplodia euphorbiaceicola during screening
of phytotoxic metabolites isolated from Lasiodiplodia spp.
infecting grapevine in Brazil (Cimmino et al., 2017b),
and from Sardiniella urbana, a pathogen from declining
European hackberry trees in Italy (Cimmino et al., 2019).

It is well known that fungal phytotoxins are closely
related to host plant interactions. These compounds play
key roles inducing virulence and pathogenicity of fun-
gi. The host/pathogen interaction is the first process of
the complex mechanism of infection. Fungal pathogens
produce enzymes to degrade host wood cell walls, and
the fungal toxins penetrate vessels and metabolize dead
host tissues. The toxins then translocate to branches
and leaves distant from the infection points, inducing
chlorosis and necrosis (Durbin et al., 1989; Ballio, 1991;
Mobius and Hertweck 2009; Keller, 2019). Thus, the phy-
totoxicity of D. olivarum was probably due to production
of sphaeropsidin A (2), as outlined in the present study.

Phytotoxins have also been shown to possess herbi-
cidal, antimicrobial and insecticidal activities (Spara-
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pano et al. 2004; Evidente et al. 2011; Cimmino et al.
2015; Barilli et al., 2017; Aznar et al. 2019). Drug-based
phytotoxins can also be used in medicine against some
important human diseases, such as cancer, malaria, den-
gue and yellow fevers, and against fungal and bacterial
infections (Bajsa et al., 2007; Evidente et al., 2014, Masi
et al. 2017; Masi et al., 2018; Roscetto et al., 2020). Some
of these toxins could also be produced in industrial large
scale, and be formulated for applications in agriculture
and medicine. Among the toxins previously isolated, and
also from D. olivarum, sphaeropsidin A (2) is a phyto-
toxin with strong potential for drug development (Ingles
et al., 2017; Masi et al., 2018; Roscetto et al., 2020).

In conclusion, this study was the first to investi-
gate secondary metabolites produced by D. olivarum,
an emerging pathogen of forest trees in the Mediterra-
nean region. The results confirm that Botryosphaeriaceae
are sources of bioactive secondary metabolites, some of
which have potential for applications in biotechnology
sectors.

Among the metabolites produced in vitro by D. oli-
varum, sphaeropsidin A and diplopimarane inhibited
vegetative growth of four plant pathogens belonging to
different phyla. Additionally, the strong activity of the
newly identified metabolite, olicleistanone (1), against
A. salina deserves detailed investigation, because several
applications of A. salina in toxicology and ecotoxicology
continue to be widely used.
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Summary. Verticillium wilt (caused by Verticillium dahliae Kleb.) is an important
disease affecting olive (Olea europaea L.) production. Effective control of this disease
relies on integrated management strategies. In vitro antifungal activity of two hydrox-
ytyrosol (HTyr) enriched extracts (HTE1 and HTE2) obtained from olive mill waste
products (OMWP) was assessed against V. dahliae. Inhibitory effects of pure HTyr as
a standard, and HTE1 and HTE2 at different concentrations, were evaluated on myce-
lium growth and conidium germination of V. dahliae. Chemical characterization of
HTE!L and HTE2 allowed identification and quantification of HTyr as the main con-
stituent in both extracts along with other low molecular weight phenols. HTE1 showed
a higher inhibitory activity in both growth and conidium germination of V. dahliae.
At the tested concentrations, low antifungal effects of HTyr were observed. After 3 d,
1 mg mL"! of HTE1 gave greater inhibition of mycelium growth than HTE2 or HTyr.
After 24 h, HTE1 gave 55% inhibition of conidium germination, and HTyr and HTE2
both gave 37% inhibition. This study has demonstrated that phenolic compounds
derived from OMWP have antifungal activity against V. dahliae, indicating the poten-
tial of these compounds for eco-friendly control of Verticillium wilt.

Keywords. Olea europaea, enriched extracts, phenolic compounds, fungus inhibition.

INTRODUCTION

Verticillium wilt, caused by Verticillium dahliae, severely affects olive
trees (Olea europaea L.), causing economic losses due to plant death (Jimé-
nez-Diaz et al., 1998; Lopez-Escudero and Mercado-Blanco, 2011). The soil-
borne fungus is considered one of the most serious threats to olive fruit and
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oil production, and the disease is widely distributed in
all Mediterranean olive-growing regions (Jiménez-Diaz
et al., 2012). Olive trees are highly sectored with direct
vascular connections of specific roots and shoots (Lavee
et al., 1996). Verticillium dahliae infects host plants
through their roots, and colonizes vascular systems,
blocking water flow and eventually inducing wilt symp-
toms (Van Alfen, 1989). This damage results in signifi-
cant reductions of leaf transpiration, which lead to leaf
chlorosis and defoliation. Severe attacks cause trees to
eventually die.

Since no control measures have proved to be success-
ful when individually employed, an integrated strategy
is recommended for management of Verticillium wilt
of olive (VWO) (Lopez-Escudero and Mercado-Blanco,
2011). Several studies have reported the use of antagonis-
tic microorganisms as biological control agents (BCAs)
against V. dahliae in olive (Mercado-Blanco et al., 2004;
Triki et al., 2012; Markakis et al., 2016; Varo et al., 2016;
Mulero-Aparicio et al., 2019). In addition, natural com-
pounds could be complementary for integrated eco-
friendly management of this important disease.

Beside the well-known antifungal activity of plant
derived essential oils, which has been demonstrated
for V. dahliae (Lépez-Escudero et al., 2007; Varo et al.,
2017), other classes of natural products also hold prom-
ise for disease management. Phenolic compounds have
demonstrated, in parallel with strong antioxidant activi-
ty, antimicrobial activity in general and antifungal activ-
ity in particular (Yangui et al., 2009; Pannucci et al.,
2019). These compounds can be obtained from the waste
products of olive oil production; the two most promi-
nent of these compounds are oleuropein obtained from
leaves, and hydroxytyrosol (HTyr) from drupes (Thiel-
mann et al., 2017). For HTyr, recent studies have dem-
onstrated bactericidal and fungicidal activities of olive
mill waste products (OMWP) obtained by a proprietary,
environmentally friendly membrane technology (Pan-
nucci et al., 2019). Several studies have examined the
phenolic components of OMWP for use as biopesticides
for crop protection (Mekki et al., 2006a, 2006b, 2008;
Yangui et al., 2008, 2010; Larif et al., 2013; Lykas et al.,
2014). These components would also fulfil the criteria
for a sustainable economic development (Romani et al.,
2016; Bernini et al., 2017).

The present study evaluated the effectiveness of two
HTyr-enriched extracts from OMWP against V. dahlia
using pure HTyr as standard. In vitro inhibitory effects
on mycelium growth and conidium germination of a V.
dahliae isolate were assessed. The aim was to determine
the potential for using these extracts as part of integrat-
ed management of VWO.

Mounira Inas Drais et alii

MATERIALS AND METHODS
Plant extracts

Two HTyr enriched extracts (HTEL and HTE2) were
used. HTE1 was obtained from olive oil waste water
(from olive cultivars ‘Coratina’ and ‘Leccino’), collected
from Molfetta (Puglia, Italy; 41°31'42.8"N, 12°47'31.3"E)
in January 2017, using a previously described procedure
(Pizzichini et al., 2011; Romani et al., 2016; Bernini et
al., 2017; Pannucci et al., 2019). HTE2 was prepared
from olive pomace (from cultivar ‘Leccino’) from Cata-
nia (Sicily, Italy; 37°29'32"N, 15°4'13"E) in January 2017,
using the following procedure (Romani et al., 2016;
Bernini et al., 2017). After olive oil production, the olives
were de-oiled and pitted to obtain a pulp. This mate-
rial was acidified to pH = 2.5-4.0, and then extracted
at room temperature with an aqueous solvent using an
electrical pneumatic extractor. The resulting solution
was filtered by microfiltration, ultrafiltration, and nano-
filtration. After a reverse osmosis step, the resulting frac-
tion was concentrated under vacuum by using a scraper
evaporator series (C & G Depurazione Industriale Com-
pany) combined with a heat pump (Romani et al., 2016;
Bernini et al., 2017).

Chemicals

All solvents and chemical used for extractions were
of the highest analytical grade (Sigma-Aldrich). Pure
HTyr used as standard in experiments was synthetized
to purity >98%, using a proprietary procedure (Bernini
et al., 2008; 2010).

Characterization of HTEI and HTE2

HTEL and HTE2 were characterized using High Per-
formance Liquid Chromatography/Diode Array Detec-
tor (HPLC/DAD) and Nuclear Magnetic Resonance ("H
NMR), and the analytical profiles were compared with
HTyr. The HPLC/DAD analyses were carried out using
an HP 1200 liquid chromatograph (Agilent Technolo-
gies), equipped with an analytical column (Lichrosorb
RP18 250 x 4.60 mm i.d, 5 pum; Merck). The eluents were
H,0 adjusted to pH = 3.2 with HCOOH (solvent A) and
CH,CN (solvent B). A four-step linear solvent gradient
was used, starting from 100% of solvent A up to 100%
of solvent B, for 88 min at a flow rate of 0.8 mL min’!
(Romani et al., 2016; Bernini et al., 2017). Phenolic com-
pounds found in the extracts were identified by compar-
ing retention times and UV/Vis spectra with those of the
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Figure 1. HPLC/DAD chromatographic profile of HTE2 at 280 nm.

authentic standards. Each compound was characterized
using a five-point regression curve built with the avail-
able standards. Analytical data are reported in Figure 1.

'H NMR spectra were recorded using a 400 MHz
Nuclear Magnetic Resonance Spectrometer Avance III
(Bruker). Chemical shifts were expressed in parts per
million (§ scale) and referred to the residual protons of
the solvent. Samples were prepared solubilizing 20-30
mg of each sample in methanol-d4. NMR spectra are
shown in Figure 2.
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Table 1. Fungi and strains used for the preliminary screening.

Fungi Strain Collection

Verticillium dahliae VD22 Laboratory of plant
pathology of DAFNE

Botrytis cinerea BC10 department, Tuscia
University.

Fusarium graminearum 3827 Laboratory of Plant

Fusarium culmorum 5761 pathology of the Department

MUCL 31967 of Land, Environment,
Agriculture and Forestry of
DSMZ 62608 padova University.

Septoria tritici

Bipolaris sorokiniana

Preliminary activity screening using HTyr against selected
fungus isolates

Six fungus isolates were used (Table 1). Synthe-
sized HTyr was used as standard for preliminary test-
ing effects on the fungi, and to identify an active con-
centration of the compound to be used as reference for
comparisons with HTE1 and HTE2. Verticillium dahliae
and B. sorokiniana were inhibited by HTyr. The V. dahl-
iae pathogen from olive was selected and additional
tests were carried out to confirm the antifungal activity
of HTyr and the two extracts. The other fungus isolates
showed high variability and low susceptibility to the
compounds and were not investigated further.

L)Wu

T

N
8 7 6

g W R

Figure 2. 'H-NMR spectra of HTyr (a) and HTE2 (b).
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Antifungal activity of HTyr, HTE1 or HTE2 on mycelium
growth of Verticillium dahliae

The V. dahliae isolate VD 22 was grown on Potato
dextrose Agar (PDA) for 7 d at 25°C before conducting
the following experiments:

Disc diffusion assays. These were used to evaluate the
antifungal activity of the HTyr standard against the V.
dahliae isolate. The antifungal test was carried out by
placing a mycelium plug in the centre of each PDA Petri
dish, and at 3 cm from a paper disk (Oxoid) to which 1
mg of HTyr had been applied. After 72 h incubation at
25°C, the distance (mm) between the edge of the result-
ing fungus mycelium and the edge of the disk was meas-
ured (Balouiri et al., 2016). Data are expressed as means
of three independent replicas per treatment.

Modified top agar assays. These were used to evalu-
ate the antifungal activity of HTyr, HTEl and HTE2
obtained from OMWP against V. dahliae. HTyr was
tested at concentrations of 0.25, 0.5 or 1 mg mL". HTE1
was tested at 7.6, 15.2 or 30.4 mg mL?, and HTE2 was
tested at 2.15, 4.3 or 8.6 mg mL!. These concentrations
correspond to 0.25, 0.5 or 1 mg mL™! of the correspond-
ing HTyr content for each extract. The Top Agar was
obtained by incorporating HTyr or the extracts at differ-
ent concentrations into a final volume of 5 mL of PDA.
The substrate obtained was poured into Petri dishes on
top of 20 mL of previous solidified PDA. Solidified Top
Agar was inoculated in the centre of each Petri dish
with a mycelium plug of the V. dahliae isolate. Negative
experimental controls were prepared by replacing the
volume of samples with the same volume of sterile dis-
tilled water.

Mounira Inas Drais et alii

At 3, 5 and 7 days post-inoculation the diameter of
mycelium growth in each Petri dish was measured (Fig-
ure 3), and these data were subsequently analyzed to
calculate the percentage of mycelium growth inhibition
(MGI%), using the following formula:

MGI % = [(C-T)/C]-100,

where C = diameter of mycelium growth in the experi-
mental control, and T= diameter of mycelium growth
treated with HTyr or the extracts.

Antifungal activity of HTyr, HTEI or HTE2 on Verticil-
lium dahliae conidium germination

Effects of HTyr on conidium germination were eval-
uated by placing 5 yL of V. dahliae conidium suspen-
sion (10° conidia mL™!) on a thin layer of water agar on
a glass microscope slide. The water agar amended with
1 mg mL" of HTyr, HTEl or HTE2. The Microscope
slides were placed in Petri dishes lined with moist filter
papers (100% RH.), and were incubated for 24 h at 25°C.
Germinated conidia were counted after 6 h and 24 h,
using a minimum of 100 conidia per replicate, with four
replicates accessed (Khalil et al., 1985). The results were
expressed as percentages of inhibition of germination in
relation to experimental controls, as follows:

Percent inhibition = [(C-T)/C] 100,

where C = conidium germination in the control, and T =
conidium germination in treatment with HTyr or the extracts.

80
80 80 B C
3 days . 5 Days 7 Days
70 d 70 70
OHTyr HTE1 ®HTE2
60 ] 60 L
c
2 50 e, ¢ |50 L || .
9 C
= 40 I 40 b 40 I
abc ab
30 abc ab 30 b 30
1 ab = b d cd d
50 a 20 ab ab 20 q = bcd
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Figure 3. Verticillium dahliae mycelium growth inhibition percent (MGI %) in top agar assays. The data for different concentrations of
HTyr, HTE1 and HTE2 are presented for 3 (A), 5 (B) and 7 (C) d of incubation. Bars indicate standard errors of triplicates and different let-
ters indicate differences (P < 0.05), according Tukey’s (HSD) multiple range test.
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Data analyses

Differences (at P < 0.05) between means of the
parameters measured were determined by analysis of
variance (ANOVA) and Tukey’s (HSD) multiple range
test. IBM SPSS Statistics for Windows, Version 22.0, was
used for these statistical analyses.

RESULTS
Phenolic profiles of HTE1 and HTE2

The qualitative and quantitative HPLC profiles of
HTE1 have been previously described by Pannucci et al.
(2019). In this extract, the main compound found was
HTyr at 32.83 mg g, representing the 64.7% w/w of the
total phenols (50.7 mg g'). Minor components in this
extract were verbascoside (12.9 mg g, 25.4% w/w), tyro-
sol, gallic acid and verbascoside derivatives, which in
total constituted the 9.6% w/w of total phenols.

This is the first description of HTE2. The chromato-
graphic profile indicated that HTE2 contained 149.7 mg
¢! of polyphenols. The main compound in the extract was
HTyr (115.2 mg g, 77% w/w), and the secondary compo-
nents were HTyr glycol and tyrosol (34.5 mg g1, 23% w/w).

The 'H NMR spectrum of HTE2 confirmed the pres-
ence of HTyr as the main compound. The signals of the
three aromatic protons (5, ppm: dd, 6.53-6.56, ] = 8.0
and 4.0 Hz, 1 H; d, 6.67, ] = 4.0 Hz, 1 H; d, 6.70, ] = 8.0
Hz, 1 H) were superimposable with those of HTyr.

Effects of HTyr, HTEI and HTE2 on the mycelium growth
of Verticillium dahliae

After 3 d incubation, the ANOVA of V. dahliae myce-
lium growth data showed significant differences among
the treatments (HTyr, HTE1 or HTE2), and the related
extract concentrations (0.25, 0.5 or 1 mg mL™) (F (8, 18)
= 11.98, P < 0.001). Tuckey HSD analysis showed that at
the lowest concentration (0.25 mg mL™?) there was no
statistically significant difference on the inhibition of
the mycelium growth of V. dahliae between HTyr (mean
= 18.1, SD = 1.77), HTE1 (mean = 27.7, SD = 2.66) and
HTE2 (mean = 28.7, SD = 7.84). Similarly, at 0.5 mg
mL, no significant difference in the inhibition of the
pathogen was observed between HTyr (mean = 25.0,
SD = 6.05), HTE1 (mean = 40.9, SD = 4.69) and HTE2
(mean = 36.1, SD = 7.23). At 1 mg mL"!, HTE1 (mean =
58.8, SD = 12.56) gave greater inhibition of V. dahliae
than HTE2 (mean = 44.0, SD = 0.78) or HTyr (mean =
25.6, SD = 2.67).
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After 5 d incubation, significant differences in myce-
lium growth were detected among the treatments and
their concentrations (F (8, 18) = 17.3, P < 0.001). At 0.25
mg mL™" there was no significant difference between
HTyr (mean = 4.3, SD = 2.08), HTE1 (mean = 16.6, SD =
0.78) and HTE2 (mean = 17.7, SD = 6.50). Whereas at 0.5
mg mL"! (Figure 3), HTEL (mean = 26.1, SD = 1.55) and
HTE2 (mean = 22.1, SD = 4.04) gave greater inhibition
of mycelium growth than HTyr (mean = 5.9, SD = 0.07).
At 1 mg mL"' of HTyr, HTE1 (mean = 48.5, SD = 7.72)
gave greater inhibition of V. dahliae than HTyr (mean =
15.2, SD = 5.88) and HTE2 (mean = 29.0, SD = 10.75).

After 7 d incubation, significant difference in myce-
lium growth were detected among treatments and their
concentrations (F (8, 18) = 28.60, P < 0.001). At 0.25 mg
mL", no significant differences were detected between the
HTyr (mean = 0.8, SD = 0.72) and HTE1 (mean = 9.9, SD
= 1.66), or between HTEl (mean = 9.9, SD = 1.66) and
HTE2 (mean = 12.3, SD = 3.71), but a significant differ-
ence was found between HTyr (mean = 0.8, SD = 0.72)
and HTE2 (mean = 12.3, SD = 3.71). At 0.5 mg mL" dif-
ferences in mycelium growth were detected between HTyr
(mean = 5.3, SD = 2.08) and HTE1 (mean = 20.5, SD =
0.73), and between HTyr and HTE2 (mean = 18.4, SD
= 2.05), but not between HTE1 (mean = 20.5, SD = 0.73)
and HTE2 (mean = 18.4, SD = 2.05). At 1 mg mL", greater
inhibition of V. dahliae was observed from HTE1 (mean
= 41.0, SD = 7.74) compared to HTE2 (mean = 21.0, SD =
5.50) and HTyr (mean = 14.69, SD = 3.26), but no differ-
ence was measured between the effects of HTyr and HTE2.

For effects of different concentrations of each extract
on growth of V. dahliae, from HTE], after 3 d, there was
no difference between the 0.25 mg mL"! (mean = 27.7, SD
= 2.66) and 0.5 mg mL"' (mean = 40.9, SD = 4.69) treat-
ments, but a significant difference was detected between
the 1 mg mL"! (mean = 58.7, SD = 12.56) and the 0.5
and 0.25 mg mL™" treatments. Similarly, after 5 and 7 d
of incubation, there was a difference in inhibition of V.
dahliae from the greatest concentration of HTEI. For
HTE2, there were no statistically significant differences
in inhibition from the three different concentrations,
after 3, 5 or and 7 d incubation.

Effects of HTyr, HTEI or HTE2 on conidium germination
of Verticillium dahliae

After 6 h incubation, HTyr gave 88% inhibition of
conidium germination, while the two extracts caused
greater inhibition, 99% from HTEI and 95% from
HTE2. After 24 h incubation, HTEI gave the greatest
inhibition (55%), while HTyr and HTE2 both gave 37%
inhibition of conidium germination (Figure 4).
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Figure 4. HTyr and HTE extracts mean inhibition (%) on Verticil-
lium dahliae conidium germination. HTyr standard was tested at 1
mg mL"! and HTE1 and HTE2 were tested at 1 mg mL™! referred to
the HTyr content in each extract. Germinated conidia were counted
after 6 and 24 h incubation at 25°C in the dark, and means are for
100 conidia per replicate. Bars indicate standard errors, and differ-
ent letters indicate significant differences (P < 0.05), Tukey’s (HSD)
multiple range test.

Statistically significant differences in inhibition of
conidium germination were detected between the treat-
ments with HTyr, HTE1 and HTE2 (F (5,18) = 3.37, P
< 0.05). Application of 1 mg mL"! of HTyr or the two
extracts gave differences in percent germination after 6 h
incubation between HTE1 (mean = 99.6, SD = 0.71) and
HTE2 (mean = 95.5, SD = 2.31) Similar differences were
observed between the effects of HTyr (mean = 87.7, SD
= 3.82) and HTEI (mean = 99.6, SD = 0.71). After 24 h
incubation, no differences were detected between HTE2
(mean = 37.3, SD = 4.54) and HTyr (mean = 37.3, SD =
14.28). However, the difference between HTE1 (mean =
55.1, SD = 3.95) and HTE2 (mean = 37.3, SD = 4.54) was
indeed statistically significant.

DISCUSSION

The increasing interest of the use of natural products
in agricultural includes research on plant derived com-
pounds for pest and disease management. This aims to
meet the regulatory demands for reduction in the use of
synthetic pesticides, to provide environmentally friend-
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ly approaches. Several reports have described effects of
plant extracts on fungal plant pathogens. Phenolic com-
pounds derived from OMWP have been shown to hold
promise as natural fungicides against crop pathogens,
including Alternaria solani, Botrytis cinerea and Fusa-
rium culmorum (Winkelhausen et al., 2005). In particu-
lar, HTyr is well-known and of interest to the pharma-
ceutical industry, because of the antioxidant, anti-inflam-
matory (Bernini et al., 2015) and antimicrobial properties
(Robles-Almazan et al., 2018; Pannucci et al., 2019) of
this compound. OMWP enriched in HTyr, is a resource
for agricultural applications. We have evaluated HTE1
and HTE2, obtained by OMWP, through a sustainable
pilot process (Romani et al., 2016; Bernini et al., 2017)
based on membrane technologies which mainly enrich
HTyr, together with other low molecular weight phenols,
as has been shown using HPLC and NMR analyses.

In the present study, the capacities have been dem-
onstrated for HTyr, HTE1 and HTE2 to affect myce-
lium growth and conidium germination of V. dahliae,
the cause agent of Verticillium wilt of olive trees. In
vitro inhibitory effects of different concentrations were
assessed. Inhibition of conidium germination is impor-
tant because conidia are important for propagation of
the disease.

HTEI was the most effective treatment against myce-
lium growth and conidium germination of V. dahliae.
The diameters of V. dahliae colonies decreased with
increasing concentrations of this extract. At the tested
concentrations, low antifungal effects of HTyr were
detected, but greater inhibition was detected from HTE1
and HTE2 at the same relative concentrations of HTyr.
HTEI at 1 mg mL"! gave greater inhibition of fungal
growth than HTE2 or HTyr. However, even greater inhi-
bition was achieved for V. dahliae conidium germina-
tion. Applying 1 mg mL"! of HTyr, differences between
HTEl and HTE2 were detected. Similarly, significant
differences between HTyr and HTE1 were observed for
inhibition of conidium germination., However, no differ-
ences were noted between HTE2 and HTyr. The effects
of 1 mg mL"! of HTyr on conidium germination gave
better results than detected for inhibition of growth of
fungal colonies.

The results are similar to those of previous studies
on HTyr enriched extracts from olive mill wastewater
(OMWW) that were tested against the olive bacterium
pathogens Pseudomonas savastanoi pv. savastanoi (Pss)
and Agrobacterium tumefaciens (At) (Caracciolo et al.,
2019; Pannucci et al., 2019). In those studies, HTE1 was
also the most active extract, which completely inhib-
ited the growth of Pss and at 0.5 mg mL"! and at 1.0 mg
mL1, compared to untreated controls. In contrast, HTyr
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at 1.0 mg mL" only reduced bacterium growth. We have
verified that HTyr and HTE1 as antifungal agents pro-
duced similar results. This provides results that can be
explored in the future, which may provide mechanism
of action relating to interactions of these compounds
with specific bacterium or fungus cell membranes. Yan-
gui et al. (2010) observed a severe reduction numbers of
viable conidia of V. dahliae by at least 15 g L' of HTyr-
rich OMWW or HTyr-rich extract with contact times
greater than or equal to 30 min, or at 12.5 g L' with
contact time of 60 min. Differently in the present study,
we evaluated the inhibitory effects on V. dahliae myce-
lium growth and conidium germination, and the present
results were obtained for HTE1 and HTE2 extracts from
Italian olive cultivars from different geographical origins
(Apulia and Sicily). Furthermore, a different extraction
procedure based on membrane technology was used,
which gave rise to a different phenolic content profile in
the extracts.

For HTyr, HTEl and HTE2, the greatest inhibition
of V. dahliae mycelium growth was observed after the
first 72 h of incubation. With longer periods of incu-
bation, growth inhibition was less than that observed
after 72 h. Decreasing growth inhibition with increasing
incubation time possibly indicates that the active com-
pounds were being metabolized by the fungus. Loss in
inhibitory activity, and possibly stimulation of mycelium
growth, is consistent with results for other fungi, such as
Aspergillus sp. when growing on media containing rutin
or quercetin, where the fugus produced an extracellular
enzyme that degrades these glycosides (Westlake et al.,
1959). In the present study, the extracts may not have
inhibited mycelium growth during long incubation peri-
ods because of breakdown by V. dahliae enzymes.

Concerning the stronger activity of HTE1 and HTE2
observed compared to HTyr, this could be due to a
central role of the minor phenolic components in the
extracts. Some of these have been shown to have antimi-
crobial activity when tested singularly. Gallic acid pos-
sesses a high antifungal activity against Fusarium solani;
the hyphae became collapsed and shrunken after 24 h
incubation (Nguyen et al., 2013). Enriched, purified, but
still complex mixtures of phenols could possibly provide
multiple modes of action giving rise to synergistic anti-
fungal effects.

Several mechanisms of action have been proposed
for the antimicrobial activities of phenolic compounds.
Their potency may result from the ability to compro-
mise cell functions and membrane integrity, behaving as
surface-active compounds (Yangui et al., 2008). There-
fore, alteration of microbe membrane permeability, with
the consequent loss of cytoplasmic constituents, could
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explain phenolic activity against pathogenic fungi (Yan-
gui et al., 2009). The mechanisms by which polyphenols
act are not entirely understood. However, results from
the present study give evidence that the observed anti-
fungal effects was directly related to the chemical com-
position of HTE1 and HTE2, and mainly to HTyr con-
tent of these extracts.

The present study showed that HTE1 and HTE2 have
antifungal activity against V. dahliae. However, we con-
sider that they are preliminary, since further research
is required, including assessments on more pathogen
isolates. In addition, studies of olive trees under field
conditions are required to extend knowledge of man-
agement of this pathogen with these identified extract
compounds. Some researchers have suggested that incor-
poration of OMWW into soil could be an eco-friendly
alternative to soil fumigants for crop protection against
V. dahliae (El-Abbassi et al., 2017). Nevertheless, safe
use of OMWP for efficient plant disease control, without
negative effects on cultivated crops and soils, remains
a challenge. It is also necessary to demonstrate that the
phenolic contents of OMWP retains biocidal activity
after large-scale applications, allowing sustainable agro-
economic development.
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Summary. Twelve trials, in closed soilless culture under controlled conditions, were
carried out to evaluate the efficacy of resistance inducers (based on K-phosphite
and K-silicate used alone or in combination), and of experimental biocontrol agents
(Trichoderma sp. TW2, a mixture of Pseudomonas FC 7B, FC 8B, and FC 9B, Fusa-
rium solani FUS25, Pseudomonas sp. PB26), and a commercial formulation of Tricho-
derma gamsii + T. asperellum, against diseases caused by Phytophthora capsici of sweet
pepper. The products were applied using three different protocols, and effects on inci-
dence of Phytophthora crown, stem and root rots (% dead plants), disease develop-
ment (area under the disease progress curve; AUDPC), and plant fresh weights were
evaluated. Potassium phosphite, applied directly at standard P,05K,0, 1.30 + 1.05
g L) and at half standard rates, onto growing media, or via nutrient solution, and
before infestation of peat plant growing medium with P. capsici, provided the best
disease management in a dose-dependent manner, with an 80% reduction of Phy-
tophthora crown, stem and root rots for the standard dosage and for both types of
application. These treatments also reduced proportions of dead plants by 47% from
the standard rate and by 62% at the half standard rate, when applied via the nutri-
ent solution or directly to the substrate. K-silicate alone partially reduced the percent-
age of dead plants, with efficacy of 20-23%. No improvement in disease control was
observed when K-silicate was applied in combination with phosphite, while K-silicate
alone or combined with K-phosphite reduced disease development, compared to
untreated controls. Biocontrol agents (BCAs), applied preventively, reduced Phytoph-
thora crown, stem and root rots, with similar or better results than those from the
commercial mixture of Trichoderma asperellum + T. gamsii. Among the tested BCAs,
Fusarium solani FUS25 provided the most consistent disease reduction (60-65%)
and gave increased plant fresh weights. All the tested BCAs reduced disease develop-
ment, with a similar trend for different disease pressures. The least AUDPC values,
compared to the non-treated controls, were from Fusarium solani FUS25, followed by
the tested Pseudomonas strains and Trichoderma sp. TW2. These results indicate the
potential for potassium phosphite and biocontrol agents in management of Phytoph-
thora crown, stem and root rots of pepper grown in soilless systems.

Keywords. Hydroponics, Phytophthora control, Capsicum annuum, salts, microorgan-
isms.
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INTRODUCTION

Sweet pepper (Capsicum annuumy) is a popular veg-
etable crop, which is greatly appreciated for its quality
and taste for fresh consumption and for processing, and
is increasingly grown in greenhouse environments. The
commercial greenhouse production of this vegetable is
extensive in European countries, including Spain (12,420
ha), Italy (2,370 ha), Poland (1,830 ha) and The Nether-
lands (1,320 ha) (2017 data; FAOSTAT 2019).

However, sweet pepper is frequently affected by
pathogens, with soil-borne pathogens being impor-
tant and causing severe crop losses (Owen-Going et
al., 2003; Pernezny et al., 2003; Messelink et al., 2020).
Among these Phytophthora capsici, which causes various
diseases such as root, stem, and crown rots, resulted in
economically important losses in most production are-
as (Matta and Garibaldi, 1981; Ristaino and Johnston,
1999; Hausbeck and Lamour, 2004; Granke et al., 2012).
This pathogen is highly variable (Ristaino and Johnston,
1999; Matta and Garibaldi, 1981; Lee et al., 2001; Tami-
etti and Valentino, 2001; Foster and Hausbeck, 2010),
and causes severe losses when grown either in soil or in
soilless systems (Nielsen et al., 2006b), because it is dif-
ficult to manage (Messelink et al., 2020).

These diseases have been known in Italy since 1949
(Sibilia, 1952), and are still widespread, as a result of a
lack of effective fumigants, no commercially accept-
able resistant cultivars, and limited availability of resist-
ant rootstocks which often only have partial resistance
to the pathogen (Gilardi et al., 2014). Although several
sweet pepper cultivars show full or partial resistance to
P. capsici, stem blight, root rot and foliar blight of these
cultivars are probably reduced by separate genetic sys-
tems, so that cultivars resistant to crown rot may not
be resistant to foliar blight (Foster and Hausbeck, 2010).
This complicates the use of genetic disease resistance in
sweet pepper, increasing the need to improve marketable
yield potential and good fruit quality (Barchenger et al.,
2018; Acquadro et al., 2020). Development of pathogen
resistance to fungicides, including the commonly used
mefenoxam and metalaxyl (Bower and Coffey, 1985;
Lamour and Hausbeck 2001; Parra and Ristaino, 2001;
Tamietti and Valentino, 2001), and alternatives to phe-
nylamides, such as cyazofamid, dimethomorph, flumor-
ph and oxathiapoprolin (Bower and Coftey 1985; Kousik
et al., 2008; Bi et al., 2014; Miao et al., 2016), has compli-
cated management of these diseases.

Soilless cultivation is increasingly being adopted for
many vegetable crops (Lee and Lee, 2015. Sambo et al.,
2019), as this is a good option when crop rotation is not
feasible and resistant cultivars are not available, and
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because of increasing limitations in the use of fumi-
gants and fungicides (Garibaldi et al., 2014). Host spe-
cies, plant growth substrate type and the target patho-
gen all play important roles in management of diseases
in soilless cultivation (Zheng et al., 2000; van der Gaag
and Wever, 2005; Khalil et al., 2009; Lee and Lee, 2015),
and specific evaluations are required for new crops. The
effects of soilless cultivation on sweet pepper have not
been fully exploited, particularly in terms of effects on
the reduction of soil-borne diseases, such as Phytoph-
thora crown rot.

Apart from their intrinsic capability of reducing
problems caused by soil-borne pathogens, soilless cul-
tivation systems offer good opportunities for exploiting
new disease management strategies, including the use of
resistance inducers and biocontrol agents, where increas-
ing limitations apply to use of traditional fungicides.

Several biocontrol agents (Rankin and Paulitz,
1994; Paulitz, 1997; Chatterton et al., 2004; Mercier and
Manker, 2005; Calvo-Bado et al., 2006; Liu et al., 2007;
Segarra et al., 2010; Kohl et al., 2011; Vallance et al.,
2011; Gilardi et al., 2020), and other biocide products
such as salts of phosphites and silicates, and nonionic
surfactants (Stanghellini and Tomlinson, 1987; Cherif
et al., 1994; Stanghellini and Rasmussen, 1994; Stang-
hellini et al., 1996; Stanghellini and Miller, 1997; Forster
et al., 1998; Nielsen et al., 2006a; French-Monar et al.,
2010; Song et al., 2016; Gilardi et al., 2020) have been
tested against a number of soil-borne pathogens, includ-
ing P. capsici, in soilless systems. However, most of the
applications of these disease management tools require
fine-tuning for type and application timing, particularly
in soilless systems, before they can be practically imple-
mented (Vallance et al., 2011).

The present study was carried out in an experimen-
tal closed soilless system, under controlled conditions,
to evaluate the efficacy of host resistance inducers, based
on K-phosphite and K-silicate, used alone or combined,
and of experimental biocontrol agents, against P. capsici
on sweet pepper. These treatments were compared with
a commercial formulation of Trichoderma gamsii + T.
asperellum. Different treatments and types and timing
of application were tested, aiming to develop appropriate
strategies for their application in practical soilless pro-
duction systems.

MATERIALS AND METHODS

Soilless growing system and experimental layout

Twelve trials were carried out in a glasshouse at the
AGROINNOVA Centre of Competence of the University
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of Torino, in Grugliasco, Torino, Italy, at temperatures
ranging from 22 to 30°C, using fully automated closed
soilless system. This is a small-scale hydroponic system,
with recirculating nutrient solution. Each hydroponic
unit consisted of one channel (6 m long and 25 cm wide)
connected to a storage tank (300 L capacity) filled with
nutrient solution, which was automatically delivered to
the plants using an electronic control unit (Idromat2,
Calpeda S.p.a.). Nutrient solution (at 1.5-1.6 mS cm™)
was pumped by emitters (one per pot) at a flow rate of
6 L h'! from the storage tank, and fed to plants through
drip emitters, and was left to drain back into the stor-
age tank by gravity. The plants were fertigated with
5:3:8 N:P:K fertilizer (nutrient solution containing 120
mg L total N, 30 mg L' P and 150 mg L}; conductiv-
ity 1.5-1.6 mS cm™). Nutrient solutions contained: 11.24
mM NO,, 4.8 mM NH,, 0.75 mM KH,PO,, 0.75 mM
K,SO,, 0.012 mM Iron chelate EDTA, 2 mM MgO, 2
mM SO;, 0.2 mM B, 0.001 mM Mo, 0.15 mM Zn, 3.1
mM CaO, 0.05 mM Cu**, 0.25 mM Mn, and 12.2 mM K.
The pH and conductivity of the nutrient solutions were
checked regularly by using a pH meter and a SevenGo
DUO TM SG23 conductivity meter (Tettler). The irriga-
tion programme (three to six times per day) was revised
according to the environmental conditions, particularly
temperature. Each experimental unit consisted of six
pots replicated five times (n = 30 pots). Two plants were
planted in each pot, and six pots were each sub-replicate
of 12 plants each. Five replicates were used per treatment
(60 plants per treatment).

Plant material, and tested products and protocols

Fifteen-day-old plants of sweet pepper ‘Corno di
Toro’ (Furia Sementi), which is susceptible to Phytoph-
thora crown rot, were transplanted into 3 L capacity
plastic pots filled with a growing medium containing:
black peat soil (Brill Type 5: 15% of blond peat, 85% of
black peat; pH 5.5-6.0, 1,100 g m™ of N:P:K and traces
of molybdenum, Georgsdorf) in all the trials.

Each set of trials included one untreated and inocu-
lated experimental control, and different treatments
with salt products or biocontrol agents tested alone or
in combinations, which were applied according to three
different protocols (Table 1). These were:

Protocols I and II. The fertilizer-based phosphite
(Alexine 95PS: 52% P,0; + 42% K,O, Masso), which is
labelled as a phosphorus supplement for soilless appli-
cation, and potassium silicate (K,SiOs, 33.7 to 34.7%,
Andrea Gallo S.r.l.) were tested (Trials 1 to 6) in 2018
and 2019, to select the optimal rates and types of appli-
cation for potassium phosphite and potassium silicate,

used alone or in combinations. K,SiO; at 200 mg L!
and K-phosphite were added directly to the nutrient
solutions (NS) at the standard rate of 1.30 g L' P,O; +
1.05 g L K,O, or at half this rate (0.65 P,Os + 0.52 g
L' K,0 + 0.525 g L!) in experimental Protocol I. The
same products, alone or in combinations, were applied
to each pot around the crown of the seedlings using
100 mL per pot of the suspension prepared according to
Protocol II. The treatments were carried out three times
every 7 d (Table 1).

Protocol III. The following BCAs, isolated from sup-
pressive composts, were tested: Pseudomonas sp. PB26
(Pugliese et al., 2008), Fusarium solani FUS25 (Gul-
lino and Pugliese, 2011), Trichoderma sp. TW2 (Cucu
et al., 2020), and a 1:1:1 mixture of three Pseudomonas
spp. strains: Pseudomonas sp. FC 7B (EU836174), Pseu-
domonas putida FC 8B (EU836171), and Pseudomonas
sp. FC 9B (EU836172). These strains were previously
isolated from a suppressive rockwool substrate in a soil-
less system (Clematis et al., 2009; Srinivasan et al., 2009)
(Table 1). The bacterium strains were maintained at 4°C
in Luria Bertani (LB) slants throughout the study. The
fresh bacterium suspensions were each prepared by inoc-
ulating a loop-full of cells into 30 mL of LB medium in
100 ml capacity Erlenmeyer flasks, and then incubating
the suspension on a rotary shaker at 600 rpm. The cell
suspension was centrifuged and resulting pellets were re-
suspended in sterile deionized water. The optical densi-
ties (ODygq,) of cultures incubated for 48 h at 23°C were
checked immediately before application, and was adjust-
ed with sterile deionized water to 1 x 10® cells mL!
before application. Trichoderma sp. TW2 was grown in
a 1000 mL capacity flask containing 200 mL of potato
dextrose broth (Sigma-Aldrich) and maintained under
static conditions at 23°C. After 13 to 15 d, the produced
conidia and mycelium were transferred to 200 mL of
sterile distilled water and homogenized using a hand-
held rotary mixer. The conidium suspension obtained
for the Trichoderma sp. TW2 isolate was standardized to
1 x 107 cfu mL".

The antagonist Fusarium solani FUS25 was propagat-
ed in 1000 mL capacity-flasks each containing 250 mL of
potato dextrose broth maintained on a rotary shaker for
8 to 10 d at 160 rpm. The cultures were centrifuged at
8,000 g for 20 min at 4°C. Conidia and mycelium pel-
lets were each transferred into 200 mL of sterile distilled
water and homogenized using a rotary mixer. The inoc-
ulum suspensions were adjusted with sterile deionized
water to 1 x107 conidia mL"! before application.

Each BCA suspension was applied at a final concen-
tration of 1x107 cfu mL* to each pot and around the
base of 15-d-old seedlings immediately after planting.
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The BCAs were applied to the growing medium five
times at 7 d intervals using 100 mL per pot of the sus-
pension, following experimental Protocol III (Table 1).
The experimental BCAs were compared with a commer-
cial formulation of Trichoderma asperellum + T. gamsii
(10% a.i.; ‘Remedier’, Isagro), applied at the label rate of
0.25 g per liter of peat substrate (Table 1).

Phytophthora capsici strain and inoculation

A highly virulent strain of Phytophthora capsici (cod-
ed PHC 6/16; AGROINNOVA culture collection), origi-
nally isolated from sweet pepper, was cultured on selec-
tive oomycete medium (Masago et al., 1977) at 20°C for
1 week. Zoospores were produced according to a modi-
fied protocol of that described by Kim et al., (1997). One
mycelium/agar plug (5 mm in diam.), taken from an
actively growing colony, was transferred to a 1000 mL
capacity flask containing a wheat-hempseed medium
(200 g wheat kernels, 100 g hempseeds, 320 mL water,
sterilized at 121°C for 30 min), and then incubated at
22°C in a growth chamber under continuous light for 7
d, followed by 3 d at 15°C in darkness. Zoospore suspen-
sion was prepared by mixing 80 g of the oomycete bio-
mass in 1 L of distilled water, mixing the suspension for

Table 1. Protocols adopted for different trials.
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10 min, then removing the aqueous extract from solid
sediment by filtering through two layers of cheesecloth
and vigorously mixing it. Zoospores were released by
chilling the liquid cultures at 4°C for 1 h, followed by
1 h at room temperature (25°C). The zoospore concen-
tration was adjusted to 1 x 10° zoospores mL! using a
haemocytometer. A 10 mL aliquot of the zoospore sus-
pension was then pipetted onto the peat media around
the base of each plant.

In trials 1 to 6, the first treatment with salts was car-
ried out 48 h before infestation of the peat substrate,
while in trials 7 to 12, the first treatment with BCAs was
carried out 48-72 h before infestation of the peat sub-
strate (Table 1).

Disease assessments, and statistical analyses

The sweet pepper plants were assessed starting from
the first appearance of wilt caused by P. capsici root and
crown infections. Disease incidence (DI) was evaluated
at intervals of 3 to 7, d by counting and removing the
dead plants with symptoms of Phytophthora root, crown
and stem rot. At the final assessment, the remaining
plants were removed by each pot and the total number
of dead plants including those wilted, due to severe root

Tested treatment and

Experimental Protocol o1 .
P Artificial inoculation .
concentration

(Trial number, year)

Number and interval

Standard reference
between treatments

(dosage)

Application of the
treatments

Potassium phosphite
(P,05 K,0 0.65+
0.525 g L") and
K-silicate (200

mg L), alone or
combined

48 h after the first
treatment, with 1 x
10° zoospores mL™!

I1(1,2 and 3; 2018)

Potassium phosphite
(P,05 K,O 0.65+
0.525 g L!) and
K-silicate (200 mg
mL), alone or
combined

48 h after the first
treatment, with 1 x
10° zoospores mL™!

II (4, 5 and 6; 2019)

Fusarium solani
FUS25 (1 x 107 cfu
mL1)

Pseudomonas (FC 7B,
FC 8B, FC 9B) (1 x
107 cfu mL1)
Pseudomonas sp.
PB26 (1 x 107 cfu
mL1)

Trichoderma TW2 (1
x 107 cfu mL")

48-72 h after the first
treatment, with 1 x
10° zoospores mL™!

I (7, 8,9, 10, 11 and
12; 2019-2020)

In nutrient solution
(NS)

Potassium phosphite
(P,05 K,0 1.30 +
1.05 g L)

Three applications, at
7 d intervals

Potassium phosphite
(P05 K,0 1.30 +
1.05g L")

Three applications, at

To soil substrate .
7 d intervals

Trichoderma gamsii
+ T. asperellum (0.25
gL

Five applications, at

To soil substrate .
7 d intervals
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infection by the pathogen, were counted. Final disease
incidence (DI) was then calculated, expressed as percent,
of dead and wilted plants over the total plants examined.
Areas under the disease-progress curves (AUDPCs)
were calculated using the formula of Shaner and Finney
(1977), for a total number of observations per trial of
three to five disease incidence assessments. The biomass
of healthy plants (fresh weight from 1-2 cm above soil
surface) in each experimental unit (six pots), was meas-
ured at the end of trials 7 to 12 in Protocol III.

The experimental units each consisted of a 3 L capac-
ity pot with two plants (six pots), and sub-replicates con-
tained 12 plants/treatment. Trials carried out using each
of the three protocols were repeated at least three times
(Tables 1 and 1S), and they were combined when the ‘tri-
al’ factor was not statistically significant (P > 0.05).

Analysis of variance (ANOVA) with SPSS software
(Version 26) was used to determine the effects of trial,
treatments and their interactions, on disease incidence
(DI) calculated at the end of each trial, AUDPC and
fresh weight data. Prior to ANOVA, homogeneity of var-
iances was evaluated and arcosin transformation of the
percentage data was applied when necessary to normal-
ize variances. When a statistically significant F test was
obtained for treatments (P < 0.05), the data were subject-
ed to mean separation using Tukey’s test at P < 0.05.

RESULTS

Efficacy of resistance inducers (dosage, type of application)
against Phytophthora crown rot

First symptoms of Phytophthora root and crown rot
and sometimes black lesion on stems started to be visible
between 4 to 7 d after inoculation during the trials car-
ried out using Protocols I and II. These symptoms then
developed quickly (average air temperature ranging from
24 to 28°C), with the final assessments carried out 27 to
33 d after planting (Protocol I), or 17 to 28 d after plant-
ing (Protocol II).

Both K-phosphite (df = 2, F = 261.324; P < 0.0001)
and K-silicate, (df = 1, F = 5,220; P < 0.024), and
K-phophite + K-silicate (df = 2, F = 13.685; P < 0.0001)
affected the percentage of dead plants (DI) and the
development of Phytophthora crown rot (AUDPC)
(K-phospite: df = 2, F =161,784; P<0.0001. K-silicate: df
= 1; F = 5,747; P < 0.018. K-phosphote + K-silicate: df =
2; F = 13.823; P < 0.0001) (Table 2). Neither the type of
application of K-phosphite (df = 2, F = 0.431; P = 0.263)
or K-silicate (df = 1; F = 0.501; P = 0.480), nor the inter-
action of the K-phosphite + K-silicate treatment with the
type of application (df = 2; F = 1.089; P = 0.339), affect-

Table 2. Analyses of variance for disease incidence (DI) as per-
centage of dead and wilted plants and areas under disease progress
curve (AUDPCs) for pepper ‘Corno di toro” plants inoculated with
P, capsici and treated with salts treatments (K-phospite, K-silicate or
K-phospite + K-silicate), the type of application (in nutrient solu-
tion or to the soil substrate), and their interactions, calculated at the
end of trails 1 to 6, according to F tests.

b
Considered factors and their i F values
interaction DI AUDPC
K-phosphite treatment 2 261.324%** 161.784***
K-silicate treatment 1 5.220% 5.747*%*

K-phosphite + K-silicate combined

treatment 1 461.312%%*  90.003***
K-phosphite x K-silicate interaction 2 13.685%**  13.823**
K-phosphite x type of application 1 0.431 0.679
K-silicate x type of application 1 0.501 0.021
K-phosphite x K-silicate x type of ) 1089 0.288

application

 Degrees of freedom between groups.
b Symbols *, **, ** indicate significance at, respectively, P < 0.05, P
< 0.001 or P <0.0001, according to F tests.

ed disease incidence. Similarly, these treatments did on
affect crown rot development (K-phosphite: df = 2, F =
0.679; P = 0.359. K-silicate: df = 1, F = 0.021; P = 0.885.
K-phosphite + K-silicate: df = 2, F = 0.288; P = 0.750)
(Table 2).

The DI and AUDPC data from each set of trials car-
ried out according to Protocol I (Trials 1 to 3) or Pro-
tocol II (trials 4 to 6) were analyzed together for each
experimental run (Tables 3 and 4), because statistically
significant differences were not observed among trials (P
> 0.05). The average incidence of Phytophthora root and
crown rots was 46% in the untreated controls in trials 1,
2 and 3, and was greater (DI = 93%) in trials 4, 5 and 6
(Table 3).

The most efficacious control of the pathogen was
observed from K-phosphite at the standard dosage (80%
efficacy) in all the experiments for both types of appli-
cation (Table 3), while efficacy the half rate treatments
also reduced percentage of dead plants (compared to the
untreated controls) by 47%, when applied via the nutri-
ent solution, or by 62% when applied directly to the soil
substrate.

K-silicate alone reduced the percentage of dead plants
with 20-23% efficacy. No improvement in disease con-
trol was observed when K-silicate was applied in com-
bination with K-phosphite for either of the tested doses.
Slightly less disease control was observed for K-phos-
phite, at the standard dosage, combined with K-silicate,
when applied via nutrient solution (68% efficacy) or to
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Table 3. Mean disease incidences from K-silicate or K-phosphite salt treatments, alone or in combinations, when applied against Phytoph-
thora crown rot caused by Phytophthora capsici on soilless grown sweet pepper ‘Corno di Toro™ plants. Data are average percentages of wilt-
ed and dead plants (disease incidence, DI) at the end of trials 1, 2 and 3, where Protocol I was used (see text), and trials 4, 5 and 6, where
Protocol II was used.

Mean Disease Incidence (DI)

Treatment (dosages: a.1)° Treatments applied to the NS Treatments applied to the substrate

(Protocol I) (Protocol II)
Untreated control 457 £3.2 dc E %4 93.3+2.0 d E %
K-silicate (200 mg L) 350+ 3.4 cd 234 733 £5.0 c 204
K-phosphite (P,05:K,0 0.65, + 0.525 g L") 244 +3.4 bc 46.5 356 £3.2 b 61.1
K-phosphite (P,05:K,0, 0.65 + 0.525 g L'!) +K-silicate (200 mg L'!) 21.7 + 2.5 b 52.6 344+ 1.8 b 63.1
K-phosphite (P,05:K,0, 1.30 + 1.05 g L) 8.9+21 a 80.5 183 +23 a 80.4
K-phosphite (P,05:K,0, 1.30 + 1.05 g L'!) + K-silicate (200 mg L'!) 14.4 + 1.3 ab 68.4 244 + 2.6 ab 73.8
Trial® df = 2; F =2.888; P = 0.057 df = 2; F = 0.9555; P = 0.389
K-phosphite df = 1; F =50.910; P < 0.0001 df = 1; F = 186.005; P < 0.0001
K-silicate df =1; F = 7.704; P = 0.007 df = 1; F = 9.469; P = 0.003
K-phosphite + K-silicate combined treatment df = 1; F = 6,429; P = 0.017 df = 1; F = 9,870; P = 0.004
K-phosphite x K-silicate interaction df = I; F = 8.432; P = 0.005 df = I; F = 2.918; P = 0.05
Treatments df = 5; F = 24.040; P < 0.0001 df = 5; F = 97.006; P < 0.0001

2K,Si0; at 200 mg L' and K-phosphite (standard dosage of P,05:K,0, 1.30 + 1.05 g L! or half dosage of P,05:K,0, 0.65 + 0.525 g L) or
their combinations, were added directly to the nutrient solution NS (Protocol I), or to the soil substrate (Protocol II) in each pot using 100
mL/pot of suspension. The treatments were carried out three times, at 7 d intervals.

b Values from trials 1, 2 and 3 or trials 4, 5 or 6, each with five replicates per treatment, were combined when statistically significant differ-
ences were not observed (Trial P > 0.05). Significant according to the F tests and degrees of freedom (df) used in its calculation. Each mean
is associated with its standard error (+ SE).

¢ Means in the same column, followed by the same letter, do not differ according to Tukey’s Test (P < 0.05). Each mean is associated with its
standard error (+ SE).

4 E%: percentage reduction of disease incidence of wilted and dead plants, compared to the untreated controls, at the end of trials 1, 2 or 3,
corresponding to, respectively, 30, 25 or 24 d after inoculation (Protocol I), and at the end of trials 4, 5 or 6, corresponding to, respectively,
35, 21 or 17 d after inoculation (Protocol II).

the substrate (74% efficacy) (Table 3). Similar effects were  als carried out using Protocol III. These symptoms rap-
observed for K-phosphite, at a reduced dosage, combined  idly under the experimental conditions used (average air
with K-silicate, when applied via nutrient solution (53%  temperature 24 to 28°C), with the final assessment car-

efficacy) or to the substrate (63% efficacy) (Table 3). ried out between 34 to 37 d after planting trials 7-9, and
For AUDPC values, K-silicate reduced disease devel- 23 to 26 d in trials 10-12 carried out with Protocol II1.
opment, compared to the untreated control, for both The data from trials 7, 8 and 9 (DI, df = 2, F = 0.369,

types of application. K-phosphite, at both tested dos-  p = 0.545; AUDPC, df = 2, F = 0.073, P = 0.930), and
ages, applied alone or combined with K-silicate, affected  from trials 10, 11 and 12 (DI, df = 2, F = 2.252, P =

AUDPC compared to the untreated control, and differ- 0.111; AUDPC, df = 2, F = 0.781, P = 0.461), were com-

ences among these treatments (Table 4). bined when there was heterogeneity between the trial

K-pho§phite .and K—sili.cate either alope or combined, ;¢ (Tables 5 and 6). Inoculation with the pathogen led
applied via nutrient solution or when distributed to the to high disease incidence in the untreated controls (78%

growing medium, did not reduce the development of ;12157 8 and 9 and 63% in trials 10, 11 and 12), per-

sweet pepper plants (data not shown). mitting evaluation of the different BCAs under study

(Table 5). All the BCAs reduced DI in the trials 7, 8 and

Effects of biocontrol agents 9 (df = 5, F = 18.021, P < 0.0001) and in trials 10, 11
and 12 (df = 5, F = 15.538, P < 0.0001), compared to the

First symptoms of Phytophthora root and crown rots  untreated controls. The experimental biocontrol agents
started to be visible at 5 to 13 d after inoculations with P.  generally gave more disease control than the commer-
capsici carried out 48-72 h after planting during the tri-  cial formulation of Trichoderma asperellum + T. gamsii
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Table 4. Mean areas under disease progress (AUDPCs) after treatments with K-silicate and K-phosphite salts, alone or in combinations,
applied against Phytophthora crown rot caused by Phytophthora capsici to soilless grown plants of sweet pepper ‘Corno di Toro. These data
were obtained at the end of trials 1, 2 and 3, using Protocol I, and trials 4, 5 and 6 using Protocol II (see text).

AUDPC?
Treatment (Dosage a.i.)® Treatment applied to the NS Treatment applied to the substrate
(Protocol I) (Protocol II)
Untreated control 846.4 + 76.01 cd 1,376.9 + 60.8 C
K-silicate (200 mg L) 533.6 + 47.7 b 1,045.0 £ 105.9 b
K-phosphite (P,05 K,O 0.65 + 0.525 g L") 413.3 £59.7 ab 396.9 + 46.2 a
} . . 4 o
]Ifll)ahosphlte (P,05 K,0 0.65 + 0.525 g L!) + K-silicate (200 mg 4528 4 543 ab 4044 + 334 a
K-phosphite (P,O5 K,0 1.30 + 1.05 g L) 236.9 £ 45.2 a 219.2 + 35.7 a
K-phosphite (P,05 K,O 1.30 + 1.05 g L'!) + K-silicate (200 mg L")~ 259.4 + 31.9 a 321.4 +432 a
Triald df = 2; F = 2.442; P = 0.093 df =2; F=0.388 P = 0.244
K-phosphite df = 1; F = 28.861; P < 0.0001 df = 1; F = 26.036; P < 0.0001
K-silicate df = 1; F = 9.202; P = 0.003 df =1; F =4.951; P = 0.029
K-phosphite + K-silicate combined treatment df = 1; F = 9,423; P = 0.005 df =1; F=5,311; P=0.014
K-phosphite x K-silicate interaction df = 1; F = 9.485; P = 0.003 df = 1; F = 12.976; P = 0.001
Treatment df = 5; F = 16.800; P < 0.0001 df = 5; F = 61.923; P < 0.0001

2K,Si0; at 200 mg L' and K-phosphite (standard dosage of P,05 K,0 1.30 + 1.05 g L! or half dosage of P,O5 K,O 0.65 + 0.525 g L!) or
their combinations, added directly to the nutrient solution NS (Protocol I), or to the substrate in each pot using 100 mL per pot of the sus-
pension prepared (Protocol II). The treatments were carried out three times every 7 days.

> AUDPC values were calculated for three to four assessments at 6-7 d intervals during trials 1, 2 and 3 (Protocol I), and four or five assess-
ments at 3-6 d intervals during trials 4, 5 and 6 (Protocol II).

¢ Values from trials 1, 2 and 3 or trials 4, 5 and 6, each with five replicates per treatment, are combined when statistically significant differ-
ences (trial P > 0.05; F tests) were not observed.

4 Means in each column followed by the same letter are not different (P < 0.05; Tukey’s Test). Each mean is associated with its standard
error (+ SE).

Table 5. Mean Phytophthora crown rot incidences after applications of experimental BCA treatments, applied according to Protocol III, on
for soilless grown sweet pepper ‘Corno di Toro. The data are average disease incidence (DI) at the end of trials 7, 8 and 9 and 10, 11 and 12.

Disease incidence (DI)

Treatment®

Trials 7, 8, and 9 Trials 10, 11 and 12
Untreated control 77.8 £3.2 de % E4 62.5+ 4.2 c % E
Fusarium solani FUS 25 30.6 + 4.0 a 60.7 222 +33 a 64.4
Pseudomonas sp. FC 7, FC 8, FC 9 42.8 + 4.1 ab 45.0 30.4 + 3.0 ab 51.4
Pseudomonas sp. PB 26 40.6 £ 3.5 ab 47.9 344 +32 ab 44.9
Trichoderma sp. TW 2 46.7 £ 4.7 b 40.0 36.9 £ 3.0 b 40.9
Trichoderma asperellum + T. gamsii 61.1 +42 c 214 364+ 3.8 b 41.8
Trial® df = 2; F = 0.369; P = 0.545 df = 2; F = 0.781; P = 0.461
Treatment df = 5; F = 18.021; P < 0.0001 df = 5; F = 15.538; P < 0.0001

2The BCA suspensions were applied (at 1 x 107 cfu mL™") to each pot and around the base of 15 d-old seedlings after planting, six times at 5
d intervals using 100 mL per pot of the suspension. The experimental BCAs were compared with a commercial formulation of Trichoderma
asperellum + T. gamsii (10% a.i., ‘Remedier’, Isagro), applied at the label rate of 0.25 g L' of peat substrate.

b Values from trials 7, 8 and 9 or trials 10, 11 and 12, each with five replicates per treatment, are combined when statistically significant dif-
ferences (P > 0.05; F tests) were not observed.

¢Means in each column followed by the same letter are not different (P < 0.05; Tukey’s Test). Each mean is associated with its standard error
(+ SE).

4E%: percent disease incidence reduction, calculated as dead and wilted plants, compared to the untreated controls, at the end of the trials
corresponding to 31, 31 or 34 d after inoculation for, respectively, trials 7, 8 and 9, and 23, 21 or 22 days after inoculation for, respectively,
trials 10, 11 and 12.



156

Giovanna Gilardi et alii

Table 6. Mean areas under disease progress curves after applications of different experimental BCA treatments, applied according to Proto-
col III, for Phytophthora crown rot caused by P. capsici on soilless grown sweet peppers ‘Corno di Toro. The data are expressed as average
area under disease progress (AUDPC) at the end of trials 7-9 and 10-12.

AUDPCP

Treatment?

Trials 7, 8 and 9 Trials 10, 11 and 12
Untreated control 1,814.4 + 75.7 dd 1,457.2 £ 62.9 c
Fusarium solani FUS 25 584.7 + 72.2 a 442.6 £ 57.8 a
Pseudomonas sp. FC 7, FC 8, FC 9 852.8 + 103.7 a-c 574.6 + 55.5 ab
Pseudomonas sp. PB 26 806.1 + 76.3 ab 6733+ 72.1 ab
Trichoderma sp. TW 2 947.2 £ 80.7 be 727.5 +57.5 b
Trichoderma asperellum + T. gamsii 1,170.0 + 77.2 c 660.3 + 61.1 ab

Trial®
Treatment

df =2; F = 0.073; P = 0.930
df = 5; F = 27.655; P < 0.0001

df = 2; F =2.252; P=0.111
df = 5; F = 33.733; P < 0.0001

2 The BCA suspensions (1 x107 cfu mL') were applied five times after planting at 7 d intervals to individual pots around the base of 15
d-old seedlings, using 100 ml of suspension per pot. The experimental BCAs were compared with a commercial formulation of Trichoderma
asperellum + T. gamsii (10% a.i.; ‘Remedier, Isagro), applied at the label rate of 0.25 g L! of peat substrate.

> AUDPC values were calculated considering four to five assessments at 4 to 9 d intervals during trials 7, 8 and 9, and four assessments at 4

to 8 d intervals during trials 10, 11 and 12.

¢ Values from trials 7, 8 and 9 or trials 10, 11 and 12, each with five replicates per treatment, are combined when statistically significant dif-

ferences (P > 0.05; F tests with and degrees of freedom (df) indicated.

4 Means each column accompanied by the same letter are not different (P < 0.05; Tukey’s Test). Each mean is accompanied by its standard

error (+ SE).

(22 to 42% efficacy). The greatest and most consistent P.
capsici control was from Fusarium solani FUS25, which
reduced proportions of dead plants by 61 to 65%. Both
of the tested experimental Pseudomonas treatments (PB
26 and the mixture of FC 7B, FC 8B and FC 9B) showed
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Untreated control Fuﬂllum solani Pseudomonas sp. Pseudomonas sp. Tnchoderma sp.  Trichoderma

US25 FC7,FC8, FC9 PB26 aspercllum + T.

gamsii

Trials 7-9  mTrials 10-12

Figure 1. Mean fresh weight biomass (g)?* of healthy sweet peppers
‘Corno di Toro’ plants treated according to Protocol III at the end
of trials 7, 8 and 9 (31 to 34 d after inoculation), and trials 10, 11
and 12 (21 to 23 d after inoculation). * Mean fresh weight of plants
per treatment from trials 7, 8 and 9 (df = 5; F = 30.446; P < 0.0001)
or trials 10, 11 and 12 (df = 5; F = 34.384; P < 0.0001), each with
five replicates per treatment, are combined because significant dif-
ferences were not observed for trials 7, 8 and 9 (df = 2; F = 2.684
P = 0.055) or trials 10, 11 and 12 (df = 2; F = 1.701 P = 0.190), as
indicated by F tests. "Means accompanied by the same letter do not
differ (P < 0.05; Tukey’s Test). Each mean is accompanied by associ-
ated with its standard error (+ SE).

similar disease control trends, with 45 to 51% disease
reduction, compared to the untreated controls. Tricho-
derma sp. TW2, applied to the growing media every 7 d,
provided a consistent disease reduction of 40-41%.

Disease reductions were observed for all the tested
BCAs, and a similar trend was observed for the different
disease amounts in trials 7, 8 and 9 (df = 5, F = 27.655,
P < 0.0001) and trials 10, 11 and 12 (df = 5, F = 33.733,
P < 0.0001). The least AUDPC values, compared to the
non-treated controls, were from Fusarium solani FUS25,
followed by the tested Pseudomonas strains and Tricho-
derma TW2 (Table 6).

Applications of the BCAs to the growing media
generally increased fresh plant biomass at the end of
both sets of trials, compared to the untreated controls,
although inconsistent results were observed for Pseu-
domonas PB26 and Trichoderma TW2 (Figure 1).

DISCUSSION

Phytophthora capsici is a broad host range pathogen
(Granke et al., 2012), important in most sweet pepper
growing areas. There are few chemical options for man-
agement of the diseases caused by this pathogen, due to
the lack of effective soil fumigants, its resistance to some
effective fungicides (Bower and Coffey, 1985; Hwang
et al., 1996; Lamour and Hausbeck, 2001; Parra and
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Ristaino, 2001; Tamietti and Valentino, 2001; Kousik
et al., 2008; Miao et al., 2016; Barchenger et al., 2018;
Hunter et al., 2018), and the complexity for host breed-
ing to select cultivars resistant to local pathogen isolates
(Acquadro et al., 2020).

Soilless crop cultivation is expanding throughout the
world, but by itself this approach cannot solve the prob-
lems of managing soil-borne pathogens (Jenkins and
Averre, 1983), since many of them, including P. capsici,
may be introduced through infected planting material
(Granke et al., 2012) or irrigation water (Ristaino et al.,
1993; Hong and Moorman, 2005; Gevens et al., 2007).
Growth and spread of zoosporic pathogens are particu-
larly severe problems in soilless systems (Stanghellini
and Rasmussen, 1994). Management strategies that min-
imize inoculum dispersal have, therefore, considerable
potential for disease reduction. Increased understanding
of the impacts of crop management measures in soilless
systems is needed for the sweet pepper-P. capsici patho-
system.

The present study examined the efficacy of resist-
ance inducers, based on K-phosphite and K-silicate, used
alone or in combinations, and of experimental biocon-
trol agents under conditions of high disease pressure, in
a closed soilless system. K-silicate only partially reduced
the incidence of P. capsici (20-23% efficacy) and its
development, also when combined with K-phosphite, at
the tested standard or reduced dosages. However, phos-
phite combinations could possibly reduce the risks of
selection of Phytophthora isolates resistant to phosphite
(Hunter et al., 2018), and address control of more than
one pathogen in integrated pest management. Addition
of 75 or 100 mg L! of silicon to the hydroponic nutrient
solution reduced the severity of anthracnose caused by
Colletotrichum capsici or C. gloeosporioides in Capsicum
annuum (Jayawardana et al., 2015).

The mode of action of silicates and their function-
ing in several pathosystems are not yet fully understood.
French-Monar et al., (2010) reported that bell pepper
plants treated with calcium silicate had reduced root
lesions and crown and stem necrosis caused by P. cap-
sici, although at lower levels of reduction than found in
other hosts. Together with possible formation of physi-
cal barriers to pathogens, from silicon accumulation in
plants with differences depending on species, this ele-
ment can influence plant defense responses and interact
with key components of plant stress signalling systems,
thus leading to induced resistance to pathogens (Liang et
al., 2006; Wang et al., 2017).

Of the products tested in the present study, potas-
sium phosphite provided the best control of P. capsici,
when applied to pepper plants by adding soluble forms

to nutrient solution of the closed hydroponic system,
and when added to the growing medium. No effects on
pepper development were detected after addition of this
compound. However, the possible phytotoxic effects of
phosphite, applied in soilless systems via a nutrient solu-
tion, should be considered. These compounds may pre-
cipitate and accumulate, as has been described for sev-
eral fertilizers (Sambo et al., 2019). For example, tomato
and pepper plants treated with either commercial or
technical formulations of phosphite in a soilless system
exhibited reduced growth (Forster et al., 1998).

The results obtained in the present study are similar
to those of Forster et al. (1998), who observed reduced
symptoms caused by P. capsici on tomato and pepper
plants grown in a greenhouse hydroponic system treated
with phosphite. Several factors are associated with the
inhibition of pathogen growth as a result of phosphite
treatments. These include phosphite concentration, the
nature of the salts, the acidification of the plant growth
medium and the pathogen life cycle (Guest and Bom-
peix, 1990; Smillie et al., 1989; Khalil et al., 2009; Khal-
il and Alsanius, 2011; Sambo et al., 2019). The results
obtained in the present study show that the concentra-
tion of applied K-phosphite affected control of Phytoph-
thora root and crown rot of sweet pepper, with greatest
control provided by the standard dosages here tested.

Phosphite may act directly on pathogens, by inhibit-
ing their growth (Fenn and Coffey, 1984, Smillie et al.,
1989; Grant et al., 1990; Smillie et al., 1989), and pos-
sibly by priming the host defense in several pathosys-
tems during pre-infection or post-inoculation stages of
the pathogens. Liu et al. (2016) reported that phosphite,
at >5pugmL!, had a direct effect on mycelium growth
and zoospore production in the sweet pepper-P. cap-
sici pathosystem. Moreover, this compound increased
transcription of antioxidant enzyme genes, and those
involved in ethylene and abscisic acid biosynthesis,
which mediated control of the pathogen at a higher
phosphite concentration (1gL™) (Liu et al., 2016).

Phosphites are receiving a growing interest in hor-
ticulture (Gomez-Merino and Trejo-Téllez, 2015). Their
application to soilless cultivation should be tested on
different host-pathogen combinations, because some
host plants are more responsive to phosphite than oth-
ers (Guest and Bompeix, 1990; Shearer and Crane, 2012).
Potassium phosphite reduced the Phytophthora crown
rot of soilless grown zucchini grown by 62-94%, when
applied directly to growing media, or via a nutrient solu-
tion, when the pathogen was inoculated 5-7 d before
planting (Gilardi et al., 2020). Phosphites are particu-
larly active against oomycetes and have long been used
for management of Phytophthora diseases in several
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crops (Fenn and Coftey 1984; Smillie et al., 1989; Guest
and Bompeix, 1990; Forster et al., 1998, Dobrowolski
et al., 2008), and in specific situations, based on green-
house and field studies of soil-borne pathogens in several
pathosystems. These include tomato/Phytophthora nico-
tianae (Gilardi et al., 2014); zucchini/P. capsici (Gilardi
et al., 2015); lettuce/Fusarium oxysporum f. sp. lactucae;
rocket/Fusarium oxysporum f. sp. raphani (Gilardi et al.,
2016); potato/Rhizoctonia solani (Lobato et al., 2010), and
common bean/Sclerotinia sclerotiorum (Fagundes-Naca-
rath et al., 2008).

Biocontrol agents may be worthwhile for disease
management in soilless production systems (Paulitz,
1997; Postma, 2009; Vallance et al., 2011; Lee and Lee,
2015). In the past 20 years, several studies have demon-
strated reduced disease and practical implementation
(Lamichhane et al., 2017; Villeneuve, 2017; Barratt et
al., 2018; Raymaekers et al., 2020). In the present study,
the Pseudomonas putida isolate mixture (FC 7B, FC
8B, FC 9B), Pseudomonas sp. PB26, F. solani FUS25 and
Trichoderma sp. TW2, introduced into the soilless sys-
tem 48-72 h before the pathogen inoculation, followed
by four applications at 7 d intervals, reduced P. capsici
on pepper by 45 to 64%. This result indicates further
research is warranted. The most consistent results in
control of Phytophthora crown rot were provided by F.
solani FUS25 (60-64%% efficacy). The same biocontrol
strain sometimes provided good, but variable results
(8-54% efficacy) on zucchini, when applied to growing
medium immediately at inoculation with P. capsici and
5-6 d before planting (Gilardi et al., 2020). Although the
mechanism of action of F. solani FUS25 is not known,
the most likely strategy for its use should be as a protect-
ant or in preventative treatments. Establishment of BCAs
in host root systems can also vary according to the host.
The root systems of sweet pepper have greater surface
areas than root systems of zucchini, which instead devel-
ops roots with few branches.

The good results obtained in the present study
add evidence for applying BCAs in soilless cultivation
systems against diseases caused by oomycetes. Pseu-
domonas sp. is known to be effective in reducing cucum-
ber root colonization by Pythium aphanidermatum
(Moulin et al., 1994; Chatterton et al., 2004), and Pythi-
um disease on cucumber grown in a closed rockwool
system (Postma et al., 2000). Streptomyces griseoviride
(‘Mycostop’) is effective against Pythium ultimum on
cucumber (Wolthechel and Funck Jensen, 1991), while
Trichoderma virens (‘Soilgard’) and Gliocladium catenu-
latum (‘Prestop’) are active against Pythium aphanider-
matum, the causes of the damping-oft of cucumbers
grown in rockwool (Punja and Yip, 2003).
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Increased understanding of BCA modes of action
is needed to achieve a widespread application of these
agents. Disease suppression could be related to differ-
ent mechanisms: including production of antibiotics,
secondary metabolites, lytic enzymes, phytohormones,
siderophores, volatiles, and induction of host resist-
ance (Kohl et al., 2019). For example, pepper plants
inoculated with Fusarium oxysporum f. sp. lycopersici
developed local and systemic resistance against P. cap-
sici (Silvar et al., 2009), and the foliar pathogen Botrytis
cinerea (D1'az et al., 2005). Endophytic Trichoderma iso-
lates induced resistance in hot pepper to P. capsici (Bae
et al., 2011). Pseudomonas induced motility inhibition of
P. capsici zoospores (Zohara et al., 2016), which are the
only mobile propagules found in recirculating nutrient
solutions (Stanghellini et al., 1996). Iron competition
was important in the antagonistic activity of Tricho-
derma asperellum against F. oxysporum f. sp. lycopersici
of tomato grown in a soilless medium based on perlite
(Segarra et al., 2010).

Little is known about the capability of biocontrol
agents to suppress Phytophthora blight on peppers
grown in soilless systems.

Selected strains of the Pseudomonas, Bacillus,
and Trichoderma have long been known for ability to
improve plant growth and induce host systemic resist-
ance against diseases and pests in different ecosystems,
including soilless systems (Paulitz, 1997; Domenech et
al., 2006; Gravel et al., 2007; Berg, 2009; Lee and Lee,
2015.; Sambo et al., 2019). Several biocontrol agents
introduced into hydroponically grown fruit and vegeta-
bles have provided positive effects on yields and quality
of horticultural products. In the present study, signifi-
cant reduction in Phytophthora crown rot observed after
treatment with Fusarium solani FUS25 was confirmed,
by increased biomass fresh weight, with similar or great-
er increases than those from the commercial mixture of
Trichoderma asperellum + T. gamsii.

In general, if a biocontrol agent is given time to
become well-established in plant growth media, before
pathogens are introduced (often through planting mate-
rial), it can prevent infections or can interfere with path-
ogen inoculum production that may spread through-
out the systems (Fry, 1982). Pseudomonas chlororaphis,
Bacillus cereus, and B. gladioli strains, applied in small-
scale hydroponic units, suppressed root colonization
of chrysanthemum by Pythium aphanidermatum when
applied 14-7 d before pathogen inoculation, rather than
at the same time as inoculation (Liu et al., 2007). Select-
ed antagonistic Pseudomonas, Fusarium or Trichoderma
strains, previously tested in pot trials in peat medium
against Fusarium wilt agents of lettuce and wild rocket
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(Gilardi et al., 2019; Srinivasan et al., 2009), or in natu-
rally infested soil in a zucchini-P. capsici pathosystem
(Cucu et al., 2020), were here used in preventative treat-
ments in a closed soilless system, before inoculation of
peat substrate with P. capsici. Optimizing the conditions
in the soilless environment to which biocontrol agents
were introduced, resulted in improved disease manage-
ment consistency.

The results obtained in this study provide evidence
for using phosphite-based products and biocontrol
agents against Phytophthora crown and root rot of pep-
per, grown in soilless systems. They also show that there
is not one solution for the management of these diseases.
Different options should be considered and adapted to
the different situations, relying on good extension ser-
vices. Soilless cultivation provides good opportunities
for exploitation and practical application of new disease
management tools, such as resistance inducers and bio-
control agents. These have been intensively studied in
recent years, expanding the integrated disease manage-
ment options for intensive vegetable production (Paulitz,
1997; Lamichhane et al., 2017; Messelink et al., 2020).
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Short Notes
Detection and phylogeny of viruses in native
Albanian olive varieties
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Summary. Forty samples representing 14 native Albanian and two foreign olive varie-
ties were collected from an olive varietal collection plot in the Valias region (Tirana,
Albania). The samples were assayed by RT-PCR for presence of olive-infecting viruses,
including arabis mosaic virus (ArMV), cherry leaf roll virus (CLRV), cucumber mosaic
virus (CMV), olive latent ringspot virus (OLRSV), olive latent virus 1 (OLV-1), olive
leaf yellowing-associated virus (OLYaV), strawberry latent ringspot virus (SLRSV) and
by PCR for the bacterium Xylella fastidiosa (Xf). Ninety-eight percent of the samples
were infected with at least one virus. OLYaV was the most prevalent (85% of samples),
followed by OLV-1 (50%), OLRSV (48%), CMV (28%), SLRSV (3%) and CLRV (5%),
whereas ArMV and Xf were absent. Fifty-five percent of the samples were infected
with one virus, 13% with two viruses, 20% with three, and 5% with four. Analyses of
the nucleotide sequences of the Albanian virus isolates generally showed low genetic
variability, and that most were phylogenetically related to Mediterranean isolates, in
particular to those from Greece and Italy. Five olive trees, representing three native
cultivars (‘Managiel, ‘Kalinjot’ and ‘Kushan-Preze’) and one foreign (‘Leccino’), were
found to be plants of the Conformitas Agraria Communitatis (“CAC”) category i.e. free
of ArMV, CLRV, SLRSV and OLYaV. Only one tree of the native cultivar ‘Ulliri i kuq’
was free of all tested viruses, so this is plant material of the “Virus-tested” category.
Olives derived from both categories could be used for propagation of standard quality
plant materiel in a future certification programme for olive in Albania. This is the first
report of CLRV, OLRSV, CMV and OLV-1 in Albania. The study also reveals the pre-
carious health status of native olive varieties in the Valias varietal collection plot. How-
ever, the discovery of six plants representing two certifiable categories is a first step in a
future olive tree certification program in the country.

Keywords. RT-PCR, sequence and phylogenetic analyses, certification programme.

INTRODUCTION

Olive (Olea europaea) is one of the oldest and most important fruit tree
crops in Albania (Belaj et al., 2003). Currently, there are 54,000 ha of olive
groves containing approx. 10 million trees in Albania, of which thousands
are secular (Ismaili, 2009). The olive growing area in this country extends
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from the northern border of Shkoder to Konispol in
the south, penetrating the mainland towards the east,
through river valleys, creating a continuum of olive
groves (Velo and Topi, 2017). Until 2009, the olive groves
were distributed as follows: 10% on flat land, 83% on
hillsides and 7% in steep areas (MAFCP, 2009); however,
this situation has changed in favour of flat land and hilly
areas making olive cultivation a dominant feature of the
landscapes (Kolaj et al., 2017).

Most olive production in Albania is concentrated in
the coastal and mountainous areas (Fier, Berat, Elbasan
and Vlora regions) with Mediterranean climatic condi-
tions. In 2018, almost 100,000 tons of olives were pro-
duced, an increase of 3.2% compared to previous years,
and the olive oil industry produced 6,000 tons of prod-
uct (Lazemetaj, 2018).

The genetic resources of Albanian olive groves are
varied, with many ancient native varieties (approx. 50
varieties), but only six (‘Kalinjot’, ‘Krypsi Beratit’, ‘Bar-
dhi Tirané’, ‘Krypsi Elbasanit’, ‘Mixan’ and ‘Himara’)
make up 85% of the national production (MoA, 2017).
Olive tree propagation is mainly by grafted or self-rooted
cuttings, which undergo a Conformitas Agraria Com-
munitatis (“CAC”) certification. This is based on visual
assessment of the health status of the olive tree and is
managed by the “National Seed and Plant Institute” of
the Ministry of Agriculture (MoA). To preserve Alba-
nian olive germplasm, the MoA with the collaboration
of the Agricultural University of Tirana has established
a varietal collection plot in the Valias region of Alba-
nia. This plot contains the most important native varie-
ties (Genetic Bank of the University of Tirana, Albania).
Initially, these “mother” plants of different varieties were
selected based on visual inspections, regardless of their
phytosanitary status.

Although this approach can be valid for excluding
some diseases, it is not appropriate for virus infections
which can be masked in plants in latent forms and\or at
low concentrations, thus leading to the selection of false
virus-free olive trees. As with other crops, propagation
of olive by vegetative means favours virus spread. Olive
is affected by 15 viruses (Martelli, 2013), some of which
are agents of identified diseases, while most cause latent
infections, the effects of which have yet to be determined.

Three surveys of virus diseases (Saponari et al.,
2002; Cakalli et al., 2006; Luigi et al., 2009), carried out
on, respectively, 38, 37 and 50 trees, have summarized
knowledge on olive viruses present in Albania. Only
strawberry latent ringspot virus (SLRSV) and olive leaf
yellowing-associated virus (OLYaV) were identified.
Following the growing interest of farmers in the use of
high-quality nursery plants, identification of healthy
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plants that can be used as a sources of propagation
material for growers has become a necessity to improve
the national olive industry. Albania has therefore start-
ed a certification programme for the multiplication of
olive plant material. As part of this programme, a survey
was conducted in the varietal collection plot of “moth-
er” plants (in the Valias region) to assess the virus phy-
tosanitary status of native varieties that could be used in
the future. Furthermore, the recent outbreak of the olive
quick decline syndrome, caused by Xylella fastidiosa
(Xf) in Italy (Saponari et al., 2013), and its identification
in other European countries (France, Spain, Germany)
made it necessary to extend this investigation to survey
for this bacterium, for which the results of both studies
are reported in the present paper.

MATERIALS AND METHODS
Field survey and source of plant material

In March 2018, a survey was conducted in a plot for
the varietal collection of olive (Valias, Tirana, Albania)
which was established by the Albanian Ministry of Agri-
culture to include the most important olive varieties in
the country. The olive germplasm in this plot has been
periodically subjected to phenotypic and pomological
evaluations in order to identify trees that could be used
as propagation material in the Albanian certification
programme.

Forty olive trees with no apparent symptoms were
each sampled. Leaves and cuttings (approx. 25-30 cm
long) aged between 1 and 2 years, were taken from each
tree canopy. In total, 16 cultivars were sampled, of which
14 were native and two were foreign (Table 1).

Three clones of each cultivar were sampled, and the
samples were labelled, stored in plastic bags at 4°C and
brought to the laboratory for analysis. Cuttings from
olive seedlings kept in screenhouses at the Mediterra-
nean Agronomic Institute of Bari, which were healthy as
indicated by RT-PCR assays were used as negative con-
trol samples, and different plants infected (also indicated
by RT-PCR) with arabis mosaic virus (ArMV), cherry
leaf roll virus (CLRV), cucumber mosaic virus (CMV),
olive latent ringspot virus (OLRSV), olive latent virus 1
(OLV-1), OLYaV and SLRSV, were used as positive con-
trol samples.

Extraction of total nucleic acids

For virus detection, total nucleic acids (TNAs) were
extracted from 0.2 g of phloem tissues of each sample
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Table 1. Olive samples collected from the varietal collection plot of Valias region (Tirana, Albania), assayed by RT-PCR for the presence of
seven olive-infecting viruses. * indicates CAC category plants; ** indicates Virus-tested category plant.

Cv. N° Cultivar Sample N°. ArMV SLRSV CLRV OLYaV OLRSV CMV OLV-1
1 Bog 1 - - - + + - -
2 - - - + + - -
3 - - - + - -
2 Managjel * - - - - + - +
2 - - - + + - +
3 Frangu 1 - - - + - - +
2 - - - + - - +
3 - - - + - - +
4 Kushan 1 - - - + - - +
2 - - - + + - +
3 - - - + - - +
5 Ibardhii Tiranes 1 - - - + + - +
2 - - - + + -
3 - + - + + - +
6 Kalinjot 1* - - - - + + B
2% - - - - - + -
3 - - - + - -
7 Krypsi i Krujes 1 - - - + + + -
2 - - + + -
3 - - - + + -
8 Kokermadhi i Beratit 1 - - + + - + -
2 - - - - +
3 - - - + - + +
9 Tholli i Himares 1 - - - - R
2 - - - + - -
3 - - - + + - -
10 Mixan 1 - - - + - + -
2 - - - + - - +
3 - - - + - + -
11 Lecino Valias 1 - - - + + - R
2 - - - + - - -
3* - . - - - - +
12 Frantoio-Valias 1 - - - + + . R
2 - - - + + +
13 Kushan-Preze 1* - - - - - - +
2 - - - + - - +
14 1 bardhi i Tiranes-Preze 1 - - - + - - R
2 - - - + - - +
15 Mixan-Preze 1 - - - + - - +
16 Ulliri i kuq-Preze 1** - - - - - - R
Number of infected trees 0 1 2 34 19 11 20

% infected trees 0 2.5 5 85 47.5 27.5 50
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(cortical scrapings). Each sample was homogenized in
1 mL of grinding buffer (0.4 M guanidine thiocyanate,
0.2 M NaOAc (pH 5.2), 25 mM EDTA, 1.0 M KOAc (pH
5.0), and 2.5% w/v PVP-40). Nucleic acids were then
purified with silica particles (Foissac et al., 2001).

For Xf detection, DNA was extracted following the
CTAB protocol (2% hexadecyl trimethyl-ammonium
bromide, 0.1 M Tris-HCI (pH 8), 20 mM EDTA, and 1.4
M NacCl) (Hendson et al., 2001). For each sample, 0.3 g
of fresh leaf midrib and petiole was homogenized with
2 mL of CTAB buffer, using an automated hammer.
Extracted sap was incubated at 65°C and then chloro-
form treated. TNA was precipitated with 0.6 volume of
cold 2-isopropanol and resuspended in 120 pL of sterile
water for PCR assays.

Reverse transcription (RT) and polymerase chain reaction
(PCR)

Samples were assayed by RT-PCR for the presence
of seven olive viruses, including ArMV, CLRV, CMYV,
OLRSV, OLV-1, OLYaV and SLRSV. Virus RNAs were
reverse transcribed using 200 U of Moloney Murine Leu-
kaemia virus reverse transcriptase enzyme (Invitrogen
Corporation), 4 uL of 5XFS M-MLV bufter, 2 uL of DTT
(0.1 M), and 0.5 puL of ANTPs (10 mM). The mixture
was incubated at 39°C for 1 h and then at 70°C for 10
min. PCR was performed using 2.5 uL of cDNA, togeth-
er with 2.5 pL of 10x Taq polymerase buffer (Promega
Corporation), 1 uL of 25 mM MgCl,, 0.5 puL of 10 mM
dNTPs, 0.5 uL of 10 uM of sense and antisense primers
(Table 2) and 1 unit of Taq DNA polymerase (5U pL") in
a final volume of 25 pL. Amplifications were carried out
in a thermocycler (Biometra) after a preliminary dena-
turation at 94°C for 4 min, followed by 35 cycles at 94°C
for 35 s, annealing at 55°C for 35 s (58°C for OLYaV)
and 72°C for 35 s, and a final extension step at 72°C for
7 min. Amplified products were electrophoresed in 5%
TBE polyacrylamide gel (PAGE) and visualized by silver
nitrate staining.

DNA was extracted from olive samples following
the CTAB protocol and assayed by PCR using primers
RST31/33, which are widely used in the detection of dif-
ferent Xf subspecies (Minsavage et al., 1994). Reactions
consisted of a 1x amplification buffer in a final volume
of 25 uL, containing 2.5 uL of TNA, 1 uL of dNTPs
(10 mM), 0.5 uL of each sense and antisense prim-
ers (10 uM), and 1.25 U of Taq DNA polymerase. PCR
cycles consisted of 94°C for 1 min followed by 40 cycles
of 94°C for 30 s, 55°C for 30 s, and 72°C for 45 s, and a
final step of 72°C for 5 min. PCR reactions were electro-
phoresed in 1.2% TAE agarose gels.
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Cloning, sequencing and bioinformatic analyses

Based on the occurrence of each virus in the tested
samples, amplified RT-PCR products yielded from dif-
ferent infected olive trees were transformed in StrataClo-
ne™ PCR Cloning vector pSC-A (Stratagene), subcloned
into Escherichia coli DH5a cells, and three DNA clones
from each sample were custom sequenced bidirection-
ally (Eurofins Genomics). Nucleotide sequences were
analyzed with the DNA Strider 1.1 program (Marck,
1988). Multiple alignments of nucleotide sequences were
performed using the default options of CLUSTALX 1.8
(Thompson et al., 1997). The BLASTn program was used
to search for nucleotide homology in GenBank (Alts-
chul et al., 1990). Tentative phylogenetic trees were con-
structed with the MEGA 6 version software, using the
Neighbor-joining method, with 1000 bootstrap replicates
(Tamura et al., 2013).

RESULTS AND DISCUSSION
Detection of olive viruses and Xylella fastidiosa

RT-PCR detection of olive viruses showed that
almost all the native Albanian olive cultivars tested were
infected with a least with one virus (97.5% of infection).
Only one tree was virus-free. OLYaV was the most prev-
alent virus (in 85% of samples), followed by OLV-1 in
50% of samples (Table 1). The high incidence of OLYaV
in the sampled Albanian olive trees was similar to that
reported in other countries, including Lebanon (24%),
Syria (15%), Tunisia (49%), Italy (42%), and the United
States of America (93%) (Saponari et al., 2002; Albanese
et al., 2003; Al Abdullah et al., 2005; Fadel et al., 2005;
Faggioli et al., 2005; Al Rwahnih et al., 2011; El Air et al.,
2011). The transmission of this virus occurs through the
exchange of infected plant propagation material; howev-
er, it is strongly suspected that the olive psyllid (Euphyl-
lura olivinae), which has been repeatedly found to host
OLYaV, is the vector of this virus in nature, although this
has not been demonstrated with experimental transmis-
sion tests (Sabanadzovic et al., 1999). For this reason, it is
difficult to establish which path OLYaV has taken in the
varietal collection plot to reach such high incidence.

OLV-1 is a polyphagous soilborne virus capable of
infecting crops without being transmitted by vectors.
These two characteristics make this virus very transmis-
sible. OLV-1 has also been shown to be present in blos-
soms (Lobdo et al., 2002), pollen (Saponari et al., 2002),
and fruit pulp (Félix, unpublished) of infected trees, as
well as in high proportions (> 80%) of seedlings origi-
nating from infected olive trees (Saponari et al., 2002)
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Table 2. List of primers used in RT-PCR assays for detecting the olive-infecting viruses. CP, Coat protein; RARP, RNA-dependent RNA
Polymerase; HSP70-like protein, Heat shock protein 70 kDa-like protein.

Virus Genus Alrzgiiifd Prinzg)r tss%l’l)ence Amplizl());)length Reference
ArMV  Nepovirus CP gene "IT gfig; éfg g é,? g gfﬁ:,}%%% 504 Grieco et al., 2000

CLRV  Nepovirus CP gene G?Eggiii%i??ggé?ggggéc; 416 Faggioli et al., 2005
OLRSV  Nepovirus 3’terminal T;ggﬁ?::ggé?gigigg?g(; 480 Grieco et al., 2000

CMV Cucumovirus RdRP gene E%[Z%gi%%%%igggigéiggg 513 Grieco et al., 2000
OLV-1  Alphanecrovirus  3’terminal A%gi?iééﬁggﬁiéﬁgzggc 299 Faggioli et al., 2005
OLYaV  Closterovirus HSP70 gene C(S GA GAAG(? GG (?”ETS\C(}IGG(E;I:FC(;IAG?XC(}S\%%C 383 Sabanadzovic et al., 1999
SLRSV  Sadwavirus CP gene CCCTTGGTIACTITIACCTCCICATIGTCC 293 Faggioli et al., 2005

AGGCTCAAGAAAACACAC

indication transmission through seeds. By means of
ovule fertilization with infected pollen and\or by graft-
ing of cultivar plants that are ‘recalcitrant’ to rooting
onto seedlings originated from infected seeds, all these
approaches make again OLV-1 a very infectious virus.
Factors favouring the high OLV-1 incidence in the olive
trees of Valias field merits future investigation.

The OLRSV incidence particularly high (48%) com-
pared with olive orchards in other Mediterranean coun-
tries, i.e., Tunisia (17%), Lebanon (14%), and Syria 12%
(El Air et al., 2011; Al Abdullah et al., 2005; Fadel et al.,
2005). No vector for OLRSV is known; however, as a
nepovirus, its natural transmission could occur through
nematodes. These pests have not been reported from the
Valias collection plot, suggesting that the transmission
of OLRSV may have occurred through infected self-root-
ed olive tree cuttings.

Among the viruses tested, CMV was the third most
commonly found (28% of the samples). This incidence is
similar to reports from other countries, i.e., Syria (23%)
and Tunisia (26%) (Al Abdullah et al., 2005; El Air et al.,
2011). Although CMYV is transmitted through many dif-
ferent aphid vectors (Myzus spp.), the presence in Albani-
an olive cultivars may not be attributed to these, because
their association with olive has not been demonstrated.

SLRSV and CLRV were found at low incidence,
i.e.,, 1% for SLRV and 3% for CLRV, and ArMV was not
detected. The rare presence\absence of these three poly-
phagous neopoviruses in Albanian olives is satisfactory.

Excluding the OLYaV infections, whose investigation
on olive plants is regulated on the basis of a simple vis-
ual inspection for the presence of leaf yellowing symp-

toms (EU Directives n°. 2016/97 for “CAC” [Conformitas
Agraria Communitatis] category), and not on laboratory
tests as conducted in the present study, the phytosani-
tary status of the 14 native Albanian cultivars tested here
can be considered as acceptable.

A high proportion (93%) of the tested olive plants
material was free of ArMV, CLRV, SLRSV, and symp-
toms of yellowing of the leaves. It is therefore legitimate
to classify the plants as “CAC” category. The presence of
OLYaV found in the samples based on laboratory tests is
worrying, because the latent period of this virus in the
infected plant material is unpredictable. For phytosani-
tary safety, therefore, this material should be excluded
from the “CAC” category in the future Albanian certi-
fication programme. Consequently, five trees of three
3 native varieties and one foreign cultivar (‘Leccino’)
were eligible for the “CAC” category. Only one plant
of the native cultivar “Ulliri i kuq’ was found free of all
the viruses tested, so this plant can be designated in the
“Virus-tested” plant material category. For the remain-
ing olive cultivars, for which no virus-free plants were
detected, sanitation measures (thermotherapy and\or in
vitro shoot tip culture), or sanitary selections for a greater
number of olive plants, are recommended for the future
certification programme in Albania. It is notable that
attempts to correlate the presence of any single virus or
group of viruses with specific host symptoms in Valias
plot were unsuccessful. This agrees with other reports on
the symptomatology of these viruses (Martelli, 2013).

PCR results showed that Xf was not present in any
of the tested samples, confirming previous reports of
absence of this pathogen in Albania (Cara et al., 2016).
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Sequence variability

All of the virus sequences obtained in this study
were deposited in the GenBank under different acces-
sion numbers (acc.n®), and are shown in the phylogenetic
trees (Figure 1). The sequence of SLRSV found only in
one Albanian olive tree of cultivar ‘T Bardhi i Tiranes’
(isolate I Bardhi3) had 80.5% to 93.5% similarity with
those in GenBank; whereas two isolates Gr\Ts and Gr\
Ms (acc.n®, respectively, MK936233 and 706532), were
recently identified in olive trees in Greece (Manthoudia-
kis et al., 2020), and these were the most related isolates
(93.5% similarity). The SLRSV isolates present in the
Genbank database showed 22% of variability, in the coat
protein homologue region investigated here.

The sequence analyses of CLRV isolates found in
two Albanian olive cultivars, i.e., ‘Krypsi’ and ‘Kokerma-
dhi’, showed, respectively, 86% and 87% to 98% similar-
ity with homologue isolates in the database. Both SLRSV
isolates (Krypsi 2 and Kokermadhi 4) shared 98.2% simi-
larity with the Adilcevaz isolate from Turkey (acc.n®

(a)

797005-Robinia 14-027 [Acacia] (POL)
MN706530-Gr/Km2 [Olive] (GRE)

73 MK936234-Gr/Ck [Olive] (GRE)
{ MF

L MK936233-Gr/Tr [Olive] (GRE)
L MN706532-Gr/Ms [Olive] (GRE)
# LR865362 Bardhi3 (ALB)

—— X7T7466-Hampshire [Cherry] (UK)
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FJ785323), and Gr\Gd (acc.n® MK936236) and Gr\Tr (acc.
n® MK936235) from Greece, whereas the sequence simi-
larity between the two SLRSV isolates was 96%.

The incidence of OLV-1 was greater than that
of SLRSV and CLRYV; thus, 11 isolates, i.e., one from
each OLVl1-infected cultivar (Table 1), were chosen for
sequencing. The comparison of their sequences showed
three different representative sequence-types of all 11
OLV-1 isolates that were present as single infections in
cultivars ‘Kokermadhi’, ‘Kushan’ and ‘Mixan’, and in
mixed virus infections. Albanian OLV-1 isolates shared
88% to 98.3% similarity with those of the GenBank.
Whereas isolate Kushan3 had similarity of 98.3% with
isolate V10 from Portugal (acc.n® KF804063), isolate Kok-
ermadhi3 had 96% similarity with P33 (acc.n® MN586597,
from Tunisia), and Mixan2 had 97% similarity with GIA
(acc.n® KF804056, from Portugal). The Albanian OLV-1
isolates showed 93.3% and 98% similarity.

In the case of OLYaV, one isolate from each of the
15 OLYaV-infected cultivars was sequenced. After the
sequence analysis, seven different sequence-types were

(b)

© LR862664 Krypsi? (ALB)
FJ785323-Adilcevaz [Walnut] (TUR)
FJ785324-Ahlzt1 (TUR)
AMO81034-E2532 [Silver birch] (FIN)
U24694-1563 [Walnut] (USA)

] (SP.
77154-CTIFL [Walnut] (UK)

Al
@ LR862665 Kokermadhid (ALD)
231 MK836236-Gr/Gd [Olive] (GRE)
- MK336235-Gr/Tr [Olive] (GRE)

{ C937026-739 [Golden Kiwifruit][ (NZ)

99

AB168100-acetosella [Red sorrel] (JAP)
JN418885-1140 [Hortensia] (NZ)
KC937028-FNW [Red currant] (NZ)

34 — XT5165-FC [Cherry] (NZ)
S AYB60979-NCGRMEN454 (USA)

MF796976-13-023 [Lilium] (NET)

ok

7

1KC937022-606 [Red currant] (NZ)

KC937031-441 [Darrows blueberry] (NZ)
KC937029-1978 [Red raspberry] (NZ)
KC937027-54 [Apple] (NZ)
KC937025-441 [Apple] (NZ)

KC337023-7917 [Red raspbemy] (NZ)

AM981027-W2J [Elglish walnut] (GER)
a7 HM032067-CLRVC3 [Wild chery] (POL)
MN399681-Salzlandkreis-1 [Cherry] (GER)
1 HM032063-CLRVAT [Apricot] (POL)
FMO032065-CLRVCA [Wild cherry] (POL)

AM381037-EG32 [Mountain birch] (FIN)
—SE: KC937030-737 [Bitter dock] (NZ)

KC937024-737 [Bitter dock] (NZ)

AM981025°E2249-24 [Sliver birch] (GER)
25— JN104385-Olm1 [cherry] (USA)

KU522585-GFLV

100 MF796973-12-001 [Lilium] (NET)
MN706531-Gr/Af [Olive] (GRE)
M95497-RTSV
—
0.05
0.0z

Figure 1. Phylogenetic trees based on nucleotide sequences of different partial genes\domains of SLRSV (a), CLRV (b), OLV-1 (c), CMV
(d) and OLYaV (e). Alignments were obtained using Clustal X 1.8, and analyzed by the Neighbor-Joining method with 1000 bootstrap rep-
licates. The percentage of replicate trees (when >70%) in which the virus isolates clustered together is shown next to each branch. GenBank
accession number, name, isolation sources and countries of origin of each corresponding virus isolate used in the analysis are reported in
the phylogenetic tree. Rice tungro spherical virus (RTSV) of the genus Waikavirus, Grapevine fanleaf virus (GFLV) of the genus Nepovirus,
Olive mild mosaic virus (OMMYV) of the genus Alphanecrovirus, Fig mosaic virus (FMV) of the genus Emaravirus and Daucus carota HSP70
gene, were used as outgroup species. The abbreviations used for countries of origin of the isolates are: Albania (ALB); Australia (AUS);
Chile (CHI); Croatia (CROA); Egypt (EGY); Finland (FIN); France (FRA); Germany (GER); Greece (GRE); India (IND); Israel (ISR); Ita-
ly (ITA); Japan (JAP); Malaysia (MAL); Netherlands (NET); New Zealand (NZ); Palestine (PAL); Poland (POL), Portugal (PORT); South
Korea (S-KOR); Spain (SPA); Tunisia (TUN); Turkey (TK); Uganda (UGA); United Kingdom (UK); and United States of America (USA).
Albanian virus isolates are indicated in red.
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Figure 1. Continued.
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identified, sharing 88.2% to 98.6% similarity. BLASTn
sequence analysis showed that isolate Mangiel2 was
the most variable among the Albanian isolates and
with those of the GenBank, with sequence similarity of
69.9%. Opposite to this, greatest similarity was found
with Frangu3 isolate that showed 98.9% similarity with
GenBank isolates. In general, the similarity margin,
comparing the sequences of the seven Albanian isolates
with those in Genbank, ranged from 90.3% (Bardhi3)
to 98.9% (Frangu3). In particular, isolates Bo¢l and
Mangiel2 had the greatest similarity (respectively, 97.1%
and 96%) with the Italian isolate AJ (acc.n® AJ440010).
Mixan2 shared 97.9% similarity with isolate Abunara
from Tunisia (acc.n® KC133184). Of the three OLYaV iso-
lates, Kushan7 had 93.7% similarity with isolate Rouget
(acc.n® HQ286488, from France), Kalinjotl had 92.4%
similarity with Bidhel Hammam (acc.n® HQ288836,
from Tunisia), and Frangu3 had 98.9% similarity with
Nocellara messinese (acc.n® KC133148, from Italy).

Nine Albanian olive cultivars were shown to be
infected with OLRSV, so their RT-PCR amplicons were
sequenced. BLASTn analyses of obtained sequences
(acc.n® LR865438, isolate Kalinjot3; LR865403, isolate
Krypsi2; and LR865404, Mixan3) showed that these iso-
lates shared 99.1% to 99.3% similarity with the unique
OLRSYV isolate in the GenBank (acc.n® NC_038863);
whereas the intraspecies variability ranged from 0.9% to
1.5%.

Five Albanian cultivars were infected with CMV
(Table 1), so their RT-PCR amplicons were sequenced.
Nucleotides sequence comparison for these isolates
showed three different sequence types, found as single
infections in the olive cultivars ‘Kalinjot’, ‘Krypsi’ and
‘Mixan’. The sequence from ‘Kalinjot” shared 89.8% to
99.4% similarity with the homologue from the GenBank,
that from ‘Krypsi’ was 89.0% to 99.2% similar, and the
sequence from ‘Mixan’ was 87.8% to 98.8%. The Alba-
nian isolates were 93.3% to 96.1% similar to each other.
The CMV sequences of the other two infected cultivars
(‘Kokermadhi’ and ‘Frantoio Valias’) were identical to
that of the isolate from ‘Kalinjot’.

Phylogenetic analyses

The phylogenetic analyses conducted in this study
aimed to determine relationships between viruses found
in the Albanian olive cultivars and their homologues of
international origins. In the case of SLRSV, the analy-
sis was conducted on the few sequences of isolates from
olive reported in the GenBank, together with those from
other crops. In the phylogenetic tree, the Albanian iso-
late of SLRSV (Bardhi3) clustered in one clade together
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with Greek isolates from olive (Gr\Tr, Gr\Ms and Gr\
km2) (Figure la). A similar clustering was found for
CLRV isolates from Albania, i.e., Kokermadhi4, that
grouped together with olive isolates from Greece (Gr\Gd,
Gr\Tr). In contrast, Krypsi2 clustered closely to Adilcevaz
and Ahlatl isolates, both reported from walnuts in Tur-
key (Figure 1b).

The OLV-1 phylogenetic tree had four differentiated
clusters based on infected hosts rather than geographic
origins. The largest cluster was composed of isolates
from olive from Portugal, for which the Albanian iso-
lates Kokermadhi2, Kushan3 and Mixan2 were part of in
a distinct clade (Figure 1c).

Analogous to SLRSV, the lack of CMV sequences
from olive in GenBank conditioned the phylogenetic
analysis that was based on isolates from different crops
rather than on those from olive. The phylogenetic tree
for CMV isolates did not show any distribution, based
on host species and\or geographic origin. However,
the Albanian isolates from olive formed one clade with
those from chili and black pepper from India (Figure
1d). It is likely that this indistinct distribution of CMV
isolates in the phylogenetic tree was conditioned by the
polyphagous nature of this virus, exposing it to sequence
recombination that has generated a quasi-species which
is difficult to be differentiated by phylogenetic analysis.

The presence of a single for OLRSV sequence in
GenBank has limited the design of a phylogenetic sce-
nario for this virus. The present analysis was therefore
limited, only reporting the genetic variability found
among the three isolates that were sequenced.

The phylogenetic tree of OLYaV showed two clus-
ters, one which was diversified with isolates from differ-
ent origins, i.e., the United States of America, Australia,
Chile, France, Greece, Italy, Israel, Palestine, Spain, and
Tunisia, while the second was composed of Mediterra-
nean isolates, i.e., from France, Greece, Italy, and Tuni-
sia. The exception was isolate from the United States of
America, which has a Spanish denomination (cultivar
‘Morteza’). The Albanian isolates all grouped together in
a clade close to Italian isolates.

CONCLUSIONS

This study was carried out to identify a “Virus-
free”, or at least “Virus-tested”, plant material that could
be part of primary resources for a future certification
programme for olive in Albania. This research is not
unique, because two decades ago, two similar investi-
gations were conducted in this country to identify pos-
sible virus infections in native olive trees, using double-
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stranded RNA analyses (Cakalli et al., 2006; Saponari
et al., 2002). Both investigations reported a virus inci-
dence of 22 to 24%; but did not specify the identity of
the viruses in the Albanian olive cultivars. Eight years
later, a third investigation was undertaken on 50 olive
trees, and this reported the presence of only two virus-
es i.e.,, SLRSV and OLYaV in a few olive cultivars (Luigi
et al., 2009). Excluding these three investigations, lit-
tle is known of the occurrence and distribution of other
viruses that may be present in Albanian olive cultivars.

The present study reports for the first time the
presence of four viruses (CLRV, OLRSV, OLV-1 and
CMYV) in the most important Albanian olive cultivars.
Although the number of samples tested was limited and
does not allow a comprehensive definition of the inci-
dence of these viruses as only the Valias collection plot
was assayed, discovery of these viruses in most of the 14
cultivars is of great concern. This is particularly because
these native cultivars are pomologically and phenotypi-
cally important and are likely to be part of the future
olive certification programme in Albania.

This study identified five olive trees of three native
cultivars (‘Managiel’, ‘Kalinjot” and ‘Kushan-Preze’) and
one foreign cultivar (‘Leccino’) that were found free of
ArMYV, SLRSV, CLRV and OLYaV, and one olive tree of
cultivar “Uliri i Kug-Preze’ that was free of all the tested
viruses. Based on EU directives (EU n° 2016/97 for the
category “CAC” [Conformitas Agraria Communitatis]), the
plant material of these Albanian cultivars, found in the
phytosanitary categories “CAC” and “Virus-tested”, are
valuable candidate clones that can be used in the propa-
gation of high quality material in the future olive certi-
fication programme. At the genome level, all the viruses
found in the Albanian cultivars presented low genetic var-
iability, compared to that reported from other Mediterra-
nean countries (Mathioudakis et al., 2020; Al Rwahnih et
al., 2011; El Air et al., 2011; Essakhi et al., 2006; Al Abdul-
lah et al., 2005). The limited exchange of olive plant mate-
rial in the Balkan area, in particular of Albanian native
olives, has preserved the phytosanitary status of this
material from the introduction of international viruses
isolates. Further laboratory analyses should be carried out
on more olive clones, and on cultivars not tested in this
study, to identify healthy candidates that could be part of
a future olive certification programme in Albania.
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