Received: 18 April 2024 | Accepted: 16 July 2024

DOI: 10.1111/ppa.13978

ORIGINAL ARTICLE

E‘ Pathology L] WILEY

Resistance of pistachio grafted on different Pistacia rootstocks
against Verticillium wilt under field conditions

Begona |. Antén-Dominguez?

Antonio Trapero1

!Departamento de Agronomia (Unit

of Excellence Maria de Maeztu 2020-
2024), ETSIAM, Universidad de Cérdoba,
Cordoba, Spain

?Departamento de Fruticultura
Mediterranea, IFAPA, Cérdoba, Spain

Correspondence

Carlos Trapero, Departamento de
Agronomia, (Unit of Excellence Maria de
Maeztu 2020-2024), ETSIAM, Universidad
de Cérdoba, Campus de Rabanales, Edif.
Celestino Mutis, Cérdoba 14071, Spain.
Email: carlostrapero@uco.es; g32trrac@
uco.es

Funding information

Junta de Andalucia, Grant/Award Number:

PP.TRA.TRA2019.002; European Union
Funds: European Union NextGeneration
EU/PRTR consolidation, Grant/Award
Number: CNS2022-135883; Spanish
Ministry of Science and Innovation,

the Spanish State Research Agency,
through the Severo Ochoa and Maria de
Maeztu Program for Centres and Units of
Excellence in R&D, Grant/Award Number:
CEX2019-000968-M; Formacion de
Personal Investigador (FPI), Grant/Award
Number: PRE2020-096038

| Carlos Agusti-Brisach!

| Octavio Arquero? | Maria Lovera® |
| Carlos Trapero?

Abstract

Verticillium wilt of pistachio (Pistacia vera), caused by Verticillium dahliae, is one of
the most important diseases in this crop. The most effective and economical control
measure is the use of resistant rootstocks. The main objective of this work was to
evaluate the resistance of five rootstocks commonly used in pistachio against the
disease under field conditions. Pistachio plants (cv. Kerman) grafted on the rootstocks
Pistacia atlantica, Pistacia integerrima, Pistacia terebinthus and cv. Platinum and UCBI
hybrids, were planted in a field with high inoculum density of V.dahlige in the soil.
Plants grafted on P.terebinthus, followed by P.integerrima, showed significantly higher
disease severity values than the rest of the rootstocks almost 53 months after plant-
ing; also, plants grafted on P.atlantica were more resistant than those grafted on P.in-
tegerrima. These results highlighted the intraspecific variability in resistance to the
disease. In addition, the disease was monitored in pistachios grafted onto P.terebin-
thus or UCBI in an established commercial field with three different zones of V.dahliae
inoculum density in the soil (none, low or high). In the high-density zone, the per-
centage of diseased plants was significantly lower for plants grafted on UCBI than
for those grafted on P.terebinthus. The results indicate the importance of rootstock
species and specific genotype or seed population used, concentration of V.dahliae
inoculum in the soil, and previous history of crops on the plot, on the development of

the disease under natural conditions.
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1 | INTRODUCTION

Pistachio (Pistacia vera) is a nut crop with increasing significance in
the cultivated area, production and yield worldwide and through-
out the Mediterranean basin. In 2021, the area dedicated to this
crop was 817,025 ha with a production of 915,718t. This means an

increase of 58% and 64% in the dedicated surface and production,
respectively, in the last 30years (FAO, 2022). The greatest area of
pistachio cultivation is in Iran, followed by Tlrkiye and the United
States, with Spain in fourth place with 70,235 ha; production is also
most in the United States, Iran and Turkiye, with Spain in sixth place
with 19,889t in-shell (FAO, 2022; MAPA, 2022). In Spain, Castilla-La
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Mancha emerges as the region with the largest area dedicated to
this crop with 53,823 ha, followed by Andalusia with 6654 ha. These
regions constitute 77% and 10% of the Spanish pistachio production
area, respectively (MAPA, 2022).

Verticillium wilt, caused by the soilborne pathogen Verticillium
dahliae, is widespread in the Mediterranean basin, affecting diverse
herbaceous crops, such as cotton (Gossypium hirsutum), tomato
(Solanum lycopersicum), potato (Solanum tuberosum) and eggplant
(Solanum melongena), as well as woody crops, including pistachios,
olive (Olea europaea) and almond (Prunus dulcis) trees (Ashworth &
Zimmerman, 1976; Bhat & Subbarao, 1999; Klosterman et al., 2009;
Kowalska, 2021; Pegg & Brady, 2002; Teviotdale et al., 2002).
Verticillium wilt was first reported on pistachio trees in California
in 1950 (Snyder et al., 1950) and since that time has been identi-
fied in several Mediterranean countries, such as Greece (Raabe
& Wilhelm, 1978; Thanassoulopoulos & Kitsos, 1972), Cyprus
(Stavrides, 1994), Iran (Hadizadeh & Banihashemi, 2007; Mohammadi
et al., 2006; Rafiei et al., 2018), Spain (Lopez-Moral et al., 2023;
Moral et al., 2010), Turkiye (Guldur & Dikilitas, 2011) and Tunisia
(Triki et al., 2014).

Verticillium dahliae survives as long-lasting resistant structures
called microsclerotia (MS) in the soil. These MS remain for long pe-
riods of time in the soil even without the presence of the host plant
and serve as a primary source of infection (Kowalska, 2021). Their ger-
mination is stimulated by the exudates released from actively grow-
ing roots nearby; they then penetrate these roots and systemically
colonize the plant through sap flow (Mol & Van Riessen, 1995). The
prolific growth of fungus and occlusion of the xylem vessels results in
a restriction in water flow, which causes the wilting and death of the
plant (Fradin & Thomma, 2006). New MS are produced in the affected
tissues and return to the soil, thus increasing the density of the patho-
gen in the soil and promoting new infections (Pegg & Brady, 2002).

Pistacia vera is the only species of the genus Pistacia that pro-
duces nuts with good commercial characteristics, but it is suscep-
tible to soil pathogens such as V.dahliae and Phytophthora spp.
(Kaska, 2002; Vahdati et al., 2021). Control of V.dahliae is difficult
due to lack of host specificity and high survival of the pathogen
in soil. Likewise, the severity of Verticillium wilt in pistachios is in-
creased in plantations where susceptible rootstocks are used, are lo-
cated in fields where susceptible hosts have previously been grown,
or in soils with high densities of the pathogen. Therefore, one of the
most economical measures to take against soilborne diseases is the
use of resistant or tolerant rootstocks in pistachio orchards (Epstein
et al., 2004; Teviotdale et al., 1995; Vahdati et al., 2021). In this
framework, rootstock selection is crucial for the long-term health
and productivity of pistachio plantations.

Among all the rootstocks used for pistachio, the species Pistacia
terebinthus, native to the Mediterranean region, is the most wide-
spread in Spain, and is used in other pistachio-producing regions such
as Italy. This species has tolerance to drought, salinity and cold and
resistance to Armillaria root rot (Teviotdale et al., 1995). However,
it is generally regarded as highly susceptible to Verticillium wilt (Ak
et al.,, 2016; Ferguson & Haviland, 2016; Moral et al., 2010), although
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some studies suggest there might be some intraspecific variability for
this trait (Guney et al., 2021; Raabe & Wilhelm, 1978). Pistacia atlan-
tica is another rootstock commonly used for pistachio because of its
high vigour and its resistance to salinity, drought and low tempera-
tures (Ferguson & Haviland, 2016), but this species also shows some
susceptibility to diseases such as Verticillium wilt. Nevertheless, P.at-
lantica can show different levels of susceptibility to disease (Morgan
et al.,, 1992; Triki et al., 2014) and moderately resistant individuals
have been successfully used in interspecific crosses with other Pistacia
species, such as the University of California Berkeley (UCBI) hybrid.
Pistacia integerrima, although less tolerant than other rootstocks to
stresses such as drought, cold and salinity (Ferguson et al., 2002), is
valued as a pistachio rootstock due to its resistance to V.dahliae. To
date, this species is considered the most reliable source of resistance
in the genus Pistacia (Morgan et al., 1992; Raabe & Wilhelm, 1978).
The Pioneer Gold | (PGI) seedling population was the first commer-
cialized rootstock of this species, considered resistant to disease but
highly susceptible to frost (Ashworth, 1984; Morgan et al., 1992).
Specific individuals of P.atlantica and P.integerrima have been used
in the following interspecific crosses: Pioneer Gold Il (PGIl) was ob-
tained from the cross P.integerrimax P.atlantica; and UCBI was de-
veloped from P.atlantica ‘KAC’ (Kearney Agricultural Center, Parlier,
California)x P.integerrima ‘KAC’. The PGII hybrid was susceptible to
V.dahlige, but UCBI showed good resistance to the pathogen, al-
though could present mild symptoms when infested without produc-
ing mortality (Epstein et al., 2004; Morgan et al., 1992). Although PGlI
and UCBI are both hybrids of individual P.atlantica and P.integerrima
genotypes, they have differences in their response to Verticillium wilt,
possibly due to the genetic diversity of the parents of each rootstock,
and specifically, the P.atlantica genotype used (Epstein et al., 2004;
Morgan et al., 1992). The UCBI hybrid is acquiring great importance in
the Mediterranean basin and worldwide due to its high resistance to
V.dahliae, tolerance to cold and its high vigour (Epstein et al., 2004).
Although the PGII hybrid was not used a great deal due to its sus-
ceptibility to the pathogen (Epstein et al., 2004), a selection within
this seedling population was identified for its resistance to V.dahliae,
cloned and released under the name Platinum (Sheikhi et al., 2019).

The presence of intraspecific genetic variability among Pistacia
rootstocks renders the classification of their resistance to V.dahl-
iae notably incomplete. Moreover, P.terebinthus has not been
tested before against commercial hybrid rootstocks, and the ef-
fect of different pistachio rootstocks on resistance to V.dahliae
has never been evaluated in the conditions of southern Spain,
where this crop coexists with other very important hosts of the
pathogen, such as olive and cotton. The purpose of this study was
to deepen the knowledge of the behaviour of P.vera (cv. Kerman)
when grafted on P.atlantica, P.integerrima, P.terebinthus and the
hybrids Platinum and UCBI in a field with soil naturally infested
with V.dahlige. In addition, we aimed to monitor the disease on
P.vera (cv. Kerman) trees grafted on P.terebinthus or on the UCBI
hybrid, in an established commercial field with three different
zones of inoculum density and different history of previous crops
grown in the plot.
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2 | MATERIALS AND METHODS
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2.1 | Plant material

All plant material used for both field trials consisted of 1-year-old
seedlings/clones of the rootstock that had been budded in the
nursery with buds of the vegetatively propagated P.vera ‘Kerman’.
The five different rootstocks used in the experimental plot to eval-
uate their effect against V.dahliae were P.atlantica, P.integerrima,
P.terebinthus and Platinum (P.integerrimax P.atlantica) and UCBI
(P.atlantica ‘KAC' x P.integerrima ‘KAC’) hybrids. P.terebinthus and
the UCBI hybrid were the rootstocks used in the commercial pis-
tachio orchard where the disease progress was monitored. These
all came from a commercial nursery and were produced by seed
propagation, except the clone Platinum, which was obtained by
in vitro propagation (Ferguson & Haviland, 2016). P. atlantica seeds
were harvested from mother trees growing in a commercial nursery
in Granada, Spain. The seeds that originated those mother trees
were originally collected from Greece, while P.terebinthus seeds
were directly harvested from wild trees growing in the Sierra de
Castril area (Granada province, Spain). Finally, P.integerrima and
UCBI seeds originated from nursery seed from California.

The identity of the scion and all the rootstocks was confirmed by
DNA analysis. Healthy, young leaves of the Kerman scion and from
suckers from each rootstock were collected in the field trials and
kept in cold conditions until laboratory processing. DNA was ex-
tracted from the leaves using a Mag-Bind Plant DNA DS Kit (Omega
Biotech). Each PCR included the forward primer, reverse primer and
a forward primer labelled with a fluorophore.

For cultivar determination, three primer pairs (CUPVB219,
CUPVB306, CUPBV009) developed by Zaloglu et al. (2015) were
used. After PCR amplification, amplicons were analysed with the
3730 Genetic Analyser (ABI). Size calibration was performed with
the molecular weight ladder GenScan 500 ROX size standard (ABI).
Finally, simple-sequence repeat (SSR) fragment analysis was per-
formed with the Software GeneScan Analysis v. 4.0 (ABI).

Subsequently, for rootstock DNA samples, amplification was
performed using the rDNA internal transcribed spacer (ITS) region
with primers ITS1/ITS4 (Cheng et al., 2016; White et al., 1990).
Amplicons were then purified, and Sanger sequencing carried out
using the BigDye 3.0 terminator (ABI) with the provided protocol
and run on a 3730 Genetic Analyser (ABI). Sequence results were
searched on the BLAST website against the NCBI reference DNA

database for candidate species matches (www.ncbi.nlm.nih.gov).

2.2 | Field trials
2.2.1 | Disease resistance of pistachio rootstocks
in the field

This trial was established in Pinos Puente (Granada province, Spain;
37.2372° N, 3.7731° W) with a planting area of 0.6 ha. Previous history

in that field includes horticultural crops, particularly potato, for more
than 10vyears. In January 2019, the plants were transplanted into 19
rows with four trees per row. In addition, there were border rows,
which were not included in the study. A randomized complete block
design was used, with four blocks, and experimental units of four trees
(replicates) per rootstock (independent variable) and block (total num-
ber of plants in the experiment: 4x4x5=80 trees). The rows were
7 m apart and the distance between planted trees was 6 m. The man-
agement of the plantation included spontaneous vegetative cover be-
tween rows and herbicide application under the canopy to prevent the
appearance of weeds. The annual irrigation was 2500 m®/ha, applied
by surface drippers.

2.2.2 | Disease monitoring in a commercial field

This commercial pistachio field, with a total area of 6.5ha, was
established in Alhama de Granada (Granada province, Spain;
37.0215° N, 4.0317° W). In February 2018, monitoring of the
disease in the field was designed to take into account the pres-
ence of symptoms in already established pistachios. Thus, the plot
was divided into three zones based on three levels of V.dahliae
inoculum and the different history of previous crops as follows:
(1) high-density zone and (2) low-density zone, both previously
cultivated with horticultural crops, especially tomato, zucchini
(Cucurbita pepo), pepper (Capsicum annuum) and artichoke (Cynara
scolymus); and (3) no-inoculum zone, previously cultivated with ce-
reals. The inoculum density was determined as described in sec-
tion 2.4. The total area of the three monitored areas was 2.2 ha.
The high-density zone had 10 rows, of which six were planted with
P.vera ‘Kerman’ grafted on the UCBI hybrid and four were grafted
on P.terebinthus. The no-inoculum zone and low-density zone had
four rows each and were both grafted on P.terebinthus. The rows
were 7 m apart and the distance between trees in the row was 6 m.
Planting and irrigation management was performed as described
for the Pinos Puente plot.

2.3 | Disease assessment

Disease severity (DS) was evaluated biannually, in July and
October, with the first evaluation in July 2020 and the last in July
2023 (53 months after planting), for a total of seven evaluations.
A scale comprising 17 values within the range of 0-4 was used to
assess the percentage of crown affected by yellowing, interveinal
chlorosis, wilting or leaf desiccation, using five principal catego-
ries, (0=no symptoms, 1=25%, 2=50%, 3=75% and 4=100%,
dead plant). Additionally, three intermediate values (0.25, 0.50
and 0.75) were incorporated between the primary categories
(Anton-Dominguez et al., 2023; Lopez-Moral et al., 2021). Upon
the conclusion of the trial, the trapezoidal integration method was
employed to calculate the relative area under the disease pro-
gress curve (RAUDPC) (Campbell & Madden, 1990), as well as the
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percentages of affected plants (disease incidence, DI) and dead
plants (mortality). In the Alhama de Granada plot, only DI and mor-
tality were evaluated biannually, in July and October, with the first
evaluation in October 2020 and the last in July 2023, for a total
of six evaluations.

2.4 | Microsclerotia of V.dahliae in soil

To determine the inoculum density of the fungus in the soil, soil
samples were taken from both fields approximately 1.5years after
planting. For this purpose, a homogeneous sample composed of six
soil subsamples (approximately 5kg each) from the top 30cm layer
under the canopy was randomly collected from each of the four
blocks within the Pinos Puente plot in October 2021. Likewise, in
the Alhama de Granada plot, a representative sample from each
area was collected in July 2019 as described above. Once in the
laboratory, the samples were allowed to completely dry at room
temperature and, subsequently, organic debris and large particles
were removed manually using a 0.8 mm diameter sieve (Trapero
etal., 2013). V.dahliae inoculum density was ascertained through the
wet sieving method (Huisman & Ashworth Jr, 1974), employing 10
replicate Petri dishes containing modified sodium polypectate agar
medium (MSPA) (Butterfield & DeVay, 1977) for each soil sample.
Inoculum density was quantified and expressed as MS per gram of
soil following the protocol described by Varo et al. (2016).

2.5 | Fungalisolation and pathotype
characterization

Throughout the trial, plant material from both fields was isolated
to confirm V.dahliae infections. To achieve this, samples of trunk,
stems and bud tissues were collected from symptomatic plants in
both trials and were taken to the laboratory for processing. First,
the plant material was rinsed under running tap water followed by
bark removal. Subsequently, wood chips of affected tissue were
cut, and surface disinfected through immersion in a 10% commer-
cial bleach (Cl at 50g/L) for 1 min. Then, they were dried on sterile
filter paper at room temperature and plated on potato dextrose
agar (PDA; Difco Laboratories) acidified with lactic acid (APDA,;
2.5mL of 25% vol/vol lactic acid per L of medium) and incubated
at 24 +2°C in the dark for 7days. The pathotype of V.dahliae iso-
lates recovered from symptomatic pistachio plants was character-
ized by duplex nested PCR analysis using the protocol described by
Mercado-Blanco et al. (2003).

2.6 | Data analysis

In all cases, data were tested for homogeneity of variances and nor-
mality. Then, one-way analysis of variance (ANOVA) was conducted
with rootstocks as an independent variable, and RAUDPC or DS
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as dependent variables. All treated means were compared accord-
ing to Fisher's protected LSD test at «=0.05 (Steel & Torrie, 1985).
Absolute data for DI (% plants affected) and mortality (% plants dead)
were analysed using multiple comparisons tests for proportions at
a=0.05 (Zar, 2010). Data analyses were performed using Statistix 10
software (Analytical Software, 2013).

3 | RESULTS

In general, in both plots, Verticillium wilt symptoms were observed
firstly on plants grafted onto the P.terebinthus rootstock. These
symptoms included interveinal chlorosis and yellowing of the leaves,
followed by wilting and desiccation with a scorched appearance.
Internally, vascular discolouration of the wood was observed, es-
pecially during hot, dry periods, conditions that favour disease
progress. As the disease progressed, dieback of branches and, oc-
casionally, death of trees was observed (Figure 1).

3.1 | Disease resistance of pistachio rootstocks
in the field

The average concentration of V.dahliae inoculum in the soil
of this plot was 14.9 + 1.9 MS per gram of soil. There were sig-
nificant differences in RAUDPC and final DS between the root-
stocks evaluated (p<0.0001 and «=0.0002 for RAUDCP and
final DS, respectively), with P.terebinthus showing significantly
higher RAUDPC and DS compared to the remaining rootstocks
(47.8+6.97 and 75.8+9.58, for RAUDPC and DS, respectively),
followed by P.integerrima (22.3+5.74 and 44.5+16.64, respec-
tively). In contrast, P.atlantica, and the Platinum and UCBI hybrids
showed significantly lower RAUDCP (Figure 2a) and DS (Figure 2b)
values. Figure 2b shows the graph of DS progression over time,
with a more pronounced increase in DS between October 2021
and July 2022. Trees grafted on P.terebinthus rootstock showed
the first symptoms of Verticillium wilt in July 2019, 6 months after
planting, and reached 100% incidence in October 2021, 32 months
after planting; the second rootstock to show symptoms was P.in-
tegerrima, with first symptoms in the second year, reaching a
maximum incidence of 83.3% 32 months after planting (Table 1). It
should be noted that pistachios grafted on Platinum or UCBI root-
stocks showed the same incidence values throughout the dura-
tion of the trial, which were not significantly different from the DI
shown by P.atlantica (Table 1). Regarding mortality, no pistachios
grafted on UCBI died, while those grafted on P.terebinthus had sig-
nificantly higher mortality levels than the other rootstocks, with
P.integerrima, P.atlantica and Platinum showing intermediate reac-
tions (Table 1). Additionally, the final percentage of plants without
symptoms, affected (without mortality), and dead for each of the
rootstocks are represented in stacked columns in Figure 3. There
were significant differences between the rootstocks evaluated for
‘symptomless plants’, and ‘dead plants’ (¢=0.0033 and «=0.0070
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(a)

(b)

FIGURE 1 Symptoms of Verticillium wilt on Pistacia vera ‘Kerman’ grafted on different rootstocks grown in a soil highly infested by
Verticillium dahliae, located in Pinos Puente (Granada province, Spain). (a) Comparison of symptoms between Pistacia terebinthus (left row)
and the hybrid UCBI (right row); (a—d) External symptoms include yellowing, wilting and desiccation of leaves; (e, f) internal symptoms
include vascular discolouration of the wood. [Colour figure can be viewed at wileyonlinelibrary.com]

for symptomless and dead plants, respectively), but not for the
level of ‘affected plants’ among the rootstocks (¢=0.2358). In
summary, all pistachios grafted on P.terebinthus showed symp-
toms of Verticillium wilt at the end of the trial, and no pistachio
grafted on the UCBI hybrid died due to the disease.

3.2 | Disease monitoring in a commercial field

This plot was divided into zones according to the mean inoculum
concentration of V.dahliae. No fungal propagules were detected
in the no-inoculum zone (the minimum limit of fungal propagules
detected by the technique used was 0.4 MS/g). In contrast, 55.2

MS/g and 6.0 MS/g were detected in the high- and low-density
zones, respectively. There were significant differences for the two
symptom levels ‘symptomless plants’ and ‘dead plants’, between
rootstocks and evaluated zones (@ <0.0001 in both cases), but not
for the level of ‘affected plants’ (¢=0.1493). The difference be-
tween the three zones for Verticillium wilt symptoms of pistachios
grafted on P.terebinthus was remarkable. The percentage of plants
grafted on P.terebinthus that did not show disease symptoms was
significantly higher in the no-inoculum zone than in zones with
the presence of V.dahliae inoculum (high- and low-density zones,
Figure 4a,b). In both the high- and low-density zones, the percent-
age of dead plants on P.terebinthus was significantly higher than
the percentage of dead plants on P.terebinthus in the no-inoculum
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FIGURE 2 Relative area under the
disease progress curve (RAUDPC) (a)
and disease severity (DS) progress (b) in 50 |
Pistacia vera ‘Kerman’ grafted on Pistacia
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TABLE 1 Verticillium wilt disease-
related parameters for Pistacia vera
. ) ] Rootstock
Kerman’ plants grafted on different
rootstocks growing in a soil highly P.terebinthus

infested by Verticillium dahliae located in
Pinos Puente (Granada province, Spain).

P.integerrima
P.atlantica
Platinum
UCBI

2020-Oct 2021-Jul 2021-Oct 2022-Jul 2022-Oct 2023-Jul
Date
Disease severity

Incidence (%)°  Mortality (%) (%)° RAUDPC (%)°
100.0a 62.5a 75.8+9.582a 47.8+6.97 a
83.3b 18.8 b 445+16.64b 22.3+574b
29.2c¢c 12.5b 14.6 +11.97 c 70+4.93¢c
25.0c¢ 6.3b 74+5.89c 3.1+2.25¢
250¢c 0.0c 22+1.27c 1.3+0.78 ¢

Abbreviations: P.terebinthus, Pistacia terebinthus; P.integerrima, Pistacia integerrima; P. atlantica,
Pistacia atlantica; RAUDPC, relative area under the disease progress curve.

?In each column, data are the mean of 16 replicated plants + SE and, numbers followed by the same
letter do not differ significantly according to multiple comparisons tests for proportions at a=0.05

(Zar, 2010).

PIn each column, data are the mean of 16 replicated plants =+ SE and, numbers followed by the
same letter do not differ significantly according to Fisher's protected LSD test at =0.05 (Steel &

Torrie, 1985).

zone throughout all the evaluations, except in the first observa-
tion in July 2019, where no dead plants were detected (Figure 5).
The percentage of dead plants of pistachios grafted on the hybrid
UCBI in the high-density zone was not significantly different from
that of pistachios grafted on P.terebinthus in the no-inoculum zone
(Figure 4a,b).

3.3 | Fungalisolation and pathotype
characterization

Verticillium dahliae infection was confirmed by isolation of the fun-
gus in both fields. In this study, and according to Mercado-Blanco

et al. (2003), only non-defoliating-specific amplicons (824 bp) were
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FIGURE 3 Percentage of symptomless,
affected and dead plants of Pistacia vera
‘Kerman'’ grafted on Pistacia atlantica,
Pistacia integerrima, Piatacia terebinthus,
Platinum and UCBI hybrids growing

in a soil highly infested by Verticillium
dahliae located in Pinos Puente (Granada
province, Spain). For each level of

ab symptom severity, columns with common
letters do not differ significantly
according to Fisher's protected LSD test
X at =0.05 (Steel & Torrie, 1985). No
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obtained; therefore, only the non-defoliating pathotype of the fun-
gus was detected in all symptomatic pistachio trees evaluated.

4 | DISCUSSION

Verticillium wilt is one of the main diseases of pistachio, causing se-
rious damage and production losses. So far, the use of tolerant or
resistant rootstocks is the most effective and economical control
measure against this disease. To our knowledge, this is the first study
that compares P.atlantica, P.integerrima, P.terebinthus and Platinum
and UCBI hybrids, in their response to Verticillium wilt, and the first
that compares pistachio rootstocks in soils naturally infested with
V.dahliae under Mediterranean conditions.

In the trial evaluating the effect of rootstocks against the dis-
ease progress (Pinos Puente plot), Kerman pistachio trees grafted
on P.terebinthus showed much higher mortality and disease pa-
rameters than the rest of the rootstocks evaluated. This study
confirms under field conditions what has been cited by other au-
thors, in which P.terebinthus is described as a rootstock suscep-
tible to the disease. (Ak et al., 2016; Ferguson & Haviland, 2016;
Lépez-Moral et al.,, 2023; Moral et al., 2010; Stavrides, 1994;
Teviotdale et al., 1995; Vahdati et al., 2021). However, it is import-
ant to consider that the seeds used to grow the plants for this
species were collected from a group of trees located in a specific
region, so it is not representative of the whole species. In this re-
gard, it has previously been reported that important intraspecific
genetic variability exists within P.terebinthus (Guney et al., 2021,
Stavrides, 1994; Ziya-Motalebipour et al.,, 2016). Although the
variation of different populations of P.terebinthus to V.dahliae has
not been extensively investigated, in a preliminary study, Raabe
and Wilhelm (1978) found a P.terebinthus seed population with a
promising level of resistance. However, according to our results
and previous studies, it seems P.terebinthus is generally suscep-
tible to V.dahliae. Nevertheless, exploitation of the intraspecific
genetic diversity may lead to the development of P.terebinthus
populations with increased resistance against the disease, as well
as interspecific crosses with other more resistant Pistacia species
(Werner et al., 2001; Ziya-Motalebipour et al., 2016).

P. integerrima

T - dead plants were observed for UCBI and
P. terebinthus no symptomless plants for P.terebinthus
(*). [Colour figure can be viewed at
wileyonlinelibrary.com]

Pistacia atlantica and P.integerrima are generally considered
susceptible and resistant to V.dahliae, respectively (Epstein
et al., 2004; Ferguson & Haviland, 2016; Teviotdale et al., 1995).
However, in our trial, P.integerrima was found to be more sus-
ceptible to disease than P.atlantica, demonstrating intraspecific
variability within these species. Indeed, pistachio trees grafted
on P.atlantica showed no significant differences in RAUDPC, DS
and DI compared to those grafted on UCBI and Platinum hybrids.
Even though it usually has a high susceptibility level, variability in
P.atlantica resistance to V.dahliae has been previously reported.
For example, Raabe and Wilhelm (1978) and Triki et al. (2014)
found variability in Verticillium wilt resistance of P.atlantica seed-
lings from different sources. Morgan et al. (1992) described that
the KAC P.atlantica clone is more resistant to the disease than the
standard P.atlantica, based on vascular colonization by V.dahliae.
This specific KAC P.atlantica female tree is the parent of the
V.dahliae resistant UCBI hybrid, while other P.atlantica x P.inte-
gerrima hybrids obtained from different P.atlantica sources, such
as the PGII hybrid, have been classified as susceptible to the
disease (Epstein et al., 2004; Morgan et al., 1992). This differ-
ence in the resistance level must be due to genetic diversity in
the parents of the hybrid. However, for the rootstock UCBI, vari-
ability in the resistance level to V.dahliae has not been reported,
although phenotypic resistance for other traits such as vigour
exists (Jacygrad et al., 2020). Moreover, all Pistacia species are
dioecious and can easily cross among them (Sheikhi et al., 2019)
and therefore species classification can sometimes be problem-
atic: for example, Morgan et al. (1992) highlighted that the female
parent of the UCBI hybrid was first classified as a cross between
P.terebinthus x P. lentiscus, until its classification as P.atlantica
‘KAC'. The parentage of the entries studied in Morgan et al. (1992)
were not authenticated and could be interspecific hybrids. In our
work, DNA authentication has secured the identity of both P.at-
lantica and P.integerrima seed rootstock used. Previous studies
(Epstein et al., 2004; Morgan et al., 1992) found a high level of
resistance to Verticillium wilt of two P.integerrima seed sources:
KAC P.integerrima (male parent of UCBI) and the seedling popu-
lation Pioneer Gold. In contrast, we found a moderate response
in P.integerrima, intermediate between the highly susceptible
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FIGURE 4 (a) Distribution of the high-density inoculum, no-inoculum and low-density zones in Alhama de Granada plot established in a
soil infested by Verticillium dahliae, showing Pistacia vera ‘Kerman’ plants grafted on UCBI hybrid (U) and Pistacia terebinthus (T) rootstocks;
P, pollinator. Colours indicate the level of disease incidence as follow: symptomless plants (blue), affected plants (yellow) and dead plants
(orange). (b) Percentage of symptomless, affected and dead plants on UCBI hybrid (U) and P.terebinthus (T) rootstocks in zones of high-
density inoculum (U) or high density, low density and no inoculum (T). Columns with common letters do not differ significantly according to
Fisher's protected LSD test at a=0.05 (Steel & Torrie, 1985). [Colour figure can be viewed at wileyonlinelibrary.com]

P.terebinthus and the resistant hybrids UCBI and Platinum. P.in- variability in this species in general, and its resistance to V.dahl-
tegerrima has always been considered the main source of resis- iae in particular, have not been extensively studied. In their
tance to Verticillium wilt in the Pistacia genus. However, genetic study of 1978, Raabe and Wilhelm identified a source of Pistacia
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chinensis highly susceptible to the disease. It is noteworthy that
what is now recognized as P.integerrima was classified at that
time as a subspecies of P. chinensis. Nevertheless, subsequent
genetic analyses, such as those conducted by Yi et al. (2008),
have shown a close genetic relationship between both species.
It is believed that only five accessions entered the United States
and current hybrids were derived from some of them, so only a
small portion of the genetic variability has been explored in this
species. Intraspecific variability in Verticillium wilt resistance
is common in other species such as cacao (Theobroma cacao)
(Braga et al., 1989) olive (Trapero et al., 2015) and strawberry
(Fragaria x ananassa) (Shaw et al., 2010). According to other stud-
ies (Ahmadi-Afzadi et al., 2007; Karci et al., 2022; Khadivi, 2018;
Parfitt & Badenes, 1997), there is a high genetic variability within
the genus Pistacia and, more specifically, of the evaluated species,
which agrees with the variability of resistance to Verticillium wilt
found in our study. Likewise, the use of wild pistachios in breeding
programmes could be beneficial for generating new genotypes
with interesting traits (Kafkas et al., 2023; Pourian et al., 2019).

Another interesting result is the lack of significant differences
between the UCBI and Platinum hybrids in terms of RAUDPC,
DS and DI, although UCBI did not present any dead plants, while
Platinum had a mortality of 6.3% (one of the 16 plants). Specifically,
the temporal progress of disease incidence since the beginning of
the trial was the same for these hybrids. As previously mentioned,
Platinum is a clone within the PGII seedling population selected
for its greater resistance to the disease, although both UCBI and
PGII were obtained from a cross between P.integerrima and P. at-
lantica species (Sheikhi et al., 2019). It is notable that no pistachio
grafted onto the UCBI hybrid died from the disease at the end
of the experiment, an event that highlights its high resistance to
V.dahliae.

In the Alhama de Granada plot, disease monitoring was carried
out in an already established commercial field with trees grafted on
P.terebinthus and the UCBI hybrid in areas with different inoculum
densities of the fungus. There were no significant differences in the
percentage of dead trees due to the disease between the plants

2022-Oct

2023-Jul

grafted on the UCBI hybrid established in the high-density zone and
P.terebinthus in the no-inoculum zone. This highlights the high re-
sistance of the UCBI hybrid to the disease even in the presence of
high density of the pathogen in the soil, confirming previous results
(Epstein et al., 2004; Morgan et al., 1992). Likewise, for the pistachios
grafted on P.terebinthus, there were no significant differences in the
percentage of symptomless, affected, and dead plants due to the
disease between the high-density zone and the low-density zone of
fungal inoculum. The high-density zone contained an average of 55.2
MS/g of soil and the low-density zone an average of 6.0 MS/g of soil,
which represents an important difference. Even in the no-inoculum
zone, we isolated V.dahliae from plants and nearly 10% of the plants
grafted on P.terebinthus died from the disease, possibly due to a
very low inoculum level, difficult to detect by the method used but
enough to cause symptoms (Lépez-Escudero & Blanco-Lépez, 2007,
Varo et al., 2016). From these data, it is concluded that the P.tere-
binthus rootstock used in this study is susceptible to V.dahliae when
there is inoculum in the soil, regardless of its concentration and
even at levels under the detection limits for the wet sieving method.
P.terebinthus is currently the most widespread pistachio rootstock
in Spain and other Mediterranean areas due to its adaptation to the
climate and soils in these regions. However, the high susceptibility
of the species shown by this and previous observations (Ferguson
& Haviland, 2016; Moral et al., 2010; Vahdati et al., 2021) highlights
the importance of avoiding planting this rootstock in soils infected by
V. dahliae, regardless of the inoculum concentrations in the soil and
even in soils only suspected to have presence of the fungus.

It should be noted that in this study only the non-defoliating
pathotype of V.dahliae was detected, in contrast to the defoliating
isolates of the fungus, which are more frequent in olive orchards in
this region (Mercado-Blanco et al., 2003; Trapero et al., 2013).

In summary, this study presents evidence of the high intraspe-
cific variability within P.atlantica and P.integerrima in their response
to Verticillium wilt. The P.atlantica seed source used in this study
has proved to be highly resistant, not statistically different from
the UCBI and Platinum hybrids. These results highlight the impor-
tance of rootstock choice when establishing a pistachio orchard and
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its impact on the development of the disease caused by V.dahliae.
Moreover, they show that average levels of resistance of a given
species might be misleading due to intraspecific variability within
Pistacia species, and specific seedling population or genotype cho-
sen must be considered. Due to this fact, together with the low num-
ber of rootstocks highly resistant to V.dahliae, the preservation of
Pistacia genetic resources is critical for the future of pistachio breed-

ing and selection for disease resistance.

ACKNOWLEDGEMENTS

We would like to acknowledge all the farmers and advisors involved
for their essential participation and technical assistance, permitting
the authors to conduct experiments on their properties in Pinos
Puente (Granada, Spain) and Alhama de Granada (Granada, Spain).
We thank the Zuaime nursery for providing the plants used in the
field trials. We also acknowledge the company Secugen S.L. for
their assistance in the DNA-based authentication of scion and root-
stock samples. This research was funded by the Junta de Andalucia
(project PP.TRA.TRA2019.002) and the consolidation grant
CNS2022-135883, jointly funded by the European Union Funds:
European Union NextGeneration EU/PRTR consolidation. B.I.
Antén-Dominguez is holder of ‘Formaciéon de Personal Investigador’
(FPI; contract no. PRE2020-096038). We acknowledge financial
support from the Spanish Ministry of Science and Innovation, the
Spanish State Research Agency, through the Severo Ochoa and
Maria de Maeztu Program for Centres and Units of Excellence in
R&D (Grant/Award Number: CEX2019-000968-M).

CONFLICT OF INTEREST STATEMENT
The authors declare that they have no competing interests.

DATA AVAILABILITY STATEMENT
Raw data are available on reasonable request to the corresponding

author.

ORCID

Begona I. Antén-Dominguez
org/0000-0002-3550-1839
https://orcid.org/0000-0003-3089-8301
Carlos Agusti-Brisach "= https://orcid.org/0000-0003-1709-1140
https://orcid.org/0000-0002-8319-5872

https://orcid.

Antonio Trapero

Carlos Trapero

REFERENCES

Ahmadi-Afzadi, M., Sayed-Tabatabaei, B., Mohammadi, S. & Tajabadipur,
A. (2007) Comparison of genetic diversity in species and cultivars
of pistachio (Pistacia sp. L.) based on amplified fragment length
polymorphism (AFLP) markers. Iranian Journal of Biotechnology, 5,
147-152.

Ak, B., Acar, |., Sakar, E. & Gursoz, S. (2016) The importance of Pistacia
species for pistachio production in Turkey. Acta Horticulturae, 1139,
183-188.

Analytical Software. (2013) Statistix10. User's manual. Tallahassee, FL:
Analytical Software.

Antéon-Dominguez, B.1., Lopez-Moral, A., Romero-Salguero, F.J., Trapero,
A., Trapero, C. & Agusti-Brisach, C. (2023) Bioprotection of olive

ETEETC) i e L

trees against Verticillium wilt by pomegranate and carob extracts.
Plant Disease, 108, 1073-1082.

Ashworth, L.J. (1984) The potential of a mass-screening technique for
selection of pistachio rootstock material resistant to Verticillium
dahliae. Phytopathology, 74, 818.

Ashworth, L.J. & Zimmerman, G. (1976) Verticillium wilt of the pistachio
nut tree: occurrence in California and control by soil fumigation.
Phytopathology, 66, 1449-1451.

Bhat, R.G. & Subbarao, K.V. (1999) Host range specificity in Verticillium
dahliae. Phytopathology, 89, 1218-1225.

Braga, M.C.T,, Silva, S.D.V.M. & Silva, V.R. (1989) Heranca da resistencia
a Verticillium dahliae em plantas jovens de cacaueiro. Fitopatologia
Brasileira, 14, 142.

Butterfield, E.J. & DeVay, J.E. (1977) Reassessment of soil assays for
Verticillium dahliae. Phytopathology, 67, 1073-1078.

Campbell, C.L. & Madden, L.V. (1990) Introduction to plant disease epide-
miology. New York, NY: Wiley.

Cheng, C., Xu, C,, Lei, L., Li, C., Zhang, Y. & Zhou, S. (2016) Barcoding the
kingdom Plantae: new PCR primers for ITS regions of plants with
improved universality and specificity. Molecular Ecology Resources,
16, 138-149.

Epstein, L., Beede, R., Kaur, S. & Ferguson, L. (2004) Rootstock ef-
fects on pistachio trees grown in Verticillium dahlige-infested soil.
Phytopathology, 94, 388-395.

FAO. (2022) FAOSTAT, production statistics. Available from: https://www.
fao.org/faostat/es [Accessed 9th January 2023].

Ferguson, L. & Haviland, D.R. (2016) Pistachio production manual, Vol.
3545. California: University of California, Publication.

Ferguson, L., Poss, J.A., Grattan, S., Grieve, C.M., Wang, D., Wilson, C.
et al. (2002) Pistachio rootstocks influence scion growth and ion
relations under salinity and boron stress. Journal of the American
Society for Horticultural Science, 127, 194-199.

Fradin, E.F. & Thomma, B.P.H.J. (2006) Physiology and molecular aspects
of Verticillium wilt diseases caused by V. dahliae and V. albo-atrum.
Molecular Plant Pathology, 7, 71-86.

Guldur, M.E. & Dikilitas, M. (2011) Pistachio diseases in the southeastern
Anatolian region. Acta Horticulturae, 912, 739-742.

Guney, M., Kafkas, S., Zarifikhosroshahi, M., Gundesli, M.A., Ercisli, S.
& Holubec, V. (2021) Genetic diversity and relationships of tere-
binth (Pistacia terebinthus L.) genotypes growing wild in Turkey.
Agronomy, 11, 671.

Hadizadeh, I. & Banihashemi, Z. (2007) Vegetative compatibility group-
ing of Verticillium dahliae from pistachio in Iran. Phytopathologia
Mediterranea, 46, 272-284.

Huisman, O.C. & Ashworth, L.J., Jr. (1974) Quantitative assessment of
Verticillium albo-atrum in field soils: procedural and substrate im-
provements. Phytopathology, 64, 1043-1044.

Jacygrad, E., Preece, J.E., Palmer, W.J., Michelmore, R. & Golino, D.
(2020) Phenotypic segregation of seedling UCB-1 hybrid pistachio
rootstock. Trees, 34, 531-541.

Kafkas, S., Ma, X., Zhang, X., Topcu, H., Navajas-Pérez, R., Wai, C.M. et al.
(2023) Pistachio genomes provide insights into nut tree domesti-
cation and ZW sex chromosome evolution. Plant Communications,
4,100497.

Karci, H., Paizila, A., Guney, M., Zhaanbaev, M. & Kafkas, S. (2022)
Revealing genetic diversity and population structure in pista-
chio (Pistacia vera L.) by SSR markers. Genetic Resources and Crop
Evolution, 69, 2875-2887.

Kaska, N. (2002) Pistachio nut growing in the Mediterranean Basin. Acta
Horticulturae, 591, 443-455.

Khadivi, A. (2018) Assessment of genetic variability in pistachio (Pistacia
vera L.) with nuclear SSR molecular markers. Erwerbs-Obstbau, 60,
289-294.

Klosterman, S.J., Atallah, Z.K., Vallad, G.E. & Subbarao, K.V. (2009)
Diversity, pathogenicity, and management of Verticillium species.
Annual Review of Phytopathology, 47, 39-62.


https://orcid.org/0000-0002-3550-1839
https://orcid.org/0000-0002-3550-1839
https://orcid.org/0000-0002-3550-1839
https://orcid.org/0000-0003-3089-8301
https://orcid.org/0000-0003-3089-8301
https://orcid.org/0000-0003-1709-1140
https://orcid.org/0000-0003-1709-1140
https://orcid.org/0000-0002-8319-5872
https://orcid.org/0000-0002-8319-5872
https://www.fao.org/faostat/es
https://www.fao.org/faostat/es

ANTON-DOMI{NGUEZ €T AL.

2476
—LWI LEY

Kowalska, B. (2021) Management of the soil-borne fungal pathogen-
Verticillium dahliae Kleb. causing vascular wilt diseases. Journal of
Plant Pathology, 103, 1185-1194.

Lépez-Escudero, F.J. & Blanco-Lépez, M.A. (2007) Relationship between
the inoculum density of Verticillium dahliae and the progress of
Verticillium wilt of olive. Plant Disease, 91, 1372-1378.

Lopez-Moral, A., Agusti-Brisach, C., Lovera, M., Trapero, C., Antén-
Dominguez, B.1., Roca, L.F. et al. (2023) Enfermedades del pistach-
ero (Pistacia vera L.). Fruticultura, Especial, 2023, 42-77.

Lépez-Moral, A., Agusti-Brisach, C. & Trapero, A. (2021) Plant biostimu-
lants: new insights into the biological control of Verticillium wilt of
olive. Frontiers in Plant Science, 12, 662178.

MAPA. (2022) Avance de datos de frutales no citricos y frutales secos.
Available from: https://www.mapa.gob.es/es/estadistica/temas/
estadisticas-agrarias/agricultura/superficies-producciones-anual
es-cultivos/ [Accessed 9th January 2023].

Mercado-Blanco, J., Rodriguez-Jurado, D., Parrilla-Araujo, S. & Jiménez-Diaz,
R. (2003) Simultaneous detection of the defoliating and nondefoliat-
ing Verticillium dahliae pathotypes in infected olive plants by duplex,
nested polymerase chain reaction. Plant Disease, 87, 1487-1494.

Mohammadi, A.H., Haghdel, M., Mohammadi-Moghaddam, M. &
Banihashemi, Z. (2006) Current status of Verticillium wilt disease of
pistachio trees in Iran. Acta Horticulturae, 726, 631-635.

Mol, L. & Van Riessen, H.W. (1995) Effect of plant roots on the germi-
nation of microsclerotia of Verticillum dahliae. European Journal of
Plant Pathology, 101, 673-678.

Moral, J., Lépez-Escudero, F.J., Roca, L.F., Blanco-Léopez, M. A. & Trapero,
A. (2010) First report of Verticillium wilt of pistachio caused by
Verticillium dahliae in Spain. Plant Disease, 94, 382.

Morgan, D.P., Epstein, L. & Ferguson, L. (1992) Verticillium wilt resis-
tance in pistachio rootstock cultivars: assays and an assessment of
two interspecific hybrids. Plant Disease, 76, 310-313.

Parfitt, D.E. & Badenes, M.L. (1997) Phylogeny of the genus Pistacia as
determined from analysis of the chloroplast genome. Proceedings
of the National Academy of Sciences of the United States of America,
94,7987-7992.

Pegg, G.F. & Brady, B.L. (2002) Verticillium wilts. Wallingford: CABI
Publishing.

Pourian, M.A., Bakhshi, D., Aalami, A. & Hokmabadi, H. (2019)
Assessment of genetic relationships among cultivated and wild
pistachios (Pistacia vera L.) using molecular markers. Journal of
Horticultural Research, 27, 37-46.

Raabe, R.D. & Wilhelm, S. (1978) Susceptibility of several Pistacia spp. to
Verticillium albo-atrum. Plant Disease, 62, 672-673.

Rafiei, V., Banihashemi, Z., Bautista-Jalon, L., Jimenez-Gasco, M., Turgeon,
G. & Milgroom, M. (2018) Population genetics of Verticillium dahliae
in Iran based on microsatellite and SNP markers. Phytopathology,
108, 780-788.

Shaw, D.V., Gordon, T.R., Larson, K.D., Gubler, W.D., Hansen, J. &
Kirkpatrick, S.C. (2010) Strawberry breeding improves genetic re-
sistance to Verticillium wilt. California Agriculture, 64, 37-41.

Sheikhi, A., Arab, M.M., Brown, P.J., Ferguson, L. & Akbari, M. (2019) Pistachio
(Pistacia spp.) breeding. In: Al-Khayri, J.M., Jain, S.M. & Johnson, D.V.
(Eds.) Advances in plant breeding strategies: nut and beverage crops, Vol. 4.
Cham: Springer International Publishing, pp. 353-400.

Snyder, W.C., Hansen, H.N. & Wilhelm, S. (1950) New hosts of Verticillium
albo-atrum. Plant Disease Report, 34, 26-27.

Stavrides, S. (1994) Pistachio. Nicosia, Cyprus: Department of Agriculture,
Ministry of Agriculture and Natural Resources.

‘ntPaﬂuﬂogy

Steel, R.G.D. & Torrie, J.H. (1985) Bioestadistica, 2nd edition. Bogota:
McGraw-Hill.

Teviotdale, B.L., Epstein, L., Ferguson, L. & Reil, W. (1995) Susceptibility
of pistachio rootstocks to Verticillium dahliae and Armillaria mel-
lea—a progress report. Acta Horticulturae, 419, 353-358.

Teviotdale, B.L., Michailides, T.J. & Pscheidt, J.W. (2002) Compendium of
nut crop diseases in temperate zones. St Paul, MN: APS Press.

Thanassoulopoulos, C.C. & Kitsos, G.T. (1972) Verticillium wilt in Greece.
Plant Disease Report, 56, 264-267.

Trapero, C., Rallo, L., L6pez-Escudero, F.J., Barranco, D. & Diez, C. (2015)
Variability and selection of Verticillium wilt resistant genotypes in
cultivated olive and in the Olea genus. Plant Pathology, 64,890-900.

Trapero, C., Serrano, N., Arquero, O., Del Rio, C., Trapero, A. & Lépez-
Escudero, F.J. (2013) Field resistance to verticillium wilt in selected
olive cultivars grown in two naturally infested soils. Plant Disease,
97, 668-674.

Triki, M., Chelli, A., Rhouma, A., Cheffi, M., Mseddi, A. & Boudaya,
M. (2014) Evaluation of susceptibility of Pistacia genotypes to
Verticillium wilt disease. Acta Horticulturae, 1028, 205-210.

Vahdati, K., Sarikhani, S., Arab, M.M., Leslie, C.A., Dandekar, A.M., Aleta,
N. et al. (2021) Advances in rootstock breeding of nut trees: objec-
tives and strategies. Plants, 10, 2234.

Varo, A., Raya-Ortega, M.C. & Trapero, A. (2016) Selection and evalu-
ation of micro-organisms for biocontrol of Verticillium dahliae in
olive. Journal of Applied Microbiology, 121, 767-777.

Werner, O., Sanchez-Gomez, P., Guerra, J. & Martinez, J.F. (2001) Identifi-
cation of Pistaciaxsaportae Burnat (Anacardiaceae) by RAPD
analysis and morphological characters. Scientia Horticulturae, 91,
179-186.

White, T.J., Bruns, T.D., Lee, S. & Taylor, J. (1990) Amplification and direct
sequencing of fungal ribosomal RNA genes for phylogenetics. In:
Innis, M.A,, Gelfand, D.H., Sninsky, J.J. & White, T.J. (Eds.) PCR pro-
tocols, a guide to methods and applications. San Diego, CA: Academic
Press, pp. 315-322.

Yi, T., Wen, J., Golan-Goldhirsh, A. & Parfitt, D.E. (2008) Phylogenetics
and reticulate evolution in Pistacia (Anacardiaceae). American
Journal of Botany, 95, 241-251.

Zaloglu, S., Kafkas, S., Dogan, Y. & Glney, M. (2015) Development and char-
acterization of SSR markers from pistachio (Pistacia vera L.) and their
transferability to eight Pistacia species. Scientia Horticulturae, 189,
94-103.

Zar, J.H. (2010) Biostatistical analysis, 5th edition. Singapore: Pearson
Education Pte.

Ziya-Motalebipour, E., Kafkas, S., Khodaeiaminjan, M., Coban, N. &
Gozel, H. (2016) Genome survey of pistachio (Pistacia vera L.) by
next generation sequencing: development of novel SSR markers
and genetic diversity in Pistacia species. BMC Genomics, 17, 998.

How to cite this article: Anton-Dominguez, B.I., Arquero, O.,
Lovera, M., Trapero, A., Agusti-Brisach, C. & Trapero, C. (2024)
Resistance of pistachio grafted on different Pistacia rootstocks
against Verticillium wilt under field conditions. Plant Pathology,
73, 2466-2476. Available from: https:/doi.org/10.1111/
ppa.13978



https://www.mapa.gob.es/es/estadistica/temas/estadisticas-agrarias/agricultura/superficies-producciones-anuales-cultivos/
https://www.mapa.gob.es/es/estadistica/temas/estadisticas-agrarias/agricultura/superficies-producciones-anuales-cultivos/
https://www.mapa.gob.es/es/estadistica/temas/estadisticas-agrarias/agricultura/superficies-producciones-anuales-cultivos/
https://doi.org/10.1111/ppa.13978
https://doi.org/10.1111/ppa.13978

	Resistance of pistachio grafted on different Pistacia rootstocks against Verticillium wilt under field conditions
	Abstract
	1  |  INTRODUCTION
	2  |  MATERIALS AND METHODS
	2.1  |  Plant material
	2.2  |  Field trials
	2.2.1  |  Disease resistance of pistachio rootstocks in the field
	2.2.2  |  Disease monitoring in a commercial field

	2.3  |  Disease assessment
	2.4  |  Microsclerotia of V. dahliae in soil
	2.5  |  Fungal isolation and pathotype characterization
	2.6  |  Data analysis

	3  |  RESULTS
	3.1  |  Disease resistance of pistachio rootstocks in the field
	3.2  |  Disease monitoring in a commercial field
	3.3  |  Fungal isolation and pathotype characterization

	4  |  DISCUSSION
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	ORCID
	REFERENCES


