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ABSTRACT

Mercado-Blanco, J., Rodriguez-Jurado, D., Parrilla-Araujo, S., and Jiménez-Diaz, R. M. 2003.
Simultaneous detection of the defoliating and nondefoliating Verticillium dahliae pathotypes in
infected olive plants by duplex, nested polymerase chain reaction. Plant Dis. 87:1487-1494.

Pathogen-free certified planting material and accurate detection of Verticillium dahliae patho-
types infecting the plant are key components of successful management of Verticillium wilt of
olive. Use of a nested-polymerase chain reaction (PCR) procedure developed in earlier studies
for in planta detection of the defoliating (D) and nondefoliating (ND) V. dahliae pathotypes
resulted in ambiguous detection of the pathogen in some cases, due to heterologous amplifica-
tion of the D-associated marker in ND-infected olive plants. In the present study, an improved
procedure was developed that eliminates ambiguity and reduces time and cost for detection of D
and ND V. dahliae in olive. The improved procedure is based on the simultaneous amplification
of both an ND- and a new D-specific marker by means of duplex, nested PCR. The procedure
was effective in the rapid and unequivocal detection of the D and ND V. dahliae in both
artificially inoculated, own-rooted olive plants and naturally infected adult olive trees of
different cultivar, age, and growing conditions. Furthermore, the duplex, nested-PCR procedure
detected simultaneously the D and ND pathotypes in adult olive trees naturally infected by both
pathotypes and in young olive plants that were double-inoculated with D and ND isolates under

controlled conditions.

Additional keywords: Olea europaea

Verticillium wilt, caused by Verticillium
dahliae Kleb., is one of the most serious
diseases affecting olive (Olea europaea L.)
worldwide (10) and may cause severe
losses and plant death (1,32). In Spain, the
disease was first reported in 1980 (5);
however, during the last 20 years it has
spread throughout the main olive-growing
areas of Andalucia, in southern Spain, as
well as other regions in the country (4,26;
R. M. Jiménez-Diaz, unpublished data).
Several factors might account for the in-
creasing spread of the disease, including
use of infected planting material, establish-
ment of new orchards in infested soils or
close to affected crops, and establishment
of irrigated orchards with a high tree den-
sity.

Severity of attacks by V. dahliae de-
pends upon virulence (i.e., the amount of
disease caused in a host genotype) of the
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pathogen isolates. V. dahliae isolates in-
fecting olive can be classified into defoliat-
ing (D) and nondefoliating (ND) patho-
types, based on their ability to cause
defoliation or no defoliation of green
leaves from shoots and twigs (24,25). Dif-
ferential virulence of V. dahliae isolates
also occurs in upland cotton (Gossypium
hirsutum L.), and isolates from cotton and
olive show cross-virulence in olive plants
(25,27,29). Infections by the D pathotype
can be lethal to the plant, but olive plants
infected by the ND pathotype can show
complete remission from symptoms
(10,24). Although the D pathotype was
first reported in Spain in an area of inten-
sive cotton cultivation (2), it has spread to
distant olive-growing areas and now causes
severe Verticillium wilt in newly estab-
lished, intensively managed olive orchards
(3,18; R. M. Jiménez-Diaz, unpublished
data).

The rapid and consistent detection of V.
dahliae pathotypes infecting olive plants,
particularly the D pathotype, is of impor-
tance for the management of Verticillium
wilt. Early detection would help to avoid
spread of the pathogen to new areas, espe-
cially if they are free from the highly viru-
lent D pathotype. In previous studies, we
developed a molecular procedure for the
early and differential detection of the D
and ND V. dahliae pathotypes in sympto-

matic and nonsymptomatic but infected
olive plants (14,15). This procedure in-
cluded extraction of polymerase chain
reaction (PCR)-quality DNA of V. dahliae
and use of pathotype-specific primers in a
nested-PCR protocol. However, we found
that the DNA sequence identifying D iso-
lates also is present, though with a nucleo-
tide shift, in some ND isolates of V. dahl-
iae. This leads to the possibility that
heterologous DNA amplification may oc-
cur when using the nested-PCR protocol
for detection of the D pathotype (15).
Therefore, the accurate detection of D and
ND pathotypes in infected olive tissues
requires that two independent, nested-PCR
assays (one for each pathotype) are run in
parallel. Other primers designed to differ-
entiate among Verticillium spp. (6,12,16,19)
have been used successfully for in planta
detection and quantification of the patho-
gen (7-9,17,23). However, the differen-
tiation of D and ND V. dahliae pathotypes
was not tested in those studies. The objec-
tives of the present study were to (i) im-
prove the reliability of detection of D and
ND V. dahliae pathotypes in infected olive
trees by using a set of primers in a duplex,
nested-PCR procedure that also would
assure detection of the pathogen species;
and (ii) demonstrate that the improved
procedure would detect the two pathotypes
in co-infected olive plants.

MATERIALS AND METHODS

Chemicals, fungal isolates, and cul-
ture media and conditions. Reagents used
in this study were from Sigma-Aldrich, St.
Louis; Merck, Darmstadt, Germany; or
Panreac, Barcelona, Spain, unless other-
wise indicated. Media were made with
deionized water and autoclaved at 121°C
for 20 min. Potato-dextrose agar (PDA)
and potato-dextrose broth (PDB) were
from Difco Laboratories, Detroit.

For artificial inoculation of olive plants,
V. dahliae isolates V41 and V138I, repre-
sentative of the ND and D pathotypes,
respectively, were used. These isolates
were characterized in previous studies
(2,20,25) and are deposited in the culture
collection of the Departamento de Protec-
cién de Cultivos, Instituto de Agricultura
Sostenible, Cérdoba, Spain. In addition, a
number of different V. dahliae (D and ND)
isolates also were used for the specific
purpose of validating the PCR protocols
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developed in this study. All of these latter
isolates also are deposited in the above-
mentioned culture collection. Isolates were
stored by covering cultures on plum-ex-
tract agar (30) with liquid paraffin (2) at
4°C in the dark. Active cultures of isolates
were obtained on water agar amended with
chlorotetracycline (CWA) at 30 mg liter™!
and further subculturing on PDA. Cultures
on PDA were grown for 7 days at 24°C in
the dark.

Fungal and plant DNA extraction.
Mycelia of V. dahliae isolates were ob-
tained from cultures in PDB, lyophilized,
and ground to a fine powder using an auto-
claved pestle and mortar as previously
described (20). Powdered mycelia (50 mg)
was used for DNA extraction (21). The
DNA thus obtained served as controls in
the PCR reactions described below. Total
genomic DNA was extracted from shoots
and roots of naturally infected olive trees,
as well as artificially infected and nonin-
fected, own-rooted olive plants using the
DNeasy Plant Mini Kit (Qiagen, Hilden,
Germany; 14). Suitability of total genomic
DNA from olive tissues for PCR was veri-
fied by PCR assays using primer pair IAS-
olil7f/r (22). This primer pair defines a
microsatellite marker in olive of about 190
bp that should be amplified in DNA sam-
ples of PCR quality. Amplification reac-
tions (25 ul) were done as indicated below
except that primers were added to a final
concentration of 0.2 pM each. Reaction
conditions were denaturation at 94°C for 4
min, followed by 35 cycles of 1 min of
annealing at 64°C, extension for 1 min at
72°C, denaturation for 1 min at 94°C, and
a final extension step of 6 min.

Design of a new primer for PCR-
based identification of V. dahliae D
pathotype. Carder and co-workers (6)
reported that primer pair DB19/DB22
yields a V. dahliae-specific product in PCR
assays. We tested this primer pair for the
identification of V. dahliae D isolates from
cotton (V138I, V1771, and V180I) and
olive (V135I, V136l, and V153]) and V.
dahliae ND isolates from cotton (V176I,
V2131, and V217) and olive (V143],
V1441, and V1521) (2,20), and found that
D and ND isolates yielded polymorphic
530- and 540-bp bands of the species-spe-
cific marker, respectively. Those DNA
bands were sequenced and a new primer
was designed for a PCR strategy of patho-
type identification using three primers in a
single reaction. Amplifications using
DB19/DB22 primers were carried out as
indicated below except that primers were
added at 0.4 uM each, annealing tempera-
ture was set at 58°C, and 30 cycles were
run. The 540- or 530-bp PCR products then
were purified by the QIAquick PCR
purification kit (Qiagen), according to the
manufacturer’s instructions. DNA  se-
quencing of the purified PCR products was
carried out using the forward primer DB19,
and the DNA sequences were determined
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using an Applied Biosystems Model 310
automated DNA sequencer. All primers
used in this study were obtained from
Genset Oligos, Genset SA, Paris, France.
The sequences obtained were deposited in
the EMBL/GenBank/DDBJ nucleotide
sequence databases under the following
accession numbers: AF481966 (isolate
V136I), AF481967 (V138I), AF481968
(V135I), AF481969 (V143I), AF481970
(V152I), AF481971 (V144I), AF481972
(V153I), AF481973 (V180I), AF481974
(V2131), AF481975 (V1771), AF481976
(V2171), and AF481977 (V176l). After the
resulting sequences were compared, the
reverse primer espdefOl (5'-TGAGAC-
TCGGCTGCCACAC-3') was designed.
Different ratios of primers DB19, DB22,
and espdefOl concentration, number of
cycles, and annealing temperatures were
tested to optimize differentiating between
D and ND V. dahliae pathotypes using the
three primers in a single reaction. The
annealing temperature was finally set at
62°C, according to the melting tem-
peratures of the three primers DB19 at
58°C, DB22 at 60°C, and espedefOl at
62°C; and 35 cycles produced consistent
results. The final, appropriate micromolar
ratio of primers was empirically set at
1:7:2 for the reverse primer DB22, the
forward primer DB19, and the internal
reverse primer espdef01, respectively. Am-
plification reactions (25 ul) consisted of a
micromolar ratio of 1:7:2 (DB22:DB19:
espdef01) of primers, 200 uM each dNTP,
2.5 ul of 10x reaction buffer (166 mM
[NH4],SO,, 670 mM Tris-HCI, pH 8.8
[25°C], 0.1% Tween-20), 0.75 U of
EcoTaq (Ecogen S.R.L., Barcelona, Spain),
1.5 mM MgCl,, and 10 ng of template
DNA. Reaction conditions included de-
naturation at 94°C for 4 min followed by
35 cycles of 1 min of annealing at 62°C,
extension for 30 s at 72°C, denaturation for
1 min at 94°C, and a final extension step of
6 min.

In planta detection of the D and ND V.
dahliae pathotypes by duplex, nested
PCR. Three different sets of total genomic
DNA were used.

One set of stored DNA samples origi-
nated from nursery-propagated, own-
rooted olive cv. Picual plants that were
artificially inoculated with the D or ND V.
dahliae pathotypes in previous studies
(14,15). These samples were used in this
study to optimize a duplex, nested-PCR
procedure for in planta detection of V.
dahliae pathotypes. The samples of total
genomic DNA (20 ng) were extracted from
roots of inoculated and noninoculated plants
sampled at time O (just after dipping roots in
water or in a conidial suspension), and at 7
and 52 days after inoculation (14,15).

A second set of samples of total genomic
DNA originated from an inoculation ex-
periment that was carried out in this study
to demonstrate co-infection of olive plants
by D and ND of V. dahliae. A total of 50

nursery-propagated, own-rooted, 7-month-
old olive cv. Arbequina plants were used.
Plants were root-dip inoculated in a
suspension of 107 conidia ml™ of the
pathogen for 1 h (14,15). Conidia were
obtained by flooding 7-day-old cultures on
PDA and filtering the suspension through
sterile cheesecloth. A group of 10 plants
were separately inoculated with isolates
V1381 (D) or V41 (ND). Additionally, 15
plants were co-inoculated by first dipping
the roots of a plant in a conidial suspension
of the ND isolate V4I for 1 h, then in a
different container for an additional hour in
a conidial suspension of the D isolate
V138I. Fifteen plants, similarly treated
except for the absence of inoculum, served
as uninoculated controls. The experiment
was arranged as a completely randomized
design. After inoculation, plants were
transplanted into sterile soil (sand:loam,
2:1, vol/vol) in pots and incubated at light
and dark temperatures of 22 and 24°C,
respectively, with a 14-h photoperiod of
fluorescent light of 262 puE m™ s7!. Plants
were watered with a hydro-sol fertilizer
(20-5-32 + microelements; Haifa Chemi-
cals, Ltd, Haifa, Israel) every week. Plants
were observed for the development of
symptoms at 4-day intervals after inocula-
tion. Double-inoculated and uninoculated
plants were sampled (three plants per time
interval) at 7, 14, 21, and 85 days after
inoculation. In addition, three V138I-in-
oculated and three V4l-inoculated plants
were sampled 21 and 85 days after
inoculation. Stem and root tissues from
sampled plants were processed separately, as
mentioned above, and used for extraction of
total genomic DNA. Samples of 20 ng DNA
were used as templates in PCR assays.

A third set of samples of total genomic
DNA originated from Verticillium wilt-
affected olive trees sampled in commercial
orchards. These trees were selected as
representative of different tree ages, culti-
vars, and geographic origin (Table 1), and
used to validate the diagnostic procedure.
Total genomic DNA was extracted from
branches, twigs, and occasionally from
fallen green leaves of affected plants. Tis-
sues were thoroughly washed, surface
disinfested in NaCIO (0.5% available chlo-
rine) for 2 min, freeze dried, and ground to
a fine powder (15) for subsequent DNA
extraction. Infection of sampled tissues by
V. dahliae also was determined by isolation
of the fungus on CWA. For each sample,
arbitrarily selected, 5-mm-long pieces of
stems and leaves were surface disinfested
as above, plated onto CWA, and incubated
at 24°C in the dark for at least 9 days (25).
DNA extracted from mycelia developed on
CWA was used to further confirm patho-
type identification using the three-primer
PCR protocol developed in the study.

Duplex, nested-PCR assays were carried
out for the joint, simultaneous detection of
D and ND V. dahliae pathotypes. Primer
pairs DB19/DB22 and NDf/NDr were used



in the first round of amplification. The use
of primer pair DB19/DB22 yielded a PCR
product of 540 or 530 bp, which is a
marker for V. dahliae (6), and that of
NDf/NDr yielded a product of 1,410 bp,
which is specific for ND V. dahliae (14).
Amplification reactions (25 pl) in this
round consisted of 0.4 pM each primer,
200 uM each dNTP, 2.5 ul of 10x reaction
buffer, 0.75 U of EcoTaq, 2.5 mM MgCl,,
and 20 ng of template DNA. Reaction
conditions were denaturation at 94°C for 4
min followed by 30 cycles of 1 min of
annealing at 58°C, extension for 1 min at
72°C, denaturation for 1 min at 94°C, and
a final extension step of 6 min.

The second round of amplification was
carried out using the nested primer pairs
INTND2{/INTND2r and DB19/espdefOl.
Primer pair INTND2{/INTND2r yielded a
824-bp PCR product, which is specific for
ND V. dahliae (14), and primer pair
DB19/espdefO1 yielded a 330-bp PCR
product, which is specific for D V. dahliae.
For nested PCR, 0.5 pl of the product from
the first round of amplification was trans-
ferred to a fresh tube containing the mix-
ture for the second amplification reaction.
Conditions and parameters used in this
round of amplification were the same as
for the first round, except that only 25
cycles were run with the annealing tem-
perature set at 62°C for 30 s, and the final
extension step was 10 min.

All PCR assays in this work were per-
formed with a PTC-100 Programmable

Thermal Controller (MJ Research, Inc.,
Watertown, MA). Amplification products
were separated on 1% agarose gels, stained
with ethidium bromide, and visualized
under UV light. The DNA size markers
used for electrophoresis were from Boe-
hringer-Mannheim. Reactions were re-
peated at least three times and always in-
cluded negative controls (no DNA) and
positive controls (template DNA from V.
dahliae isolates representative of the D and
ND pathotypes, purified from mycelia
grown in culture).

RESULTS

A new marker for the identification of
D V. dahliae. The two PCR products
amplified by primer DB19/DB22 from D
and ND V. dahliae differed by 16 bp (i.e.,
523 bp for the ND isolates and 539 bp for
the D isolates). The 539-bp sequence
amplified from D isolates harbored a 15-
nucleotide (nt) insertion (5'-CGTGTG-
GCAGCCGAG-3') between nucleotide
positions 313 and 314 of the consensus
sequence of the ND isolates, and one 1-nt
insertion (an extra C) between nucleotide
positions 163 and 164. These additional 16
bp were absent from all ND isolates
sequenced.

The 15-nt insertion present only in D V.
dahliae was the basis for designing a new
PCR primer, the reverse primer defespO1
(located at nucleotide positions 315 to 333
of the amplicon produced byDB19/DB22
from D isolates), specific for the D patho-

type. This primer, used in combination
with the forward primer DB19, yielded a
334-bp PCR product from D V. dahliae
DNA as template when screening a large
number of D V. dahliae isolates (2,20)
from our culture collection (data not
shown). Also, the combined use of primers
DB19, DB22, and espdef01 allowed differ-
entiation between D and ND V. dahliae
pathotypes in a single PCR assay (Fig. 1).
The ratio of primer concentration was the
most important parameter to optimize
results in this assay. An equal molar ratio
for the three primers yielded the predicted
334-bp band for D isolates; however, the
523-bp, V. dahliae species-specific band
was amplified by neither ND nor D iso-
lates (Fig. 1B). Increasing concentrations
of the DB19 forward primer produced the
predicted amplicons of 539 and 334 bp
from D isolates and the single amplicon of
523 bp from ND isolates. However, other
ratios of primer concentration (for exam-
ple, 1:7:1 and 1:3:1) also produced the
predicted results (Fig. 1B). The use of this
three-primer PCR strategy for the simulta-
neous identification of V. dahliae and char-
acterization of D and ND pathotypes in a
single-PCR assay finally was tested em-
ploying our Verticillium culture collection.
In all cases, the predicted diagnostic bands
were produced. An example of this testing
is presented in Figure 2.

Optimization of a duplex, nested-PCR
procedure for in planta detection of V.
dahliae pathotypes. The joint use of the V.

Table 1. Detection of defoliating (D) and nondefoliating (ND) Verticillium dahliae pathotypes in naturally infected olive plants of diverse cultivar, age,
and geographic origin by duplex, nested-polymerase chain reaction (PCR)

Pathotype and Joint detection

Positive

Sampled tissue Tree age no. of positive  of Dand ND isolation on
Geographic origin Cultivar (no. of trees assayed)? (years)® PCR¢ detections? pathotypes® CWA
Southern Spain
CIFA, Coérdoba Arbequina Wilted branches (45) 4-5 25 D25,ND2 Yes (2) 13
Green branches (45) 26 D24,ND 10 Yes (8) 26
Green leaves (2) 2 D2 No 2
Cérdoba province
Fuente Palmera Arbequina Green branches (2) and leaves (1) 3 2,1 D3 No 3
Posadas Manzanilla Green branches (2) NA 2 D2 No 2
Picual Wilted branches (6) 8 1 D1 No 0
Green branches (6) 4 D4 No 2
Seville province
Osuna Arbequina Green branches (6) 3 3 D3,ND3 Yes (3) 3
Granada Unknown Green branches (3) >25 2 D2 No 0
Northeastern Spain
Huesca Arbequina Green branches (5) 3 2 ND 2 No 0
Central-eastern Spain
Valenciaf 21 cultivars Green branches (25) and roots (25) NA 0 Negative No Not det.8
Argentina Three cultivars"  Green branches (4) 9 0 Negative No 0

2 Wilted branches: tissue samples from branches of olive trees with a range of symptoms severity, from severe wilting of still-green branches to necrotic
branches. Green branches: tissue samples from affected olive trees that included green twigs and branches.

" NA: information was not available.

¢ Total number of positive amplifications. All samples positive for V. dahliae by isolation on chlorotetracycline (CWA) also were positive by PCR assay.

4 D: presence of the D-specific marker (approximately 330-bp amplicon); ND: presence of the ND-specific marker (824-bp amplicon).

¢ Simultaneous detection of both D- and ND-specific markers in template DNA extracted from an infected tissue sample. In parentheses, the number of
tissue samples where both amplicons were detected.

f Samples were supplied by COTEVISA commercial nursery at Valencia, Spain. They were pruned from stock plants used for propagation routinely. These
stock plants had been indexed for V. dahliae by isolation and were considered as V. dahliae-free plants and used as reference and negative controls for V.
dahliae-PCR detection in this study. Cultivars represented were: Arbequina, Ascolana tenera, Blanqueta, Chemlali, Cordobil, Cornezuelo, Cornicabra,
Coroneiqui, Dolca, Gordal, Grossal, Hojiblanca, Manzanilla, Morrut, Oblonga, Ocal, O-577, Picual, Sevillenca, Tomas, and Villalonga.

2 Not determined.

h Samples were from cvs. Manzanilla, Nabali, and Picual.
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dahliae  species-specific  primer pair
DB19/DB22 and the ND V. dahliae-spe-
cific primer pair NDf/NDr in a single PCR
assay should simultaneously identify V.
dahliae as well as D and ND pathotypes in
a test sample of genomic DNA. A duplex-
PCR assay using the two above primer
pairs and DNA (10 ng) from mycelia of a
sample of ND V. dahliae isolates produced
two amplicons: a band of 1,410 bp (corre-
sponding to the amplicon defined by
primer pair NDf/NDr) and a band of 523
bp (specific for V. dahliae and defined by
primer pair DB19/DB22) (data not shown).
In contrast, a single amplicon of 539 bp
was produced when DNA (10 ng) from

A

mycelia of a sample of D isolates was used
as template in a similar assay. The specific
band for ND isolates was lacking in this
latter assay. An example from a PCR assay
using ND V. dahliae isolate V41 (lane ND)
and D V. dahliae isolate V138I (lane D) is
shown in Figure 3A. The sequence
amplified by primer pair DB19/DB22 from
D isolates contains 16 bp lacking in ND
isolates; therefore, a second duplex-PCR
assay employing an aliquot (0.5 pl) of the
first amplification and the corresponding
pathotype-specific nested primers in the
reaction mixture should yield the
diagnostic D or ND-specific amplicon.
Actually, the ND-specific 824-bp band

5'-CGGTGACATAATACTGAGAG-3'

defined by primer pair INTND2f/
INTND2r, and the D-specific 334-bp band
defined by primer pair DB19/espedefO1,
were the only DNA bands produced
employing mycelia of a sample of ND
isolates (Fig. 3B, lane ND) or of D isolates
(Fig. 3B, lane D), respectively. There were
no heterologous amplification between D
and ND pathotypes from the above assays.

Duplex, nested-PCR assays using total
genomic DNA from roots of olive cv.
Picual plants inoculated with D or ND V.
dahliae amplified the band specific to the
infecting pathotype. For plants inoculated
with the D isolate V138I, the first duplex-
PCR reaction yielded only the 539-bp

3-AAGCAAGTTAGGCGTAGCAG-§'

539 bp

spdef01

3-CACACCGTCGGCTCAGAGT-5'

PCR

P

DB22

334 bp

1'1'1 2:7:2 1:7:2

1:3:3 1:3:1 1:7:1

}l 523 bp

ND

1:7:3 1:7:5 1 '7'7

1212 M12 121212 1

2
E!!ll!la —

334 bp

Fig. 1. A, Scheme depicting the strategy followed for the identification of Verticillium dahliae pathotype using template DNA from pure fungal culture,
and polymerase chain reaction (PCR) products obtained when primers DB19, DB22, and espdefO1 were used in a single-PCR reaction. A characteristic
electrophoretic pattern of V. dahliae defoliating (D) pathotype showed two amplicons of 539 bp (DB19/DB22) and 334 bp (DB19/espdefO1). In contrast,
DNA template from V. dahliae nondefoliating (ND) pathotype amplified only the 523 bp amplicon (DB19/DB22). B, PCR products amplified using
different ratios of concentration of primers DB22:DB19:espdef01. M, Molecular weight marker; 1, lanes showing PCR products when ND V. dahliae
V1761 DNA was used as template; 2, lanes showing PCR products when D V. dahliae V1381 DNA was used as template.

1490 Plant Disease /Vol. 87 No. 12



amplicon. This DNA band was intense for
roots sampled 7 days after inoculation (Fig.
3A, lanes 3 and 4) but faint for those
sampled just after inoculation (Fig. 3A,
lanes 1 and 2) or 52 days later (Fig. 3A,
lanes 5 and 6). In contrast, plants inocu-
lated with the ND isolate V4I yielded the
two predicted amplicons of 1,410 bp and
523 bp, which again were much more
intense with DNA from roots sampled 7
days after the inoculation. To further assure
specificity in the detection of D and ND
pathotypes, we conducted a second round
of duplex PCR (duplex, nested-PCR). The
D-specific amplicon of 334 bp produced in
a second round of amplification using
DNA from roots of Picual olive plants
inoculated with D V. dahliae isolate V1381
is shown in Figure 3. Likewise, the ND-
specific amplicon of 824 bp was the only
product using DNA from roots of plants
inoculated with ND isolate V4I. Neither
heterologous amplification nor amplifica-
tion from uninoculated controls occurred in
any of the experiments.

Co-infection of olive plants by D and
ND V. dahliae pathotypes. The joint in-
fection by D and ND V. dahliae was dem-
onstrated by duplex, nested-PCR assays
using tissues of double-inoculated plants
sampled 7, 14, 21, and 85 (data not shown)
days after inoculation (Fig. 4). Olive plants
inoculated with the D isolate yielded the D
amplicon only, and those inoculated with
the ND isolate yielded the ND amplicon
only. Both amplicons were found only in
olive plants inoculated with the D and ND
isolates. Neither the D- nor ND-specific
amplicons were produced using DNA sam-
ples from uninoculated controls. Results of
the detection assay were influenced by the
plant tissue sampled. Thus, although assays
using root samples from inoculated plants
amplified the diagnostic markers even after
the first round of amplification (Fig. 4A),
detection of the pathogen using stem sam-
ples from inoculated plants was possible
after nested PCR only (Fig. 4C). The
above assays revealed the presence of the
pathogen in the stem of two of three D-
inoculated plants and of one of three
D/ND-double-inoculated plants sampled
21 days after inoculation. However, no
detection was feasible in stems of ND-
inoculated plants at this sampling time.
Interestingly, only the 334-bp D-specific
marker was amplified in stems of double-
inoculated plants (Fig. 4C).

Detection of V. dahliae pathotypes in
naturally infected olive trees in the field.
Samples of total genomic DNA extracted
from a wide variety of naturally infected
adult olive trees were used to validate the
duplex, nested-PCR procedure described
above (Table 1). DNA extraction yielded a
range of 150 £ 45 ng DNA/mg of freeze-
dried tissue sample, which is in accordance
with the amount of DNA extracted for
stems of artificially infected, nursery-
produced young olive plants in previous

studies (14). There were no significant
differences in the amount of DNA ex-
tracted from olive trees of different cultivar
and age. However, extraction from se-
verely affected or necrotic twigs yielded
much less DNA (44.5 £ 21.5 ng DNA/mg)
than from twigs with mild symptoms of the
disease. Furthermore, DNA from the
necrotic tissue samples was of poor PCR
quality in some instances, as indicated by
lack of amplification of the microsatellite
marker defined by primer pair las-17f/r
(22) in PCR assays using this DNA as
template (data not shown). Although the
use of severely wilted olive tissue may
confer difficulty for the detection proce-
dure described, our results showed that
molecular, in planta detection of V. dahliae
pathotypes still was possible and provided

Cotton

improved results compared with the con-
ventional microbiological procedure (Table
1). Thus, samples of stems from affected
‘Arbequina’ olive plants at CIFA Agricul-
tural Experimental Station in Cérdoba
produced only 13 positive V. dahliae
isolations on CWA out of 45 isolation
attempts. In contrast, duplex, nested-PCR
assays using same tissue yielded 25 posi-
tive determinations out of 45 assays which,
in addition, were informative of the
infecting pathotype. All trees positive for
V. dahliae by isolations also were positive
by PCR assays. Furthermore, the patho-
types identified in the nested-PCR assays
were confirmed by three-primer PCR as-
says using DNA from mycelia growing on
CWA. Similarly, improved results also
were obtained using samples of adult olive

D

Olive

539/523 bp
334 bp

D

Fig. 2. Pathotyping of cotton and olive Verticillium dahliae isolates using the three-primer
polymerase chain reaction protocol described in this study. Two negative control reactions were
included: DNA from an isolate of V. tricorpus (Vt), and no template DNA (C). Bars with a D
underneath the gel indicate V. dahliae isolates that were previously characterized as defoliating both
by pathogenicity and molecular assays (2,19).

V138l V4l

MC123456123456BNDDM

A
1,410 bp

539/523 bp

824 bp

334 bp

Fig. 3. Detection of Verticillium dahliae defoliating (D) isolate V1381 and nondefoliating (ND)
isolate V4I in samples of total genomic DNA extracted from roots of artificially infected, own-rooted
Picual olive plants. Plants were inoculated by dipping the roots in a conidial suspension of the
isolates. DNA from two plants sampled at O (just after inoculation; lanes 1 and 2), 7 days (lanes 3
and 4), and 52 days (lanes 5 and 6) after inoculation were submitted to the duplex, nested-
polymerase chain reaction (PCR) procedure described in this study. A, Results after the first round of
amplification (using primer pairs NDf/NDr and DB19/DB22). B, Results after nested-PCR (using
primer pairs INTND2f/INTND2r and DB19/espdefO1). M, molecular weight marker; C, control
reaction with DNA from uninoculated plant; B, negative PCR control reaction with no template
DNA; ND, positive PCR control reaction with DNA of the ND V. dahliae V4I isolate; D, positive
PCR control reaction with DNA of the D V. dahliae V138l isolate.
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trees from Posadas (Cordoba province) and
Granada in southern Spain and from
Huesca in northern Spain, using the mo-
lecular in planta-detection procedure com-
pared with the conventional procedure.
Both the D and ND V. dahliae pathotypes
were singly detected in the assayed sam-

ples, the D pathotype being the one de-
tected most frequently in southern Spain.
Conversely, only the ND pathotype was
detected in samples from Huesca. Finally,
assays using samples from olive orchards
in Argentina and from pathogen-free, nurs-
ery-produced planting material of 21 olive

V4l V138l V4liv13si NI

1231 23 DNDC 1 23

i

1,410 bp

539/523 bp

824 bp

334 bp

C

-4 —

334 bp

Fig. 4. Joint detection of defoliating (D) and nondefoliating (ND) Verticillium dahliae pathotypes in
samples of total genomic DNA from roots and stems of artificially infected, own-rooted Arbequina olive
plants that were co-inoculated with the ND isolate V41 and the D isolate V138I. Plants were sampled 21
days after inoculation. A, Results after the first round of amplification using DNA templates from roots.
B, Results after nested-polymerase chain reaction (PCR) using 0.5 ul of products from the first
amplification reaction. C, Results after nested-PCR using DNA samples extracted from stems of the
same plants for which results using DNA from roots are shown in A and B. No results were obtained for
VA4l-inoculated and noninoculated plants. M, Molecular weight marker; 1, 2, and 3, three different plants
sampled for each treatment; NI, noninoculated plants; C, negative control reaction with no template
DNA; ND, positive PCR control reaction with DNA of the ND V. dahliae V4l isolate; D, positive PCR
control reaction with DNA of the D V. dahliae V138l isolate.

HUESCA OSUNA __ 2nd PCR 15t PCR

M12345123456NDDCNDDC

A

1,410 bp
824 bp
539/523 bp

334 bp

M1 234 567NDDC

Fig. 5. A, Detection of Verticillium dahliae defoliating (D) and nondefoliating (ND) pathotypes in
branches of naturally infected Arbequina olive trees from Huesca (northeastern Spain) and Osuna
(southwestern Spain). Patterns of polymerase chain reaction (PCR) products after the nested-PCR
amplification (second PCR) and first round of amplification (first PCR) using positive controls also
are shown. B, Detection of D V. dahliae in samples of total genomic DNA from branches and leaves
of naturally infected olive trees. Lanes 1 and 2, DNA from branches of Arbequina olives sampled at
CIFA (Cérdoba); lanes 3 and 4, DNA from branches of Manzanilla olives sampled at Fuente Palmera
(Cérdoba); lanes 5 and 6, DNA from leaves of Arbequina olives sampled at CIFA (Cérdoba); lane 7,
DNA from leaves of an Arbequina olive sampled at Fuente Palmera (Cérdoba); C, negative PCR
control reaction with no template DNA; ND, positive PCR control reaction with DNA of the ND V.
dahliae V4l isolate; D, positive PCR control reaction with DNA of the D V. dahliae V1381 isolate.

1492 Plant Disease /Vol. 87 No. 12

cultivars gave no positive detection of V.
dahliae. These tissue samples served as
appropriate negative controls in this study.
In the above detection assays, an interest-
ing result was the simultaneous production
of the specific D (334-bp) and ND (824-
bp) amplicons in some individual samples
of naturally infected olive trees (Table 1,
Fig. 5). In these cases, three-primer PCR
assays of DNA from mycelia obtained in
isolations also yielded the above D and ND
amplicons. These results indicated that D
and ND V. dahliae pathotypes can co-infect
an olive tree under natural conditions.

DISCUSSION

Early, rapid, and reliable in planta detec-
tion of V. dahliae pathotypes can help to
prevent pathogen-infected olive from being
planted and thus facilitate the management
of Verticillium wilt in olive (33). In
previous studies, we designed specific
primers and developed a nested-PCR
procedure that allow detection of D and
ND V. dahliae in symptomatic and non-
symptomatic  nursery-propagated  olive
plants (14,15). Because occasional het-
erologous amplification of the D-associ-
ated marker may occur when using total
genomic DNA samples of ND-infected
olive tissues, two independent nested-PCR
assays run in parallel have been required to
overcome any ambiguity for in planta
diagnosis of pathotypes (15). The new
duplex, nested-PCR procedure presented
here eliminates the problem of heterolo-
gous DNA amplification, allows detection
of co-infection by D and ND V. dahliae,
and reduces the time and cost of diagnosis.
The new procedure required designing a
new specific primer (espdef01) and opti-
mizing conditions for the nested-PCR
assay. In addition, the combined use of
primer espdefO1 with primers DB19/DB22
(6) in a single-PCR assay proved valuable
for the simultaneous identification of V.
dahliae and characterization of D and ND
pathotypes in Verticillium cultures. All D V.
dahliae isolates screened so far produced a
characteristic two-PCR-band pattern of
539 and 334 bp in size in agarose gels.
Conversely, ND V. dahliae isolates yielded
a PCR product of 523 bp, which is a
species-specific marker of V. dahliae (6).

The improvement in the detection
procedure includes the simultaneous in
planta diagnosis of D and ND V. dahliae
based on the use of primer pairs NDf/NDr
and DBI19/DB22 in a first round of
amplification and primer pairs INTND2{/
INTND2r and DB19/espdefOl in the se-
cond, nested round. The improved pro-
cedure was effective in the detection of D
and ND V. dahliae in samples of total
genomic DNA from own-rooted Picual
olive plants that were single or double
inoculated with the two pathoypes, and
solved the problem of heterologous am-
plification that jeopardized detection of the
D pathotype (15). Using this procedure, the



new D marker of 334 bp defined by primer
pair DB19/espdef01 was never amplified
from samples of ND-inoculated Picual
olive plants.

In previous studies for in planta detec-
tion of D and ND V. dahliae, we used olive
tissues from a time course sampling strat-
egy after inoculation (14,15). Here, to
assess efficacy of the duplex, nested-PCR
assay, we purposely used DNA samples
stored from those studies that were ex-
tracted at time O (just after dipping roots in
water or in a conidia suspension), 7 days
(before expression of symptoms) and 52
days (after disease reached maximum
symptoms severity) after inoculation
(14,15). With these DNA samples, we
aimed to challenge the improved detection
procedure at different infection stages of
the plant. In the duplex, nested-PCR as-
says, the predicted PCR products were
clearly visible after the first PCR, as well
as after nested-PCR, employing root tis-
sues of D- and ND-inoculated but non-
symptomatic plants sampled 7 days after
inoculation. This observation agrees with
those in previous studies (14,15), and sug-
gests that pathogen DNA seems to have
reached a maximum concentration in the
infected olive plant at that time.

Diagnosis of Verticillium wilt in olive
cannot be based on symptoms alone, and
isolation of V. dahliae from affected tissues
is needed for confirmation (10,31).
Isolation of V. dahliae from symptomatic
olive branches often is inconsistent and
may fail (4,11,34). For example, percent-
age of isolation of V. dahlaie from affected
olive trees in Israel ranged from 5.9 to
49.0% across season within the year, and
from 19.1 to 27.9% depending upon the
part of the tree canopy sampled (11). A
major goal in our study was the use of the
improved detection procedure in olive trees
naturally infected by V. dahliae. Results
confirmed that the procedure is valid for
detection of D and ND pathotypes in
infected olive trees of different cultivars,
age, and growing conditions. The molecu-
lar procedure was more consistent, in-
creased the proportion of positive diagno-
sis compared with conventional isolations,
and, more importantly, revealed the infect-
ing pathotypes, whereas isolations did not.
Furthermore, although diagnosis by means
of isolation requires 7 to 12 days, the mo-
lecular diagnosis can be completed in 48 h.

Our results indicated that care should be
taken concerning assay of severely affected
or necrotic olive twigs for the in planta
molecular diagnosis. Although a low
concentration of total genomic DNA still
can be extracted from those tissues, a high
percentage of the DNA samples were not
of optimum PCR quality. However, even in
those cases, the molecular detection assay
using samples of necrotic twigs provided
better results than isolation detections.
Sampling of nonsymptomatic tissues from
a diseased olive is the best use for the in

planta molecular detection of D and ND V.
dahliae, because of the benefits of early
detection of latent infections in green
tissues in which the pathogen could be
biologically active. In previous studies, D
and ND V. dahliae detection assays of
artificially inoculated olive plants resulted
in diagnostic PCR bands from root tissues
that were clearer than those for stem tis-
sues from the same plants (14,15). In the
present study, however, we focused on
stems, twigs, and leaves of naturally in-
fected, adult trees in olive orchards be-
cause they are readily accessible for tissue
sampling. The DNA extraction and patho-
type detection results confirmed that those
aboveground tissues are valid for rapid
diagnosis of D and ND V. dahliae. Never-
theless, the results of V. dahliae detection
in root tissues of artificially infected olive
plants indicated that the newly developed
procedure also should be of use in the
detection of V. dahliae pathotypes in roots
of naturally infected olive trees. An appro-
priate sampling procedure for roots of
adult trees in the field seems to be the most
critical factor for diagnosis.

The diagnostic assays carried out in this
study revealed a high frequency of infec-
tion by D V. dahliae in olive orchards sam-
pled in southern Spain. This observation
agrees with reports alerting growers about
the spread of this most virulent V. dahliae
pathotype from an area of intense cotton
cultivation where it was first reported (2)
into olive-growing areas in southern Spain
(3,13; R. M. Jiménez-Diaz, unpublished
data). Moreover, our finding of joint infec-
tions by D and ND V. dahliae pathotypes in
naturally infected olive trees, which was
further demonstrated in young olive plants
artificially inoculated with both patho-
types, is the first such report using molecu-
lar detection procedures. Schnathorst and
Mathre (28) reported on co-inoculation of
upland cotton with D and ND V. dahliae
isolates T-1 and SS-4, respectively, as well
as the cross-protection that the mildly
virulent ND isolate provided against the
virulent D isolate in artificially inoculated
plants and in cotton plants grown in natu-
rally infested field soil. However, no evi-
dence of the coexistence of both isolates in
the same infected plant was presented in
that study (28). In the present study, we
root-dip inoculated own-rooted olive plants
to compensate for the higher colonization
ability of olive plants shown by D isolates
compared with ND isolates (24,25). Assays
using root tissues of plants inoculated with
both D and ND isolates yielded the
predicted PCR markers of D and ND V.
dahliae at 0, 7, and 21 days after
inoculation, indicating that penetration and
colonization of the roots were achieved by
both isolates without apparent interference
between the two. However, assays using
stem tissues of the same plants yielded
only the D marker, suggesting that the D
isolate colonized the stem vascular system

of an inoculated plant faster than the ND
isolate. Detection of the two pathotypes
was possible much earlier than the first
disease symptoms appeared. In this study,
we aimed to demonstrate co-infection of
the plant by both D and ND V. dahliae but
did not intend any approach to verify
cross-protection between them. However,
becausee co-infection and co-detection
were demonstrated, studies on cross-
protection by V. dahliae pathotypes in olive
now may be explored further.
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