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Abstract Real-time PCR was used to detect and

quantify Verticillium dahliae and to assess the

susceptibility of four Capsicum annuum cultivars

(Luesia, Padrón, SCM331 and PI201234) and the

Capsicum chinense cv. C118 to this pathogen. The

symptoms which developed after infection included

stunting and yellowing, and were more acute in the

cv. SCM331, which also suffered defoliation in later

stages of the disease and in C118, which suffered

severe stunting. Quantification of the pathogen DNA

in roots 23 and 34 days post-inoculation (dpi)

revealed that there were significantly higher amounts

of Verticillium dahliae DNA in C118 than in the

other cultivars, followed by SCM331, Padrón and

PI201234. The lowest amounts of fungal DNA in

roots were found in Luesia. In hypocotyls, the highest

amounts of fungal DNA were found in SCM331,

while Luesia, Padrón and PI201234 had much lower

amounts, and C118 had intermediate levels. When a

compatible versus an incompatible system was stud-

ied, using the near-isogenic tomato lines LA3030

(susceptible) and LA3038 (resistant to V. dahliae),

we were able to detect fungal DNA in both lines. As

expected, the fungus/plant DNA ratio was lower in

LA3038 than in LA3030 and it decreased with time

in LA3038. The amount of Verticillium dahliae DNA

in the roots of LA3030 remained constant between

days 23 and 34 post-inoculation, but increased 10-

fold in collars. Finally, when real-time PCR was

applied as a diagnostic method to samples from

pepper plants, soil and water collected from farms in

northwest Spain, we were able to detect V. dahliae

DNA in these samples even when symptoms of the

disease were not evident.
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Introduction

Verticillium wilt, caused by the soil-borne fungus

Verticillium dahliae, is a disease, which limits the

production of a broad range of economically impor-

tant crops (Pegg 1974). Among its hosts are pepper,

aubergine, tomato, sunflower, potato and olive tree

(Heale 1988). The first symptom of the disease is leaf

chlorosis which can progress to necrosis. Other

visible symptoms include stunting, epinasty, wilting,

leaf abscission and, eventually, browning of the

vascular system. In general, wilting is the result of a

restricted water movement that is also mediated by
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complex interactions between toxins, enzymes and

hormones (Cooper 1984).

The genus Capsicum consists of approximately 22

wild species and five domesticated species, C. annu-

um, C. baccatum, C. chinense, C. frutescens and

C. pubescens (Bosland 1994). The cv. Padrón, one of

the most widely cultivated breeds of pepper in Galicia

(NW Spain), belongs to the species C. annuum var.

annuum. Padrón, a locally grown breed in great

demand and of high commercial value, is mainly

cultivated in greenhouses. Verticillium wilt poses a

serious threat to the production of pepper in this

Spanish region (Pomar et al. 2001; Saavedra et al.

2003). Losses caused by this soil pathogen are

significant, and no control procedure is currently

available. Studies carried out to detect resistance to

Verticillium dahliae within C. annuum have been

unsuccessful (Barriuso et al. 1989; González-Salán

and Bosland 1992; Palloix et al. 1990), making it

necessary to broaden the search for sources of

resistance in other pepper species. Although some

authors attribute some degree of resistance against

V. dahliae to some species such as C. chinense,

C. frutescens and C. baccatum, according to virulence

assays in which the symptoms of the disease were

quantified (Gil Ortega et al. 1989), the only known

resistance gene against Verticillium in Solanaceae is

the tomato Ve gene. The Ve locus includes two tightly

linked genes that code for cell-surface glycoproteins

with receptor-mediated endocytosis-like signals.

When used to transform potato, the individual genes

were independently able to confer resistance against

Verticillium (Kawchuk et al. 2001).

To evaluate the resistance or susceptibility of a

plant to a pathogenic fungus it is necessary to

quantify the degree to which it is colonised by that

fungus. Of special interest among currently available

methods for the direct detection and quantification of

pathogens is PCR which has emerged as a major tool

for the diagnosis and study of phytopathogenic fungi

and has contributed to the alleviation of some of the

problems derived from the detection and control of

plant pathogens (Martin et al. 2000). PCR diagnostic

assays use specific primers to amplify DNA from the

species of interest. This approach does not require the

fungus to be isolated from the infected tissue and is

sensitive, rapid and less laborious than traditional

methods. In the case of Verticillium, it has been used

to quantify the rate of colonization of several crop

species and has even made it possible to detect the

fungus in soil (Hu et al. 1993; Nazar et al. 1991; Platt

et al. 2000). In another report (Dan et al. 2001), the

resistance or tolerance of different populations of

potato to V. dahliae were evaluated according to the

levels of fungal DNA. These authors used conven-

tional PCR for the detection and quantification of the

pathogen by amplification of the fungal internal

transcribed sequences (ITS) (Nazar et al. 1991).

Real-time PCR technology provides new opportu-

nities to detect and study phytopathogenicity (Silvar

et al. 2005a). It facilitates the accurate, reliable and

high throughput quantification of target fungal DNA

in various environmental samples, including host

tissues, soil, water and air, thus opening up new

research opportunities for diagnosis, the study of

inoculum threshold levels, epidemiology and host-

pathogen interactions (Shena et al. 2004; Silvar et al.

2005a). Plants infected by V. dahliae only show

symptoms in advanced stages of infection. Moreover,

the general aspect of diseased plants is very similar to

that of plants affected by Phytophthora capsici, or

even by abiotic factors such as root hypoxia (Palazón

et al. 1978). Because of its sensitivity, specificity and

reproducibility, real-time PCR is suitable for identi-

fying plant pathogens or for detecting minor changes

in host resistance and susceptibility.

In the present study, real-time PCR-based diag-

nostics and measurements were used to quantify and

compare the relative levels of Verticillium dahliae

DNA in five cultivars of pepper and two inbred lines

of tomato, one of them carrying the Ve resistance

gene. We aimed to determine the extent of misdiag-

nosis based on symptom expression and whether

tolerance to colonization can be satisfactorily distin-

guished using this quantitative approach.

Materials and methods

Plant material

Four different C. annuum cultivars (Luesia, Padrón,

PI201234 and SCM331), one C. chinense cultivar

(C118) and two lines of Lycopersicon esculentum

were used. Tomato accessions LA3030 and LA3038

were requested from the CM Rick Tomato Genetics

Resource Centre (UC Davis, CA, USA). LA3030 and

LA3038 are near-isogenic lines that differ mainly in
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the presence of the Ve and I (resistance to Fusarium

oxysporum f. sp. lycopersici) genes in LA3038 plants.

Plants were grown and kept in autoclave-sterilized

vermiculite in a growth chamber at 258C and a

photoperiod of 16 h light and 8 h darkness. Sixteen-

day-old plants were transplanted into individual pots

with sterile soil-perlite (2:1) and inoculated 2 weeks

later.

Fungal material and inoculation

The Verticillium dahliae isolate VD53 was collected

in northwest Spain (La Coruña, Galicia) from

infected pepper plants during a survey conducted in

1998 (Pomar et al. 2001). VD53 was found to be

highly virulent in the different cultivars analysed

(Novo et al. 2006). This isolate was maintained on

water agar until inoculation. The inoculum was

prepared by growing the isolate on PDA plates at

room temperature for 20 days in the dark. Conidial

suspensions were prepared by washing each plate

with sterile water and scraping the cultures with a

rubber spatula. Mycelial fragments were removed by

filtration through a double layer of sterile cheese-

cloth. The inoculum was adjusted to 107 conidia

ml�1. One ml of conidial suspension was directly

pipetted over the soil surface for each pot. Control

plants were mock-inoculated with sterile water. In

each experiment, three plants were inoculated. The

experiments were repeated three times.

Greenhouse samples from water, soil and plants

The sampling was carried out in two production areas

of northwest Spain, Padrón and Betanzos, in July

2003. Three farms were sampled in Padrón (P1, P2

and P3) and five in Betanzos (B1, B2, B3, B4 and B5).

The severity of the infection in different greenhouses

was rated after visual inspection: non-affected, when

no symptoms were observed; slightly affected, when

the number of infected plants was <10%; relatively

affected, when 10–25% of the plants showed some

symptoms, and strongly affected, when >25% of the

plants showed some degree of infection. Pepper plants

cv. Padrón showing symptoms of Verticillium wilt

and healthy plants were collected in the field from

eight farms. Soil and water samples were also

collected in the same farms where the plants had

been harvested. From the plants, only the collar zone

was collected, since this has been reported to be the

penetration area. Water samples were directly taken

from the irrigation system. Different numbers were

assigned to the different zones of the greenhouses, and

the plots were distributed using a table of random

numbers. Water and soil samples were kept in sterile

plastic containers until DNA extraction.

DNA extraction

Samples were taken at 23 and 34 days post-inocula-

tion (dpi). In each of the three inoculation experiments

roots and hypocotyls from several pepper plants, or

roots and collars from tomato plants were analysed.

The organs were detached and pooled into a sample

that was frozen in liquid nitrogen. DNA extraction

was performed by a CTAB method (Edwards et al.

1991). The same method was used for the extraction

of DNA from Verticillium dahliae liquid cultures. Soil

organisms were disrupted by grinding samples in

liquid nitrogen with the natural abrasives present in

soil. Losses due to degradation and absorption were

largely eliminated by the addition of skim milk

powder. DNA from disrupted cells was extracted with

sodium dodecyl sulphate-phenol and collected by

ethanol precipitation (Volossiouk et al. 1995). Five ml

of irrigated water from each greenhouse was mixed

with 25 ml of Czapec liquid medium and incubated at

208C in the dark for 20 days. After centrifugation,

DNA was extracted from the pellet as above.

Primer design

In real-time PCR, specific target sequences must be

used for the detection and identification of species

during analysis. We used a sequence characterized

amplified region (SCAR) from Verticillium dahliae

(Li et al. 1999). The C. annuum, C. chinense and L.

esculentum primer sets were designed using the

programme Primer-3 (Rozen and Skaletsky 2000),

from sequences stored in Genbank. The primer

sequences and the amplified genes are detailed in

Table 1.

Verticillium DNA PCR

The concentration of DNA from infected plants was

calculated spectrophotometrically (Spectrophotome-

ter UV-Visible, Cary 3E, Varian). To check if an
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excess of plant DNA could inhibit the amplification

of fungal DNA, we prepared 10-fold serial dilutions

of the samples. The dilutions were used as templates

for conventional PCR with Verticillium dahliae

primers. The thermal cycling conditions were an

initial denaturation at 958C for 2 min followed by 50

cycles at 958C for 30 s, 628C for 30 s and 728C for

1 min. A final extension step at 728C for 5 min was

added. Amplification reactions were run on a 1%

agarose gel and visualized on a UV transilluminator

(UV transilluminator 2000, Biorad). In most cases, no

amplification product was visualized on an agarose

gel. To check for fungal DNA amplification in real-

time PCR experiments, we chose those dilutions

where the fungal amplicon could be seen on an

agarose gel.

Real-time PCR assays

Twenty-ml PCR samples were prepared by mixing

2.5 ml of DNA extract with 1X iQ SYBR Green

Supermix (Biorad, Hercules CA, USA) and 0.3 ml of

each primer at 10 mM. Negative control reactions

contained 2.5 ml of sterile water instead of DNA. The

thermal cycling conditions for the different plant

primers were: an initial denaturation step at 958C for

2 min followed by 40 cycles at 958C for 30 s, 608C
for 30 s and 728C for 1 min. A final extension step at

728C for 5 min was added. The thermal cycling

conditions for the Verticillium dahliae primers were

as described previously. Serial dilutions of pure

genomic DNA were used to trace a calibration curve

(Fig. 1). At least three independent calibrations were

performed for each DNA sample. The standard

curves obtained were highly reproducible, and all

surpassed 100% efficiency. To determine the detec-

tion threshold for Verticillium dahliae DNA in plants,

mixtures of pepper DNA at 100 ng ml�1 were

prepared with fungal DNA at concentrations ranging

from 0.01 to 10 ng ml�1. These mixtures were used as

templates for amplification using the Verticillium

dahliae primers. Amplification of each sample was

repeated twice. After each run, a dissociation curve

was acquired to check for amplification specificity by

heating the samples from 60 to 958C. Fluorescence of

the target amplicon was detected at 848C. All results

are presented as pg Verticillium dahliae DNA/ng

plant DNA. For conventional PCR, the same condi-

tions of real-time PCR were employed, except for the

use of Taq Polymerase (Roche Applied Science,

Barcelona, Spain).

Statistical analysis

Data analyses were performed using a statistical

analysis of variance (ANOVA) with the SPSS 11.5

software (Norusis and SPSS 1990). The model one-

way ANOVA with non-randomized blocks best

suited our results, considering the cultivars as the

treatment and time after inoculation and organs as

blocks, and taking into account that root and hypo-

cotyl/collar samples came from the same plants. A t-

student test was used to identify significant differ-

ences among groups, with a � 0.05.

Results

Assay specificity

The usual real-time quantitative PCR controls were

performed to check for the linearity of amplification

over the dynamic range. Figure 1 shows the

Table 1 Sequences of primers used for quantification of Verticillium dahliae by real-time polymerase chain reaction

Primer name Sequence (50-30) Target Accession number Fragment length (bp)

VDS1 CACATTCAGTTCAGGAGACGGA V. dahliae; SCAR U23151 520

VDS2 CCGAAATACTCCAGTAGAAGG

CAPR1F GTTGTGCTAGGGTTCGGTGT C. annuum; PR1 AF053343 301

CAPR1R CAAGCAATTTAAACGATCCA

CChPAL1F AGCAATGTGCAATGGACAAG C. chinense; PAL AF081215 301

CChPAL1R GCAGTATGCTAACTCCATGACAA

LEPR1F GCAACACTCTGGTGGACCTT L. esculentum;PR1 X71592 272

LEPR1R ATGGACGTTGTCCTCTCCAG
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regression curves obtained after amplification of 1:10

serial dilutions of 100–0.01 ng of Verticillium

dahliae, C. annuum, C. chinense and L. esculentum

genomic DNA with the VDS1/VDS2, CAPR1F/

CAPR1R, CChPAL1F/CChPAL1R and LEPR1F/

LEPR1R primers, respectively. The standard curves

obtained revealed high precision and reproducibility

between replications as indicated by correlation

coefficients ranging from r = 0.972 to r = 0.996. By

means of conventional PCR, we checked that each set

of primers was species-specific and did not amplify

DNA from the remaining organisms used in this

study or from other Solanaceae pathogens widely

distributed in the Galician plantations of pepper

(Pomar et al. 2001), such as Botrytis cinerea,

Fusarium oxysporum f. sp. lycopersici, P. capsici,

Rhizoctonia solani and V. albo-atrum (Fig. 2). The

use of mixtures of plant and fungal DNA as PCR

templates allowed us to establish a detection thresh-

old between 0.1 and 1 ng ml�1 for fungal DNA in

infected plants. To check for primer specificity, the

resulting amplification products were sequenced and

the sequences were identical to those of the genes

from which the primers were designed.

Detection and quantification of Verticillium

dahliae in pepper plants

Four C. annuum cultivars (SCM331, Padrón,

PI201234 and Luesia) and one C. chinense cultivar

(C118) were inoculated with Verticillium dahliae and

samples were taken 23 and 34 dpi. Fungal DNA was

quantified in roots and hypocotyls by real-time PCR.

The disease symptoms described in Table 2 were

visible in plants 24 dpi. SCM331 defoliated, in

contrast with the remaining cultivars, where stunting

and the presence of a lesion in the collar were the

most conspicuous symptoms. Stunting was particu-

larly severe in C118. After DNA extraction and real-

time PCR, root and hypocotyl samples from the

V. dahliae DNA (ng) (log 10)
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Fig. 1 Standard curves for real-time PCR of 10-fold serial

dilutions of (A) Verticillium dahliae; (B) L. esculentum; (C) C.
annuum and D, C. chinense. Cycle thresholds (Ct) were plotted

against the log of known concentrations of genomic DNA

standards and linear regression equations were calculated for

the quantification of the unknown samples by interpolation

Fig. 2 Specificity of Verticillium dahliae-specific primers

VDS1/VDS2. Lane 1, C. annuum; lane 2, C. chinense; lane 3,

L. esculentum; lane 4, Verticillium dahliae VD53 (positive

control); lane 5, V. albo-atrum; lane 6, B. cinerea; lane 7, F.
oxysporum; lane 8, P. capsici; lane 9, R. solani; lane 10, M,

molecular marker
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different cultivars were analysed (Fig. 3). Significant

differences in the Verticillium dahliae DNA/pepper

DNA ratio at a = 0.05 were found when the cultivars

were compared. No significant differences in DNA

ratio within roots of the cvs. SCM331, Padrón and

PI201234 were found, nor between the ratios in roots

of PI201234 and Luesia. In contrast, C. chinense

C118 roots had a significantly higher ratio of fungus/

plant DNA than all the C. annuum cultivars at both

sampling times. As regards the DNA ratios in

hypocotyls, no differences were found between

Padrón, PI201234 and Luesia, although differences

in ratios were observed between C118 and SCM331

hypocotyls, both of which differed from the ratios of

the other cultivars. In hypocotyls, the highest ratio

was observed 34 dpi in SCM331. A general increase

was found in the Verticillium dahliae /plant DNA

ratio, between 23 and 34 dpi both in roots and

hypocotyls for all the cultivars tested. Fungal DNA

could not be detected in PI201234 or Luesia roots

23 dpi, possibly because it remained below the

detection threshold.

Detection and quantification of Verticillium

dahliae in susceptible and resistant tomato plants

Two near-isogenic tomato lines, one susceptible

(LA3030) and one resistant (LA3038), were inocu-

lated with Verticillium dahliae, and fungal DNA was

quantified in roots and collars by real-time PCR in

samples taken 23 and 34 dpi. Significant differences

in fungus/plant DNA ratios were found between the

inoculated tomato cultivars when roots and collars

were compared (Table 3). In LA3030, the fungal

DNA/plant DNA ratio in roots remained constant

during this time but the ratio in the collar increased

10-fold from 23 dpi to 34 dpi. In LA3038, the DNA

ratios were significantly lower in both organs and

decreased with time.

Detection and quantification of Verticillium

dahliae in greenhouse samples

To verify the practical applicability of the method, a

survey of Verticillium wilt of pepper was carried out

in eight farms in northwest Spain, located in Betanzos

Table 2 Symptoms

observed in the cultivars

analysed 34 dpi

Species Cultivar Symptomatology

C. chinense C118 Severe stunting

C. annuum SCM331 Defoliation, stunting, mild lesion and hardening of the collar

Padrón Stunting, lesion and hardening of the collar

PI201234 Stunting, mild lesion and hardening of the collar

Luesia Stunting, mild lesion and hardening of the collar

L. esculentum LA3030 Stunting, mild lesion and hardening of the collar

LA3038 Symptomless
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C118   SCM331 Padrón PI201234 Luesia
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Hypocotyl

a

b          b              bc

c

a

b

c        c              c

Fig. 3 Detection and quantification of Verticillium dahliae
DNA in four cultivars of C. annuum, SCM331, Padrón,

PI201234 and Luesia and one cultivar of C. chinense, C118, at

23 (j) and 34 (h) days after inoculation in roots and

hypocotyls. The DNA content is expressed as pg fungal DNA

ng plant DNA. The results are the mean of three independent

real-time quantitative assays that included two replications for

each DNA sample. Error bars represent the standard deviation.

Cultivars labelled with the same letter are not significantly

different at a = 0.05
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(B) and Padrón (P) (Table 4). In greenhouses P3 and

B5 no Verticillium wilt symptoms were observed; in

greenhouses P2, B2 and B3 very few diseased plants

were seen; in greenhouses P1 and B1 a few isolated

diseased plants were found and, finally, greenhouse

B4 presented extensive patches of plants showing

symptoms of the disease, wilting and dwarfing.

Collected samples were analysed and fungal DNA

in plants quantified by real-time PCR. Amplification

reactions were considered negative when no fluores-

cence signal could be detected after 40 cycles.

Verticillium dahliae was detected in plants coming

from the three greenhouses from Padrón, and also in

soil and irrigation water. From the five greenhouses

in Betanzos, Verticillium dahliae was only detected

in plants and soil from greenhouse B4, where disease

symptoms were evident, but fungal DNA was not

detected in the irrigation water. In greenhouses P1

and B1, Verticillium dahliae was detected and

quantified in most plants, and in the soil and irrigation

water. In greenhouse P2, Verticillium dahliae was

detected in one plant. In greenhouses B2 and B3 the

pathogen was not detected. The pathogen was not

detected in greenhouse B5, where disease symptoms

had not been observed. Symptoms were not observed

in greenhouse P3, but in this case the pathogen was

detected in plant and soil. The results of the

amplification of the different samples with the

specific primers of C. annuum and Verticillium

dahliae correlated well with the general aspect of

the farms and the proportion of infected plants.

Discussion

Verticillium wilt has been reported as the main

pathological problem in peppers growing in open

fields of the Ebro Valley in Spain (Palazón and

Palazón 1989) and in many Galician farms (Pomar

et al. 2001; Saavedra et al. 2003). Since the disease

produced by Verticillium dahliae cannot currently be

controlled by chemicals, the use of resistant varieties

Table 3 Detection and quantification of Verticillium dahliae DNA in two cultivars of L. esculentum, one susceptible (LA3030) and

one carrying the resistance gene Ve (LA3038) (a = 0.05)

Symptoma pg DNA fungus / ng DNA plant (Mean ± SD)b

23 days post inoculation 34 days post inoculation

Root Collar Root Collar

LA3030 + 5.72 ± 1.24a 2.38 ± 0.67b 5.03 ± 3.13a 25.6 ± 0.81c

LA3038 � 0.55 ± 0.05d 0.006 ± 0.0007e 0.01 ± 0.006f 0.002 ± 0.002g

The results are the mean of three independent real-time quantitative assays that included two replications for each DNA sample
a (+) Plant with symptoms; (�) plant without symptoms
b Means followed by the same letter are not significantly different

Table 4 Detection and quantification of Verticillium dahliae
in different farms of Betanzos (B) and Padrón (P) in northwest

Spain

Farma Plantb pg fungus DNA/pg

plant DNA

(Media ± SD)

Detection

in soilc
Detection in

irrigation

waterc

P1** 1+ 0.087 ± 0.002 + +

2� 0.002 ± 0.0006

P2* 1� – + +

2� 0.002 ± 0.0009

P3� 1� 0.002 ± 0.0009 + �
2� 0.919 ± 0.199

B1** 1� – + +

2+ 0.009 ± 0.0003

B2* 1� – � �
2� –

B3* 1� – � �
B4*** 1+ 0.608 ± 1.03 + �

2+ 0.127 ± 0.0015

B5� 1� – � �
aRatio of infection of farm, (�) not affected, (*) < 10% infected

plants, (**) >10 < 25% infected plants and (***) > 25%

infected plants
b (+) Plant with symptoms; (�), plant without symptoms
c (+) Positive detection and amplification of fungus DNA and

(�) negative detection. The results are the mean of two

independent real-time quantitative assays that included two

replications for each DNA sample
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is considered to be the only efficient method of

control. Initially, we looked for cultivars of C.

annuum showing some degree of resistance against

Verticillium dahliae and chose cv. Luesia based on

previous reports (Barriuso et al. 1989; Pomar et al.

2004; Novo et al. 2006). The local C. annuum cv.

Padrón was included because of its importance in

Galicia, and also because its degree of resistance to

Verticillium dahliae was unknown. We analysed the

cvs SCM331 and PI201234 because of their known

resistance against P. capsici, another pepper pathogen

that displays symptoms resembling those produced

by Verticillium dahliae (Bosland and Lindsey 1991;

Gil Ortega et al. 1991). The C. chinense cv. C118 was

included since some data in the literature suggested a

certain degree of resistance to Verticillium dahliae in

the field (Gil Ortega et al. 1989), although results

obtained after inoculation in the laboratory were not

conclusive. Finally, since no genes conferring com-

plete resistance against Verticillium dahliae are

known in pepper, we decided to include two near-

isogenic lines of tomato, L. esculentum, one of them

carrying the resistance gene Ve.

Bhat et al. (2003), studying Verticillium wilt in

pepper plants, observed the appearance of symptoms

approximately 24 dpi. In our experiments, plants did

not show any visible symptoms until at least this

time, and so we decided to collect samples 23 and

then 34 dpi, when symptoms could be evident.

SCAR primers have been used for many fungi and

have been shown to be particularly useful when

closely-related species or specific strains need to be

identified. For example, Vandermark and Baker

(2003) used SCAR primers to monitor Phytophthora

medicans in susceptible and resistant alfalfa. Li et al.

(1999) described the development of a SCAR marker

specific for Verticillium dahliae. This pair of primers

did not amplify DNA from other fungi, including the

closely related pathogen V. albo-atrum.

In the present study, Verticillium dahliae DNA

was amplified with SCAR specific primers and

pepper and tomato DNA with species-specific prim-

ers using defense genes as targets. Cycle threshold

values depend on both the input of starting copies and

the genomic organization of the target sequences

(Böhm et al. 1999). For detection, we used SYBR

Green I since this is a single and reliable low-cost

method for monitoring PCR amplification and for

quantifying template DNA. The amplification of

single gene sequences from both the plant and the

pathogen allowed us to obtain results correlated with

the actual number of Verticillium dahliae genome

copies invading the plant.

Several papers on the use of real-time PCR for the

detection of pathogenic fungi in plants (Böhm et al.

1999; Gachon and Saindreman 2004; Hayden et al.

2004; Mercado-Blanco et al. 2003; Qi and Yang

2002; Vandermark and Baker 2003), irrigation water

(Kong et al. 2003) and soil (Van de Graaf et al. 2003)

have been published recently. For example, Van de

Graaf et al. (2003) demonstrated that real-time PCR

assays developed for the detection and quantification

of Spongospora subterranea could detect the patho-

gen in water, soil and plant tissue. Real-time PCR

technology was also applied to simultaneously quan-

tify Phaeocryptopus gaeumannii and Douglas-fir

DNA and to derive a relative measurement of

pathogen colonization of host tissue (Winton et al.

2002).

Despite previous reports (Barriuso et al. 1992),

cv. Luesia was found to be susceptible. It showed

symptoms similar to those displayed by Padrón and

PI201234, and the quantification of the fungus/plant

DNA ratio in infected stems allowed us to group the

three cultivars in the same susceptibility group. In

roots, SCM331 behaved much like cvs Padrón and

PI201234. As in SCM331, the fungal DNA content

of Luesia hypocotyls was higher than the root

content.

In summary, there was a correlation between the

severity of the symptoms displayed by infected plants

of the different genotypes and the relative amount of

fungal DNA. Pepper plants of the cultivars showing

milder symptoms (Padrón, PI201234 and Luesia)

presented a lower fungus/plant DNA ratio. On the

other hand, plants of the cvs C118 and SCM331, with

more severe symptoms, had a higher pathogen/plant

DNA ratio. We also found an uneven distribution of

fungal DNA when comparing fungus/plant DNA

ratios in roots and hypocotyls from different pepper

cultivars (Fig. 3). Interestingly, the highest ratios in

hypocotyls were found in cv. SCM331, where

symptoms included defoliation (Table 2) and the

highest ratios in roots appeared in C118, where

stunting was most severe. Taken together, the results

suggest that there is a correlation between the

abundance of fungal DNA and the nature and severity

of the symptoms.
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As regards L. esculentum, the fungus/plant DNA

ratio in the collar of the susceptible cv. LA3030

increased with time after inoculation, in contrast to

that what was observed in roots and collars from the

resistant cv. LA3038, where the fungus/plant DNA

ratios decreased with time. The fungus penetrated the

roots of both resistant and susceptible plants. The

fungus/plant DNA ratio in LA3038 roots 23 dpi was

10-fold lower than in LA3030, but in the collar of the

resistant cultivar fungal DNA was hardly detectable.

From 23 to 34 dpi, the fungal/plant DNA ratio

increased 10-fold in susceptible collars but remained

constant in roots. The ratio of fungal to plant DNA in

both roots and collars decreased in resistant tomatoes

34 dpi, suggesting some containment of the pathogen.

The similar fungus/plant DNA ratios in LA3030 roots

observed 23 and 34 dpi may reflect total colonization

of the tomato roots by 23 dpi. At this stage of

infection, susceptible root growth stops, and a very

limited increase in root size, if any, is observed in

roots between 23 dpi and 34 dpi. It is possible, then,

that root infection cannot progress much beyond

23 dpi. Contrary to the common interpretation, the

collar may not be the primary penetration area, at

least in tomato or, alternatively, an active resistance

response might be responsible for the hypertrophy of

the resistant plant collar and, as a result, for the much

lower fungus plant DNA ratio found in resistant roots

compared with the roots of susceptible plants.

Finally, to verify the practical applicability of the

PCR method, samples of pepper plants cv. Padrón,

irrigation water and soil were collected from green-

houses. In farms where disease symptoms were

observed, P1, B1 and B4, Verticillium dahliae was

detected in individual plants, soil and, except for B4,

in the irrigation water. In P2 and P3, where disease

symptoms were not clear, the fungus was detected in

plants, soil and, in the case of P2, in water. These

samples were all positive for the detection of P.

capsici. The symptoms presented by the plants

affected by this pathogen are -similar to the symp-

toms of Verticillium wilt which can lead to confusion

(Silvar et al. 2005b). We were unable to detect

Verticillium dahliae in plots B2 and B3, where

disease symptoms were slight, or in B5, where

disease symptoms were not observed. Interestingly,

P. capsici was detected in the two plants collected

from greenhouse B2 (corresponding to Farm 4 in

Silvar et al. 2005b).

Practical application of the described method

seems clear, since it was possible to detect the

pathogen in plants, soil and water before visible

symptoms of the disease appeared. Due to the great

difficulties in the eradication of Verticillium dahliae,

all possible lines of action should be addressed to

prevent contamination. In this sense, real-time PCR

offers the possibility of the early detection of the

fungus in plants, soil and water. Whenever suspicion

of infection exists, screening for the presence of

Verticillium dahliae should be carried out before the

transport of plants or soil material is considered.
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resistencia a Verticillium dahliae en especies diferentes de

Capsicum annuum. In Actas de las VII Jornadas de Se-

lección y Mejora de Plantas Hortı́colas, Badajoz, Spain

(pp. 83–89).

Gil Ortega, R., Palazón, C., & Zueco, J. C. (1991). Genetics of

resistance to Phytophthora capsici in the pepper line

‘‘SCM-334’’. Plant Breeding, 107, 50–55.
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