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Abstract

Strawberry plants of eight cultivars known to be tolerant or susceptible to wilt
disease were inoculated with BPR 424 isolate of Verticillium dahliae (107 conidia per
1 ml) through cut roots, using young individuals which originated from in vitro cul-
ture. Efficacy of the inoculation was verified with nested PCR with primers
VDS1/2 and D1/2, specific of fungal genome sequences. The pathogen was de-
tected 24 h after inoculation in leaves of all inoculated plants. Evaluation of tested
cultivars showed a similar tendency for susceptibility/tolerance to Verticillium
wilt to the tendency observed by other authors. However, disease severity values
for the inoculated plants were higher and symptoms occurred earlier than in field
trials. In general, the method presented gives ability to distinguish susceptible and
tolerant genotypes in each season of the year.

Key words: Fragaria × ananassa, micropropagation, wilt disease, tolerance, evalu-
ation efficiency

Introduction

Verticillium wilt caused by polyphagous fungus, Verticillium dahliae, is a
soil-borne disease well known in all regions where strawberry is cultivated, partic-
ularly in temperate and some subtropical regions (Hancock et al. 2008). Prior to
the widespread use of soil fumigants, Verticillium wilt was considered one of the
most important diseases which caused decreases in strawberry production (Tho-
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mas 1932). Further study has shown that even control by strong soil fumigation
does not allow for total eradication but only temporarily reduces infection to an ac-
ceptably low level (Wilhelm et al. 1961, Redondo et al. 2009 a). After the use of
methyl bromide was banned in EU territory, other fungicides, including biofu-
migants, proved to have moderate practical effectiveness (Baath and Hayman
1983, Berg et al. 2005, Marjańska-Cichoń et al. 2009, Redondo et al. 2009 b,
Zurera et al. 2009). The use of resistant cultivars seems to be the most promising
alternative strategy to prevent Verticillium wilt. However, releasing highly toler-
ant cultivars in strawberry breeding is very difficult due to the lack of a clearly clas-
sified source of resistance within the species (Maas et al. 1989, Fradin and
Thomma 2006), and the polygenic and additive character of the trait inheritance
(Shaw and Gordon 2003) of which molecular mechanism is not elucidated. As a
consequence of the additive manner of inheritance, development of wilting symp-
toms may vary with strawberry and V. dahliae genotypes, as well as with environ-
mental conditions (Maas et al. 1989, Shaw et al. 1997). Instability of this natural
system hampers reliable dissection of host–pathogen interactions at the molecular
level that would be essential for elucidation of resistance mechanism – a funda-
mental for efficient breeding for resistance.

In the present work we focused on the adaptation of an environmentally and
seasonally independent method of strawberry infection with V. dahliae. Such a
method is indispensable for generating plant material to study the mechanism of
Verticillium wilt resistance in strawberry.

Material and methods

Plant material

Experiments were conducted on strawberry plants of ‘Camarosa’, ‘Dukat’,
‘Elsanta’, ‘Honeoye’, ‘Kent’, ‘Pegasus’, ‘Salut’, and ‘Senga Sengana’ cvs. derived
from the in vitro collection of the Laboratory of Unconventional Breeding Methods,
Research Institute of Pomology and Floriculture (RIPF). New strawberry cultures
for the experiment were initiated from meristem tips of in vitro originating plants,
grown in the greenhouse. The explants were proliferated on Boxus (1974) medium
supplemented with BA (6-benzylaminopurine, Sigma-Aldrich) (from 0.5 to 0.8
mg/l, dependently on the genotype), IBA (indole-3-butyric acid, Sigma-Aldrich)
(0.3–0.5 mg/l) and glucose (Chempure) (40 g/l). Proliferated shoots were rooted
on Boxus medium with IBA (1 mg/l) and glucose (40 g/l). Rooted plants were
transferred to the universal peat soil, cultivated in the greenhouse at 20–24°C for
six–eight weeks, and then treated with a pathogen inoculum. Genetic fidelity of
each obtained plant was confirmed by ISSR-PCR assay according to the formerly
described procedure (Kuras et al. 2004).
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Verticillium dahliae isolate source and inoculum preparation

Two isolates of V. dahliae originated from tomato (T62 and T83), were kindly
supplied by Dr. Nadia Karolev (Volcani Centre, Israel). Two isolates from straw-
berry (BPR 1320 and BPR 424) purchased from Bank of Plant Pathogens of the
Poznań Institute of Plant Protection (Poland) were used in the study. Collected
isolates were maintained in the form of microsclerotia on Czapek-Dox-Agar
(Difco) at 4°C (Stosz et al. 1996). Each inoculum containing 107 conidia per 1 ml of
sterile H2O was prepared from separate V. dahliae isolate cultures, which had been
grown for two weeks on Czapek-Dox-Agar at 23°C, to obtain appropriate myce-
lium density and conidia concentration. The conidia concentration was confirmed
with the use of Bürker cell counting chamber.

Plant inoculation

Plants were inoculated according to the method described by Olbricht et al.
(2006). The roots of investigated plants were washed under running water to get
rid of soil remnants, trimmed to 2/3 of their length, and subsequently dipped in
the prepared inoculum. After 24 h the wounded plants were potted into universal
soil substrate, watered with the remaining fungal suspension (about 20 ml per
plant), and cultivated in a greenhouse under 20–24°C, humidity 60%, and
a photoperiod of 16 h. The control plants were dipped and watered with sterile wa-
ter instead of fungal suspension treatment.

Plant evaluation was performed in the years 2009 and 2010 with three–five repli-
cations. In each trial 10 plants per each genotype were inoculated with V. dahliae and
five plants were treated as a mock inoculated control. Observations were conducted
for three months, starting from the 2nd week after the plant inoculation with the fun-
gus. Five scores on a symptom scale were defined: 0 – lack of symptoms, 1 – wilting
of single external leaves, 2 – wilting of all external leaves, 3 – wilting of all external
and internal leaves, 4 – death of the plants. The degree of disease severity was deter-
mined as an arithmetic mean of the evaluation scores within the observed group of
infected plants. A high score indicated more severe disease symptoms.

It was necessary to ascertain whether the pathogen had invaded the plant.
Nested PCRs on the template of DNA extracted from all inoculated and mock inoc-
ulated plants (Doyle and Doyle 1990), with primers VDS1/2 and D1/2 specific for
V. dahliae sequences, were performed according to the formerly described proce-
dure to make certain invasion had taken place (Kuchta et al. 2008).

Results and discussion

Based on results of ‘Honeoye’ and ‘Senga Sengana’ plants inoculation with dif-
ferent isolates of V. dahliae, isolate BPR 424 was selected for further study as the
most virulent to tested strawberry plants (Table 1). ‘Senga Sengana’ is known as
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a cultivar highly tolerant to Verticillium wilt. Inoculation of ‘Senga Sengana’ with
BPR 424 resulted in the development of weak disease symptoms but on the high-
est number of inoculated plants (10% in comparison to 0–1% for inoculation with
isolates T and BPR 1320). Susceptible ‘Honeoye’ plants inoculated with BPR 424
showed very severe symptoms. The degree of disease severity for ‘Honeoye’ plants
inoculated with this isolate was four times higher than analogous values for indi-
viduals inoculated with T62 and T83. Weak symptoms which occurred on over
60% of susceptible ‘Honeoye’ and simultaneously, lack of symptoms on ‘Senga
Sengana’ plants inoculated with the isolates T from tomato, may suggest the
host-specifity of T62 and T83. Similar findings were reported by Bhat and
Subbarao (1999) for several V. dahliae isolates originated from various hosts.

We conducted an experiment on eight cultivars inoculated with the chosen BPR
424 isolate. In our experiment, Verticillium wilt disease symptoms developed be-
tween the 4th and 8th week after inoculation. Symptoms developed according to the
sequence of their occurrence (from external leaves – to affecting the whole plant) as
described by numerous authors (Fradin and Thomma 2006). In plants belonging to
the cultivars ‘Honeoye’, ‘Camarosa’, ‘Kent’ and ‘Elsanta’, wilting of external leaves
occurred in the 3rd–4th week after inoculation (Table 2). ‘Salut’, ‘Pegasus’, ‘Senga
Sengana’ and ‘Dukat’ individuals showed the first symptoms between the 6th and 8th

week after inoculation. At the same time, the second and third type of infection
symptoms such as wilting of the youngest leaves and plant dying were observed in
plants belonging to the group of susceptible genotypes (Phot. 1, Table 2). This type
of symptoms was a final effect of the vascular system blocking by fungal hyphae, as
well as consequence of fungal cell-wall-degrading enzymes and phytotoxins activity
what was documented by Fradin and Thomma (2006) and Buchner et al. (1982).
Two months after strawberry plant inoculation with V. dahliae, the disease severity
degrees varied from 0.1 to 3.9 (Table 2), depending on the cultivar. No disease
symptoms were observed on any mock inoculated plants.
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Table 1
The occurrence of Verticillium wilt on ‘Honeoye’ (H) and ‘Senga Sengana’ (S)

plants inoculated with different Verticillium dahliae isolates

Verticillium dahliae
isolates (origin)

Infection frequency in each group
of the symptom scoring scale (0–4)* (%)

Degree
of disease
severity0 1 2 3 4

H S H S H S H S H S H S

BPR 424 (strawb.) 3 90 0 6 17 4 16 0 64 0 3.4 c 0.1 b

BPR 1320 (strawb.) 5 99 7 1 9 0 31 0 48 0 3.1 b 0.0 a

T62 (tomato) 41 100 32 0 24 0 3 0 0 0 0.9 a 0.0 a

T83 (tomato) 38 100 43 0 10 0 9 0 0 0 0.9 a 0.0 a

Mix of four isolates 6 97 7 3 11 0 21 0 55 0 3.1 b 0.0 a

*Evaluation was done eight weeks after plant inoculation. Mean values denoted in columns by
a common letter were not significantly different at P = 0.05 according to Duncan’s test.



It was necessary to confirm whether the plant symptoms were actually caused
by V. dahliae and whether the symptomless individuals were infected with the
pathogen at all. For this reason nested-PCR with primers VDS1/2 and D1/2 spe-
cific for V. dahliae genomic sequences was carried out on the template of total DNA
extracted from all inoculated and control plants. Fungal-specific fragment with an
expected length of 320 bp was detected in leaf petioles of all tested strawberry
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Table 2
The occurrence of wilt symptoms on micropropagated strawberry plants

inoculated through wounded roots with the Verticillium dahliae isolate BPR 424

Cultivar
Disease severity degree Plants with disease

symptoms (%)/
susceptibility class*

Susceptibility classes
naturally determined

by other authors**4 weeks 6 weeks 8 weeks

‘Camarosa’ 3.0 c 3.9 e 3.9 e 94/HS HS (I, III)****
MS/HS (II, III, IV)***

‘Honeoye’ 3.3 d 3.3 d 3.5 d 97/HS HS (III)****
MS/HS (II, III)***

‘Kent’ 2.0 b 2.6 cd 3.0 c 79/HS HS (II, VI)***

‘Elsanta’ 1.8 b 2.2 c 2.8 c 70/HS HS (I, V)****
MS/HS (II, VI)***

‘Senga Sengana’ 0.0 a 0.0 a 0.1 a 10/T MS/T (I, III)****
T (II, III, VI)***

‘Dukat’ 0.0 a 0.0 a 0.1 a 7/T T (II, VI)***

‘Salut’ 0.0 a 0.3 ab 0.6 b 20/LS MS (II)***

‘Pegasus’ 0.0 a 0.3 ab 0.4 ab 15/LS MS (II)***

*Susceptibility classes: T – tolerance, LS – low susceptibility, MS – medium susceptibility, HS – high
susceptibility.

**The references: I – Dressler et al. 2010, II – Masny et al. 2001, 2008, III – Olbricht et al. 2006,
Olbricht and Hanke 2008, IV – Shaw et al. 1997, V – Sowik et al. 2004, 2008, VI – Żurawicz and Bielenin
1995.

***Evaluation in naturally infested field.
****Evaluation of plants inoculated by wounded roots.

Phot. 1. ‘Dukat’ and ‘Camarosa’ plants; the 6th week after inoculation
with Verticillium  dahliae isolate BPR 424 (photo by T. Jęcz)



plants 24 h after their inoculation with the pathogen. These positive PCR-tests re-
lated to plants that in later period showed wilt disease symptoms, as well as to all
symptomless ones. No specific product was observed in PCRs on the template of
DNA extracted from mock inoculated individuals (Phot. 2). These results not only
confirm the efficacy of the conducted inoculations but also justify the application
of the term “tolerance” (partial resistance) for strawberry defense response against
Verticillium wilt. According to the definition, tolerant plants, like susceptible
ones, are extensively colonized by fungus but show few symptoms. This is differ-
ent from the de facto resistant plants that are characterized by little colonization
and weak symptom expression (Fradin and Thomma 2006).

Several methods, including natural infestation of plants on provocative fields
with a determined concentration of the pathogen propagules in soil (Żurawicz and
Bielenin 1995, Masny et al. 2001, Shaw and Gordon 2003, Masny and Żurawicz
2008), as well as inoculation of adult plants and runners (Shaw et al. 1997, Gordon
et al. 2002), frigo plants with wounded roots (Olbricht et al. 2006), and shoots of in
vitro culture (Sowik et al. 2008) were elaborated and successfully adopted for evalua-
tion of strawberry cultivar susceptibility to Verticillium wilt. In all of them, the con-
centration of pathogen, which was indispensable for plant disease development, was
more or less precisely determined. In our study, we used a fixed concentration of 107

conidia per 1 ml. This concentration was the most efficient for precisely distinguish-
ing the tolerant from the susceptible cultivars in previous experiments conducted by
us (Jęcz, unpublished data). This value is within the range of conidial suspensions
from 104 to 5 × 107, applied by other authors for inoculation of strawberry (Shaw et
al. 1997, Olbricht et al. 2006, 2008). Increasing inoculum density from 104 to 107

has been described as significant for distinguishing between MS and HS genotypes
(Shaw et al. 1997, Olbricht and Hanke 2008). Simultaneously, using V. dahliae at
high concentration in direct application on Boxus medium surface for in vitro shoot
inoculation, resulted in inhibition of their root development (Sowik et al. 2001).

In general, the results of our evaluation of young micropropagated genotypes,
inoculated with V. dahliae through wounded roots, represented a similar tendency
in the results of other authors working on strawberry cultivar evaluation, in regard
to their resistance to Verticillium wilt. This included the results of work in both –
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Phot. 2. Nested-PCR product (320 bp) amplified on template of DNA extracted from strawberry
plants 24 h after inoculation with Verticillium dahliae; 1, 2 – ‘Camarosa’: inoculated and control

plants, respectively, 3, 4 – ‘Honeoye’, 5, 6 – ‘Kent’, 7, 8 – ‘Elsanta’, 9, 10 – ‘Senga Sengana’,
11, 12 – ‘Dukat’, 13, 14 – ‘Salut’, 15, 16 – ‘Pegasus’, F – V. dahliae mycelium (positive control),

M – DNA ladder (photo by T. Jęcz)



the field and the greenhouse/laboratory trials. However, the disease severity val-
ues estimated for inoculation of these young wounded plants were significantly
higher than those obtained by other authors from field evaluation. Particularly
high values were noted for genotypes described by other authors as highly suscep-
tible (HS) and medium susceptible (MS) (Table 2). However, Olbricht and Hanke
(2008) observed that disease severity for MS and HS cultivars determined in field
conditions can vary seasonally between two neighbourly classes of susceptibility.
This phenomenon can be an effect of the influence of natural environmental fac-
tors, e.g. temperature and humidity, and/or microbiological interactions resulting
in changes of pathogen concentration in plant surrounding (Korbin, unpublished
data). These field disadvantages are partially reduced by triennial seasonal obser-
vations that make the evaluation more reliable but simultaneously, more costly
and time-consuming.

The inoculation method based on root wounding of strawberry frigo plants was
elaborated by Olbricht et al. (2006). Their method exploits knowledge about V.
dahliae as a soil-borne pathogen attacking plants through their roots. It also makes
use of information about the enhanced occurrence and severity of wilt disease after
infestation of the plant roots by parasitic nematodes (Back et al. 2002). However,
the method of Olbricht was effective in our conditions only in the winter. In the pe-
riod beyond, when the frigo plants were “over-matured” and the temperature in
the greenhouse became higher and less stable, the pathogen had not been detected
with PCR in many inoculated plants (Jęcz, unpublished data). As a matter of fact,
V. dahliae requires rigorously determined temperature conditions for proper me-
tabolism (Fradin and Thomma 2006). Apart from the role of the temperature, the
quality of the plant root system seems to be a bottleneck for effectiveness of inocu-
lation with this pathogen. The well-developed root system of our frigo plants was a
limiting factor for their winter/spring inoculations with V. dahliae. In comparison
to frigo-strawberry, micropropagated plants are available in each season of the year
and selection of individuals without fully developed root system is easy. In this
way, the use of micropropagated plants can significantly prolong the period of
plant material availability for study on resistance mechanisms. Proposed method
overcomes also limitations described for in vitro inoculation. Total inhibition of
root development observed after inoculation in vitro, that was not detrimental dur-
ing genotype evaluation (Sowik et al. 2001), is a limiting factor in generating plant
material assigned for many other investigations. This is particularly true, for the
study of gene expression in time.

On the basis of our results, it can be concluded that the proposed method of in-
oculation of micropropagated strawberry plants with cut roots, allows for the rela-
tively early ability to distinguish genotypes susceptible and tolerant to Verticillium
wilt. The described method, like other greenhouse/laboratory techniques, pro-
vides considerable independence from natural environmental conditions and of-
fers stable, reproducible results. Additionally, this method ensures more frequent
availability of plant material, and a possibility for further cultivation of infected
plants, what is very important in study on the mechanism of strawberry resistance
to wilt disease caused by V. dahliae.
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Streszczenie

INOKULACJA ROŚLIN POCHODZĄCYCH Z KULTUR IN VITRO
JAKO NARZĘDZIE PRECYZYJNEJ SELEKCJI GENOTYPÓW

TRUSKAWKI PODATNYCH I TOLERANCYJNYCH NA WERTYCYLIOZĘ

Młode rośliny truskawki pochodzące z kultur in vitro, należące do ośmiu odmian
znanych jako tolerancyjne lub podatne na wertycyliozę, były zakażane izolatem Verti-
cillium dahliae BPR 424 (107 konidiów w 1 ml) poprzez korzenie skrócone o 1/3
długości. Skuteczność inokulacji weryfikowano z użyciem zagnieżdżonego PCR ze
starterami VDS1/2 i D1/2, specyficznymi dla fragmentu genomu grzyba. Po 24 h od
inokulacji obecność V. dahliae potwierdzono we wszystkich inokulowanych rośli-
nach (w tym także w roślinach, na których nie stwierdzono objawów chorobowych
po dwóch miesiącach od wymienionego testu). Po porównaniu wyników oceny po-
datności genotypów na wertycyliozę z wynikami opisywanymi przez innych auto-
rów, prowadzących eksperymenty na polach prowokacyjnych i w kontrolowanych
warunkach szklarniowych, stwierdzono występowanie podobnych tendencji, jednak
objawy chorobowe występowały wcześniej i były silniejsze niż opisywali autorzy
prowadzący eksperymenty polowe. Równocześnie metoda pozwalała na rozróżnia-
nie genotypów podatnych i tolerancyjnych niezależnie od pory roku.
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