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Abstract

Phytophthora cactorumstrains isolated from necrotic stem lesions onBetula pendulaseedlings or fromFragaria×
ananassaplants suffering from crown rot were pathogenic to their host plants. Only isolates from birch caused
clear lesions on non-wounded bark of birch.P. cactorumisolates from birch were not detrimental to strawberry.
Random Amplified Polymorphic DNA (RAPD) analysis revealed variation withinP. cactorum,isolates from silver
birch having different banding patterns than those from strawberry. UPGMA analysis clustered isolates from silver
birch and strawberry plants into separate groups. The data show that the recent outbreak in Finland ofP. cactorum
in birch could not be caused by the import of strawberry plants affected by crown rot.

Introduction

Birches are economically the most important decid-
uous tree species in three of the Nordic countries;
Finland, Sweden and Norway (Frivold and Mielikäi-
nen, 1991). In Finland, the number of silver birch
(Betula pendulaRoth) seedlings delivered annually for
planting has increased from 3 to 17 million seedlings
from 1980 to 1996, with a maximum of 23 million
in 1992 (Anonymous, 1997). In addition, 1 to 5
million downy birch (B. pubescensEhrh.) seedlings
have been produced annually throughout the 1990’s
for planting (Anonymous, 1997). Increased produc-
tion in forest nurseries has revealed serious diseases,
of which stem lesions and cankers are among the most
serious (Kurkela, 1974; Petäistö, 1983). Several fungi
are known to cause stem lesions, includingAlternaria
alternata(Fr.) Keissl.,Botrytis cinereaPers. ex Nocca
& Balb., Fusarium avenaceum(Corda ex Fr.) Sacc,
Godronia multisporaJ. W. Groves andPhytophthora
cactorum(Leb. & Cohn) Schr (Petäistö, 1983; Lilja
and Hietala, 1994; Lilja et al., 1996). In Finland the
last mentioned was isolated from birch for the first
time in 1991 (Lilja and Hietala, 1994). Since then

it has been isolated from 20–80% of the diseased
seedlings sampled in three forest nurseries (Lilja et al.,
1996).

In Europe, strawberry crown rot, caused byP.
cactorum, was first reported from Germany in 1952
(Deutschmann, 1954), but has since occurred in many
other European countries. In FinlandP. cactorum
has caused crop losses in strawberry (Fragaria ×
ananassaDuch.) fields since 1990 (Parikka, 1991).
One year later, it was isolated from necrotic stem
lesions on silver birch seedlings (Lilja and Hietala,
1994). Due to this close succession of events, it was
suspected that strawberry plants affected by crown rot
served as the source of infection ofP. cactorumin
birch.

In this study we tested the pathogenicity ofP.
cactorumisolates from birch and strawberry and in-
vestigated their genetic similarity by means of RAPD
markers.
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Table 1. Identities and sources ofPhytophthora cactorumisolates

Collection Host Geographi- Source

code cal origin

P. cactorum PH2, PH3, PH4, PH5, PH8, Betula pedula Finland A. Lilja

PH10, PH11, PH14, PH15,

PH18, PH20, PH21, PH22,

PH23, PH24

P. cactorum S3, S5, S6, S7, S9, S10, Fragaria× ananassa Finland P. Parikka

S13, S14, S15, S19

P. cactorum 145(H) Fragaria× ananassa England D. Harris

P. cactorum TAM(1) Fragaria× ananassa Scotland D. Kennedy

P. cactorum S21 Fragaria× ananassa Finland J. Tegel

P. cactorum CH09, CH12, CH15, CH19 Fragaria× ananassa Sweden C. Olsson

P. cactorum CH17 Fragaria× ananassa Estonia C. Olsson

P. cactorum A1, W1 Fragaria× ananassa Germany S. Werres

Materials and methods

Fungi used in this study
P. cactorumisolates from birch were isolated from
stem lesions on silver birch seedlings grown in Finnish
forest nurseries (Lilja et al., 1996). P. cactorumiso-
lates from strawberry were obtained from plants af-
fected by crown rot in Finland, Sweden, Estonia,
Germany, England and Scotland (Hantula et al., 1997).
More detailed information about thePhytophthora
isolates is given in Table 1.

Pathogenicity test 1: 1-year-old silver birch seedlings
In the first experiment, 1-year-old, nursery-grown
silver birch seedlings (seed orchard SV363, JR-1)
from cold storage (− 4 ◦C) were thawed and trans-
planted into pots (5 l) containing fertilized, low-
humidified Sphagnum peat (Finn peat M6, Kekkilä
Corp., Finland). Two weeks after transplantation 10
non-wounded and 10 wounded seedlings were inocu-
lated with each of threeP. cactorumisolates (PH10,
PH11 and S3) or a sterile PDA block (control). Each
seedling received one inoculation. The wound was
made prior to inoculation by removing with a scalpel
a 3 mm× 3 mm piece of periderm 5 cm above ground
level. A 3 mm× 3 mm agar block from a 1-week-
old P. cactorumculture on potato dextrose agar (PDA
39 g, Difco l-1) or a block from sterile PDA was placed
on the wound or on sound bark and secured with
parafilm (Parafilm M, Amer. Nat. Can.). PDA cultures
of P. cactorumisolates were kept for two days in a
refrigerator before inoculation to stimulate zoospore

release (Erwin and Ribeiro, 1996). The plants were
arranged in a completely randomized design in a
greenhouse with a temperature range of 19–22◦C. On
1.9.1995, stem lesion margins were drawn with lu-
mocolor pencils on overhead film (PPC, Canon) and
the size of the lesions on the drawings were mea-
sured with an image analyser Leica Q500MC. The
data were analysed using ANOVA and the mean dif-
ferences were tested with Duncan’s multiple-range test
(Anonymous, 1990).

Pathogenicity test 2: 2-month-old silver birch
seedlings

The silver birch seedlings were produced according
to standard nursery practice at Tyllilä nursery. On
15.5.1995, 400 seedlings representing two seed ori-
gins, Joutsa (seed collection stand M694) and Savon
koivu (seed orchard SV378), were transplanted into
pots (0.5 l) containing the same kind of peat as above.
Two seedlings were grown in each pot and one of them
was wounded just before inoculation. On 21. 6.1995,
each of fourP. cactorumisolates (PH18, PH20, S3
and S13) or a sterile PDA-block (control) were tested
on 40 wounded and 40 non-wounded seedlings. 20
wounded and 20 non-wounded seedlings represented
one seed origin in each treatment. Wounding and inoc-
ulations were performed as described above. The pots
were arranged in a completely randomized design in
a greenhouse with a temperature range of 19–22◦C.
Seedling health was evaluated every second week on a
disease severity scale of 1 to 4: 1) no lesion or lesion
< 9 mm2, 2) lesion> 9 mm2, but not spread over half
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of the stem diameter, 3) lesion spread over half of the
stem diameter, 4) lesion girdled the stem. Seedlings
belonging to category four were nearly dead or dead.
The last assessment was on 15.9.1995. The disease
index (DI) of the seedlings was calculated from the
frequency (f) of the different disease ratings (1–4):

DI : (1×f1+ 2×f2 + 3×f3 + 4×f4)/N (1)

Kruskal-Wallis one-way analysis of variance and a
non-parametric test were used for comparing the treat-
ments (Anonymous, 1990).

Pathogenicity test 3: strawberries
Each of fourP. cactorumisolates (PH18, PH20, S3
and S13) or a sterile PDA block were tested on 24
plants of cv Jonsok, a cultivar susceptible to crown rot
(Parikka, 1991). Runner plants were cut and rooted in
limed, low humidified Sphagnum peat (800 g dolomite
limestone, 50 g fine ground limestone, 50 g super
phosphate, and 130 g peat fertiliser l−1 peat). After 40
days, the plants were removed from the rooting sub-
strate and the roots were washed with tapwater. The
crowns of the plants were wounded near to ground
level with a sharp stick. The 2 mm deep and 2 mm
wide wound was covered with fungal mycelium from
3-week-old PDA cultures kept for two days in a re-
frigerator before inoculation. The inocula were se-
cured with parafilm. After inoculation the plants were
planted in pots (0.5 l) containing the same kind of
fertilized peat as above and grown in a greenhouse
with a temperature range of 22–24◦C. A replicate
consisted of four plants and the six replicates of all
five treatments were arranged in a randomized design.

The condition of the plants was classified just be-
fore inoculation, as well as one, two, and three weeks
later on a disease severity scale of 1 to 4: 1) good, all
leaves green, 2) moderate, 0–1 leaves brown, 3) weak,
>3 leaves brown, 4) nearly dead or dead, all leaves
brown. The disease index of the runner plants was
calculated from the frequency (f) of different disease
rates (1–4) as before. Kruskal-Wallis one-way analysis
of variance and a non-parametric test were used for
comparing the treatments (Anonymous, 1990).

RAPD analysis
DNA was isolated as described by Hantula et al.
(1997). The amplification conditions were modified
from those of Williams et al. (1990) as follows: 50µl
reactions were used, including 25 ng of genomic

DNA, 200µM of each dNTP, 200 nM of primer, and
5 µl 10 × polymerase buffer [200 mM (NH4)2SO4,
750 mM Tris-HCl, pH 9.0, 1% (w/v) Tween, 25 mM
MgCl2] to give a final Mg concentration in the PCR
mixture 5.0 mM according to suggestions by D. How-
land, G. Arnan and R. Oliver from the University
of East Anglia, U.K. (personal communication), and
0.6 U of Red Hot polymerase (Advanced Biotech-
nologies Ltd., UK). Pre-mixtures (without DNA) of
each reaction were prepared to minimize the risk of
contamination. Amplification was performed in an
MJ Research Programmable Thermal Controller pro-
grammed for 40 cycles of 1 min at 94◦C, 1 min at
40 ◦C and 2 min at 72◦C. Amplification products
were electrophoresed in 1.4% agarose gel with 1×
TAE (40 mm Tris-Acetate, pH 8.0, 1 mm EDTA) and
stained with ethidium bromide. Amplifications were
run twice for each isolate and only reproducible bands
were scored.

The primers were selected from Operon Kit B
(Operon Technologies Inc., Alameda, California,
USA). All twenty primers were tested, and the three
best (OPB-6: TGCTCTGCCC; OPB-11: GTAGAC-
CCGT and OPB-12: CCTTGACGCA) were selected
for further study. The statistical analysis of the RAPD
data, dissimilarity coefficients (DIST) and clustering
analysis was based on the NTSYS program (Rohlf,
1992).

Results

All the P. cactorumisolates from birch induced typ-
ical symptoms within two weeks after inoculation of
non-wounded as well as wounded bark in both experi-
ments, whereas the control seedlings remained healthy
in both cases.

Pathogenicity test 1
Only P. cactorumfrom birch caused lesions on the
non-wounded bark of 1-year-old seedlings. Isolates
PH10 and PH11 from birch infected four and three out
of ten seedlings respectively on non-wounded bark.
The average lesion size was 38 mm2 (SD = 90) and
19 mm2 (SD = 29), respectively. These isolates pro-
duced more and much larger lesions on wounded bark.
The size of the wound-initiated lesions were 198 mm2

(SD = 45) and 273 mm2 (SD = 42), respectively. These
lesions were much larger (P< 0.01) than those caused
by P. cactorumisolate S3 from strawberry (107 mm2,
SD = 22) (Figure 1).

ejpp805.tex; 11/08/1998; 11:28; p.3



532

Figure 1. The size of lesions on silver birch seedlings three months
after inoculation withPhytophthora cactorumisolates PH10 and
PH11 from stem lesions on silver birch andP. cactorumS13 from
strawberry plants suffering from crown rot. Inoculations were made
on wounded bark of 1-year-old seedlings. The same letter above
the columns indicates the size of lesions does not differ statistically
(P > 0.05). Bars represent the standard error.

Pathogenicity test 2

The seed origin did not effect infection (P> 0.05),
which made it possible to combine the data from
the two origins. The isolates from birch occasion-
ally infected the non-wounded bark of 2-month-old
birches, whereas the isolates from strawberry were
non-pathogenic. 14% of the lesions produced by the
birch isolates were so large that they girdled the stem,
whereas the strawberry isolates resulted in 10% in-
fection and the lesions were so small that the disease
index did not differ from that of the healthy control
plants (P < 0.05). (Figure 2). As in the first test, the
occurrence and incidence of the disease increased dra-
matically when the inoculations were performed on
wounded bark. All the isolates from both birch and

Figure 2. The condition of young silver birch seedlings 10 weeks
after inoculation withPhytophthora cactorumisolates from stem
lesions on silver birch (PH18 and PH20) and strawberry plants suf-
fering from crown rot (S3 and S13). Inoculations were made on
intact bark of 2-month-old seedlings. Curves followed by the same
letter indicates that the health condition of the seedlings does not
differ statistically (P > 0.05) at the last assessment.

strawberry caused large lesions, most of which gir-
dled the stem. Their disease index was very similar,
although not completely the same because one of the
strawberry isolates had a somewhat lower index than
the isolates from birch (Figure 3).

Pathogenicity test 3

Both of the strawberry isolates ofP. cactorumwere
detrimental to strawberry plants, the isolate S13 being
more pathogenic than isolate S3 (P < 0.05) (Fig-
ure 4). TheP. cactorumisolates from birch were not
pathogenic to strawberry plants (Figure 4).

RAPD analysis

Genetic variation inP. cactorumwas examined by
RAPD-PCR analysis using three primers. The RAPD
profiles of all the strawberry isolates were very uni-
form (Figure 5). In contrast,P. cactorumisolates from
silver birch were polymorphic with all the primers
tested (Figure 5). UPGMA clustering analysis con-
firmed that the genetic variability inP. cactorumiso-
lates from silver birch was higher than that in the
isolates from strawberry (Figure 6).
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Figure 3. The condition of young silver birch seedlings 10 weeks
after inoculation withPhytophthora cactorumisolates from stem
lesions on silver birch (PH18 and PH20) and strawberry plants suf-
fering from crown rot (S3 and S13). Inoculations were made on
wounded bark of 2-month-old seedlings. Curves followed by the
same letter indicates that the health condition of the seedlings does
not differ statistically (P > 0.05) at the last assessment.

Figure 4. The condition of strawberry plants 3 weeks after inocu-
lation with Phytophthora cactorumisolates from strawberry plants
suffering from crown rot (S3 and S13) and stem lesions on silver
birch (PH18 and PH20). Inoculations were made on wounds. Curves
followed by the same letter indicates that the health condition of the
plants does not differ statistically (P > 0.05) at the last assessment.

Discussion

This study shows thatP. cactorum isolates from
silver birch and strawberry are pathogenically and
genetically separate. The isolates from birch were
highly pathogenic to birch, causing necrotic lesions on
wounded and non-wounded bark, whereas the isolates
from strawberry were only pathogenic to wounded
bark. The isolates from strawberry were detrimental
to strawberry plants, whereas the isolates from birch
did not infect strawberry. In the RAPD-PCR analysis,
the RAPD markers and dendrogram analysis placed
the isolates in host-specific groups.

The differentiation inP. cactorumaccording to
host preference, found here and in previous studies
(van der Scheer, 1971; Seemüller and Schmidle, 1979;
Cooke et al., 1996; Hantula et al., 1997), is an interest-
ing observation. Selection forces driven by a host plant
appear to be most likely factor contributing to the pop-
ulation differentiation ofP. cactoruminto host-specific
subgroups. As regards the time scale, if we assume
that the initial founder population has been small,
differentiation into separate host-specific groups has
probably taken place relatively rapidly. The fact that
strawberry is propagated by vegetative means is con-
sistent with this idea. Contaminated runner plants form
an inoculum source in regions where they are planted.
The high genetic homogeneity of all the strawberry
isolates studied by Cooke et al. (1996), Hantula et
al. (1997) and those investigated in the present study
indicate a narrow founder population, suggesting that
in Europe this crown rot pathogen has been dispersed
by man, and it might be caused by a single clone.

Although P. cactorumis thought to be a species
that can be identified on the basis of morphological
key characteristics (Waterhouse, 1963; Stamps et al.,
1990), the finer resolution of the molecular markers
such as RAPD’s here and Random Amplified Mi-
crosatellites (RAMS) (Hantula et al., 1997) revealed
variation amongP. cactorumisolates, most of the
variation correlating with the original host plants. Sub-
specific groups have also been found using RAPD
analysis: theP. cactorumisolates from apple clustered
separately from the strawberry isolates, but the rasp-
berry isolates had affinities with both the strawberry
and apple clusters (Cooke et al., 1996). Oudemans
and Coffey (1991) were able to separate morpho-
logically different isolates from strawberry into two
electrophoretic groups by isozyme analysis. RAPD
markers may also allow further differentiation of iso-
lates from strawberry when a large number ofP. cac-
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a

b

c
Figure 5. Analysis ofPhytophthora cactorumisolates from strawberry and silver birch by RAPD-PCR method. a, b and c: lane a and v =
molecular weight markers (MW, Boehringer VI, Germany) are 2176, 1766, 1230, 1033, 653, 517, 473, 394, 298, 234, 220 and 154 bp,
lanes b-k, isolates from strawberry = S3, S6, S9, S13, S15, S19, TAM(1), CH09, CH12, A1, lanes l-u, isolates from birch = PH2, PH3,
PH4, PH5, PH8, PH10, PH11, PH14, PH20, PH21. (a, b and c) Primers OPB-6: TGCTCTGCCC; OPB-11: GTAGACCCGT and OPB-12:
CCTTGACGCA.
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Figure 6. UPGMA dendrogram of the relationships betweenPhy-
tophthora cactorumisolates based on similarity (DICE) coefficients
using SAHN computer program (NTSYS-pc, Rohlf, 1989). Straw-
berry isolates (S3-S19, 145(H), TAM(1), CH09-CH19, A1, W1)
form a separate group from the silver birch isolates (PH2-PH24).

torumisolates from both fruits and crowns originating
from different parts of the world are tested.

In conclusion, we have shown on the basis of
pathogenicity tests and DNA marker analysis thatP.
cactorumhas evolved into genetically distinct pop-
ulations on silver birch and strawberry. The recent
outbreak in Finland ofP. cactorumin birch could not
be caused by the import of strawberry plants affected
by crown rot. Furthermore, we have demonstrated that
our P. cactorumisolates from strawberry are geneti-
cally very homogeneous, perhaps representing a single
clonal genotype that may reflect the extensive migra-
tion of isolates via propagation material transported
throughout Europe.
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