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A total of 119 isolates of 

 

Rhizoctonia

 

 were collected from stem canker lesions, stolon and root lesions, hymenia on stems,
or from black scurf on tubers of potato plants (

 

Solanum tuberosum

 

) in Finland (latitudes 60–67

 

°

 

N). All isolates except
three belonged to anastomosis group 3 (AG-3) of 

 

R. solani

 

, as determined by phylogenetic analysis of the internal
transcribed spacer sequences (ITS1 and ITS2) of ribosomal RNA (rRNA) genes. Sensitivity of the 119 isolates to the
fungicide flutolanil was tested 

 

in vitro

 

 (EC

 

50

 

 values 0·14–0·75 

 

µ

 

g active ingredient mL

 

−

 

1

 

). The isolates also varied
considerably in growth rate (5·1–14·8 mm day

 

−

 

1

 

). The severity of disease caused by 99 isolates was determined based on
the proportion of potato sprouts affected by lesions, discoloration or death, which was 

 

c

 

. 1–60%. Only two isolates that
were able to cause severe symptoms showed particularly low sensitivity to the fungicide and rapid growth rate. One
isolate each of anastomosis groups AG-2-1 and AG-5 and an unknown, binucleate 

 

Rhizoctonia

 

 sp. were detected. The
AG-5 isolate and the binucleate isolate caused mild symptoms on potato sprouts, whereas the AG-2-1 isolate was not
pathogenic. Taken together, AG-3 of 

 

R. solani

 

 was the predominant causal agent of the stem canker and black scurf
diseases of potato in Finland and showed considerable variability in disease severity, fungicide sensitivity and
growth rate 

 

in vitro

 

.
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Introduction

 

Rhizoctonia solani

 

 (teleomorph 

 

Thanatephorus cucumeris

 

)
is a soilborne fungus that causes economically important
diseases in many crop species (Sneh 

 

et al

 

., 1996). Most
diseases are caused by the asexual, vegetative, multinucleate
hyphae that do not form spores. 

 

Rhizoctonia solani

 

consists of genetically defined populations that are dis-
tinguished by anastomosis between hyphae of the isolates
belonging to the same ‘anastomosis group’ (AG). To date,
13 different anastomosis groups have been recognized
(Carling 

 

et al

 

., 2002a). Sequence analysis of the genomic
regions encoding the internal transcribed spacers ITS1
and ITS2 is convenient for AG determination (Boysen

 

et al

 

., 1996; Carling 

 

et al

 

., 2002a,b; Woodhall 

 

et al

 

.,
2007) and has become increasingly common with the
accumulation of sequences from different isolates in
databases.

Isolates of 

 

R. solani

 

 that infect species of Solanaceae
including potato are predominantly of AG-3 (Anderson,
1982; Banville 

 

et al

 

., 1996). Other anastomosis groups

(AG-1, AG-2-1, AG-2-2, AG-4, AG-5 and AG-9) are
occasionally found in potato (Abe & Tsuboki, 1978;
Chang & Tu, 1980; Chand & Logan, 1983; Carling &
Leiner, 1986). The diseases caused by AG-3 on potato are
known as stem canker and black scurf, which occur in
all potato-growing areas worldwide. Stem canker is
expressed as dark brown lesions on the underground
stems, which develop prior to emergence of shoots and are
predominantly caused by tuber-borne inoculum (Banville

 

et al

 

., 1996). Soilborne inoculum mainly contributes to
development of lesions on stolons and sclerotized
mycelium (black scurf) on progeny tubers (Frank &
Leach, 1980). Infection results in malformed and cracked
tubers and changes in the number and size distribution of
tubers (Weinhold 

 

et al

 

., 1982; Read 

 

et al

 

., 1989; Scholte,
1989). The disease can cause a considerable reduction in
yield (Carling 

 

et al

 

., 1989; Banville 

 

et al

 

., 1996).
Biological variability among the isolates of AG-3 is

observed as differences in growth rate, severity of symptoms
(Chand & Logan, 1983; Carling & Leiner, 1986, 1990a;
Bandy 

 

et al

 

., 1988; Anguiz & Martin, 1989; Hill &
Anderson, 1989; Bains & Bisht, 1995; Balali 

 

et al

 

., 1995)
and sensitivity to fungicides (Carling 

 

et al

 

., 1990; Csinos
& Stephenson, 1999; Campion 

 

et al

 

., 2003). However,
these studies have included only relatively few isolates of
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AG-3, mainly from culture collections. Hence, there is
little information about biological and molecular variability
of the same, geographically defined populations of AG-3
isolates, or actually isolates of any AGs.

In Finland, in the northernmost potato-production area
in the world (60–67

 

°

 

N), where relatively few pests and
diseases affect the potato crops, 

 

R. solani

 

 is one of the
major pathogens. Seed-potato production is mainly
domestic. These circumstances provide an interesting
opportunity to survey the diversity of 

 

R. solani

 

 in potato
in the field. The aim of this study was to analyse the
genetic and biological variability of 

 

R. solani

 

 infecting
potato in the field in Finland. Specifically, the aims were
to (i) determine the AGs of the isolates based on ITS
sequences; and (ii) study biological variation in terms
of severity of symptoms, sensitivity to the fungicide
flutolanil, and growth rate.

 

Materials and methods

 

Fungal isolates

 

A total of 119 isolates of 

 

Rhizoctonia

 

 were collected in
Finland from potato plants grown in fields distributed
over the whole country (Fig. 1) in 2002, 2003 and 2004.
Isolates were obtained from canker lesions on potato
stems (92 isolates), stolons (1) or roots (2), from hymenia
on stems (6), or from sclerotia (18) on tubers. Samples
included 29 potato cultivars, with the highest number of
samples obtained from cv. Van Gogh (17%). The samples
were collected from 109 potato fields in mainland Finland
and five fields on the archipelago of Åland (Ahvenanmaa)
(Fig. 1). Regional division of potato production in Finland
was taken into account in the sampling, with higher
numbers of isolates collected from areas with more intensive
production. For each sample, cultivar name, supplier of
seed, crop rotation practised in the field in the preceding
years, and geographic location were noted.

Fungal isolation was performed from canker lesions in
stems, stolons and roots, from teleomorph or mycelium at
the basal part of the stem, or sclerotia on tubers. The stem
piece or tuber was first washed with tap water. Small
pieces of diseased tissue or sclerotia were placed on water
agar (1·2 g L

 

–1

 

, Biokar) supplemented with streptomycin
(50 mg L

 

–1

 

). Plates were incubated at room temperature
(18–21

 

°

 

C) in the dark for 1–3 days. Single tips of fungal
mycelia were taken, each transferred onto a plate of
potato dextrose agar (PDA, Biokar) using a sterile Pasteur
pipette and grown at room temperature in the dark for 7
days, after which the plates were stored at 4

 

°

 

C.
Reference strains of 

 

R. solani

 

 representing the anas-
tomosis groups AG-2-1 (isolate PS-4), AG-3 (isolate ST
11-6), AG-4 HG-II (isolate Rh 165) and AG-5 (isolate Rh
184) were obtained from the collection of A. Ogoshi,
kindly provided by S. Naito (Graduate School of Agricul-
ture, Hokkaido University, Sapporo, Japan). Anastomosis
groups were determined using the method of Parmeter

 

et al

 

. (1969) with modifications introduced by Kronland
& Stanghellini (1988).

 

DNA isolation, amplification and sequencing

 

DNA was isolated from 3- to 5-day-old fungal hyphae
growing on a cellophane disc placed on PDA medium.
The hyphae were homogenized with FastPrep equipment
(FP120-230; Qbiogene/BIO101 System Matrix, Thermo
Savant) and DNA was isolated according to Edwards

 

et al

 

. (1991). Internal transcribed spacer 1 (ITS1) and
ITS2 regions, including the ribosomal 5·8S RNA gene,
were amplified using the universal ITS-1 and ITS-4 primers
that anneal to the flanking 18S and 28S rRNA genes

Figure 1 Communities from which the isolates of Rhizoctonia were 
collected in Finland. Communities were categorized by the intensity of 
potato production (the number of communities in each category is in 
parentheses). The highest numbers of isolates were collected from 
communities with the highest intensity of potato production (indicated 
by the most intense colour). The locations of communities are indicated 
by numbers: (1) Åland (Ahvenanmaa), (2) Asikkala, (3) Hankasalmi, 
(4) Hauho, (5) Helsinki, (6) Himanka, (7) Jämsä, (8) Kalajoki, (9) 
Kristiinankaupunki, (10) Kärkölä, (11) Lammi, (12) Lapua, (13) Liminka, 
(14) Lohtaja, (15) Nakkila, (16) Padasjoki, (17) Pyhäjoki, (18) Renko, 
(19) Teuva, (20) Tyrnävä, (21) Urjala and (22) Uusikaarlepyy. An 
asterisk indicates that samples were collected from experimental field 
plots of the experimental farm (Hahkiala) of the K-group and the 
University of Helsinki.
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(White 

 

et al

 

., 1990). PCR amplification reaction mixtures
(50 

 

µ

 

L) contained 75 m

 

m

 

 Tris-HCl (pH 8·8 at 25

 

°

 

C),
20 m

 

m

 

 (NH

 

4

 

)

 

2

 

SO

 

4

 

, 1·5 m

 

m

 

 MgCl

 

2

 

, 200 

 

µ

 

m

 

 dNTPs, bovine
serum albumin (20 

 

µ

 

g mL

 

–1

 

), 5 pmol of each primer, 2 

 

µ

 

L
of template and 1·25 units of 

 

Taq

 

 polymerase (MBI
Fermentas). Amplification was performed in a thermal
cycler (Mastercycler; Eppendorf) using the following
programme: initial denaturation at 94

 

°

 

C for 5 min,
followed by 34 cycles of denaturing at 94

 

°

 

C for 30 s,
annealing at 58

 

°

 

C for 30 s and extension at 72

 

°

 

C for
1 min, and a final extension at 72

 

°

 

C for 10 min. An aliquot
(5 

 

µ

 

L) of the reaction mixture was analysed on agarose gel

[1·0 g L

 

–1

 

 agarose in Tris-acetate-ethylenediaminetetraacetic
acid (TAE) electrophoresis buffer] supplemented with
ethidium bromide (0·1 mg L

 

–1

 

) by electrophoresis and
viewed under UV light. Direct sequencing of the amplifi-
cation products was carried out in both directions using
the universal ITS-1 and ITS-4 primers at the Haartman
Institute and the DNA Sequencing Laboratory of the
Institute of Biotechnology, University of Helsinki. The
sequences that differed from each other were deposited
in the EMBL/NCBI sequence database (Table 1).

Consensus sequences were obtained using the 

 

gap

 

-4
program (Staden Package; MRC Laboratory of Molecular

Table 1 Representative isolates of Rhizoctonia solani sequence-characterized in this study

Anastomosis 
groupa Isolate

Sequence 
accession no. Source Origin

Number of 
identical isolatesb

Finnish isolates characterized from potato:
AG-2-1 R25 DQ913010 Stem canker Hankasalmi 1
AG-3 R2 DQ913011 Stem canker Kristiinankaupunki 1
AG-3 R4 DQ913012 Stem canker Hauho 1
AG-3 R9 DQ913013 Stem canker Kalajoki 2
AG-3 R11 DQ913014 Stem canker Lammi 1
AG-3 R12 DQ913015 Black scurf Pyhäjoki 1
AG-3 R19 DQ913016 Root lesion Hauho 1
AG-3 R38 DQ913017 Black scurf Himanka 2
AG-3 R43 DQ913018 Black scurf Kristiinankaupunki 15
AG-3 R46 DQ913019 Black scurf Pyhäjoki 1
AG-3 R53 DQ913020 Stem canker Uusikaarlepyy 1
AG-3 R58 DQ913021 Stolon lesion Aland 1
AG-3 R65 DQ913022 Stem canker Jämsä 1
AG-3 R78 DQ913023 Stem canker Tyrnävä 1
AG-3 R86 DQ913024 Stem canker Nakkila 1
AG-3 R90 DQ913025 Stem canker Lohtaja 2
AG-3 R98 DQ913026 Teleomorph Pyhäjoki 2
AG-3 R100 DQ913027 Stem canker Liminka 1
AG-3 R102 DQ913028 Stem canker Asikkala 18
AG-3 R103 DQ913029 Stem canker Kärkölä 10
AG-3 R111 DQ913030 Stem canker Teuva 4
AG-3 R120 DQ913031 Stem canker Padasjoki 33
AG-3 R121 DQ913032 Black scurf Helsinki 1
AG-3 R126 DQ913033 Stem canker Lapua 2
AG-5 R96 DQ913034 Stem canker Urjala 1
NDc R92 DQ913035 Stem canker Renko 1

Anastomosis-group reference strains:
AG-1 1A Cs-Gi AB000016 Rice
AG-2-1 PS-4 EF532828 Pea
AG-3 ST 11-6 EF532825 Potato
AG-3 TB 1600 AB000004 Tobacco
AG-4 HG-II Rh 165 AB000033 Sugarbeet
AG-5 Rh 184 EF532827 Sugarbeet
AG-6 HG-I HAM1-1 AB000019 Soil
AG-7 1556 AB000003 Soil
AG-8 A68 AB000011 Wheat
AG-9 TP V12M AB000046 Potato
AG-10 76107 AB019026 Soil
AG-11 ROTH25 AB019027 Rice
AG-12 SWd AF153806 Leaf litter

aAnastomosis groups according to phylogenetic analysis of ITS sequences (Fig. 4).
bIdentical based on the ITS1, 5·8 sRNA gene and ITS2 regions analysed.
cAnastomosis group not defined.
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Biology, Cambridge, UK). Sequences were aligned and
phylogenetic trees built by the 

 

clustalw

 

 and 

 

phylip

 

 pro-
grams included in the 

 

mega

 

 3·1 program package (Kumar

 

et al

 

., 2004). Additional sequences of 

 

R. solani

 

 were
obtained from the EMBL/NCBI database and included
for comparison. Phylogenetic analyses were carried out
using the neighbour-joining (Saitou & Nei, 1987) and
maximum parsimony (Felsenstein, 1978) methods. Trees
were rooted by user-specified outgroups and displayed using
the 

 

treeview

 

 program included in 

 

mega 

 

3·1. Bootstrap
support was estimated based on 100 pseudoreplicates.

 

Testing of sensitivity to the fungicide flutolanil

 

In Finland, flutolanil is accepted for dressing seed potatoes
against 

 

R. solani

 

, either by spraying or dipping. Therefore,
sensitivity of the fungal isolates to flutolanil (Moncut 40
SC; Berner Ltd) was tested. PDA was autoclaved, cooled
and amended with different concentrations of the fungicide:
0·1, 0·5, 1·0, 3·0 or 5·0 

 

µ

 

g active ingredient (a.i.) mL

 

–1

 

.
Aliquots (20 mL) of the media were distributed onto Petri
dishes (diameter 90 mm) and allowed to solidify. A
mycelial plug (diameter 7 mm) cut from the leading edge
of a 4-day old, actively growing colony of 

 

R. solani

 

 on
PDA was placed on the edge of the fungicide-amended
PDA dish. The dishes were sealed with Parafilm and
incubated at 20

 

°

 

C in the dark. There were three replicates
for each isolate and fungicide concentration and also the
fungicide-free control dishes. Colony growth was measured
along two straight lines drawn from the centre of the
mycelial plug (angle between lines 50

 

°

 

) on days 3, 4, 5, 6,
7 and 10 after inoculation. Increase in colony diameter by
day 7 was used to estimate the effective concentration
causing a 50% reduction in growth (EC

 

50

 

) compared with
the fungicide-free control. The EC

 

50

 

 values were calculated
from dose-response curves using non-linear regression
and the 

 

genstat 

 

statistical software package (VSN Inter-
national Ltd). Growth on fungicide-free control medium
was used to calculate the growth rate (mm day

 

–1

 

) of each
isolate. The experiment was repeated once using 10
isolates selected based on differences in sensitivity to the
fungicide and representing different anastomosis groups.

 

Analysis of disease severity

 

Severity of symptoms caused by the isolates of 

 

Rhizoctonia

 

was tested using a method modified from Carling &
Leiner (1990b). The amount of inoculum was standardized
using fungus-infested quinoa (

 

Chenopodium quinoa

 

)
seeds as a source of infection. Seeds were moistened with
sterile water (60% v/w) in Erlenmayer flasks and sterilized
by autoclaving twice at 121

 

°

 

C for 1 h, with a 24-h interval.
The seeds were cooled at room temperature and spread on
the 4-day-old actively growing mycelium of 

 

R. solani

 

 on
PDA. The fungus was allowed to colonize the seeds for
3 days at room temperature in the dark.

Symptom severity was tested on sprouts of potato cv.
Nicola. The setup of the test system and the stem canker
symptoms observed are illustrated in Fig. 2. Disease-free

minitubers were supplied by the Finnish Seed Potato
Centre Ltd and sprouted at room temperature in the dark
until the sprouts were 

 

c

 

. 3 mm long. A single sprouted
tuber was placed in a sterile plastic tube (50 mL) filled
with washed quartz sand (grain size 0·5–1·2 mm; Optiroc)
moistened with tap water (100 mL kg

 

–1

 

). A single quinoa
seed colonized with an isolate of 

 

Rhizoctonia was placed
10 mm above the uppermost sprout tip. The tube was
filled with sand, closed with a cap containing small vents
and incubated at 17°C in the dark for 3 weeks. The
proportion of the sprout affected by lesions, discoloration
or death was recorded for each sprout, as described by
Weinhold et al. (1982). Koch’s postulates were fulfilled by
excising tissue with symptoms from the sprout, placing it
on water agar supplemented with streptomycin (50 mg L–1),
incubating plates at room temperature (18–21°C) in the
dark for 1–3 days and identifying the fungus.

The test was performed on sprouts of 10 minitubers for
each fungal isolate. The experiment was repeated once with
10 isolates selected for their observed differences in symptom
severity and representing different anastomosis groups.

      
Figure 2 Assessment of the severity of disease caused by Rhizoctonia 
isolates on potato sprouts in a test tube (50 mL). (a) A pathogen-free 
minituber was placed on a layer of moist sand in the test tube. A grain 
of Chenopodium quinoa (arrowhead) infested with Rhizoctonia was 
used as inoculum and placed c. 10 mm above the minituber. The tube 
was filled with sand and incubated in the dark at 17°C. (b) Inoculated 
sprouts were observed for lesions (arrowhead) and death at 3 weeks 
post-inoculation to estimate the percentage of sprouts affected by 
these symptoms.
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Results

Fungicide sensitivity and growth rate

The whole collection of 119 isolates of Rhizoctonia was
first tested for sensitivity to flutolanil and for growth rate
in vitro. In general, the isolates were rather sensitive to

flutolanil (Moncut), the mean EC50 values ranging from 0·14
to 0·75 µg active ingredient (a.i.) mL–1 (Fig. 3). Twenty-
five isolates had EC50 values < 0·30 µg a.i. mL−1 and were
regarded as ‘sensitive’, whereas 27 isolates were considered
to be ‘insensitive’, having EC50 values > 0·50 µg a.i. mL−1

(Fig. 3a). While the designation of the isolates as ‘sensitive’,
‘intermediate’ and ‘insensitive’ was rather arbitrary, it was

Figure 3 Characterization of a population of 119 Finnish isolates of Rhizoctonia for sensitivity to the fungicide flutolanil and for growth rate in vitro. 
Each bar corresponds to a single isolate. Thick bars indicate the means of three replicates. Thin bars indicate standard deviation. (a) Variation in 
sensitivity to flutolanil. Low sensitivity was reflected by a high concentration of fungicide in potato dextrose agar (PDA) required to cause a 50% 
reduction in growth (EC50), as compared to growth on unamended PDA. Isolates were divided into three groups based on EC50 threshold values 
0·30 and 0·50 µg a.i. mL−1. For closer analysis of selected isolates representing the three groups, see Table 2. (b) Variability of growth rate (mm day−1) 
on PDA. Isolates were divided into three groups based on threshold values of 10 and 12 mm day−1. Note that isolates in (a) and (b) are not in the 
same order but arranged according to the ascending fungicide insensitivity and growth rate, respectively, which are not correlated with each other.
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useful for comparison of the different traits expressed by
the population of Rhizoctonia isolates. The groups also
differed statistically from each other (F2,116 = 266·98,
P < 0·0001). Growth rate varied from 5·1 mm to 14·8 mm
day–1 (Fig. 3b) on culture media that were devoid of the
fungicide. For 31 isolates the growth rate was less than
10 mm day–1 and was regarded as ‘low’, whereas 26
isolates had a ‘high’ growth rate (> 12 mm day–1). The
groups of ‘low’, ‘intermediate’ and ‘high’ growth rate
were statistically different from each other (F2,116 = 212·88,
P < 0·0001).

The experiment was repeated with 10 isolates that were
selected from the groups of fungicide ‘insensitive’ (R77,
R78 and R121), ‘intermediate’ (R25, R38 and R51) and
‘sensitive’ isolates (R14, R92, R96, R114) 12 months
after the first experiment. The growth rate was slower
with all isolates and fungicide sensitivity was reduced
compared with the first experiment, probably as a result
of the storage of the isolates at –20°C in the intervening
period (Table 2). Consequently, the differences between
isolates were less pronounced. However, the ‘insensitive’
isolates still expressed high insensitivity to flutolanil,
whereas the rest of the isolates showed higher and rather
similar sensitivity.

Determination of anastomosis groups (AGs)

The ITS1 (218 nucleotides, nt), 5·8S rDNA (155 nt) and
ITS2 (233 nt) regions were amplified by PCR as a single
amplicon from 106 isolates. PCR products were sequenced
and used to identify AG based on a phylogenetic analysis,
including sequences of AG reference strains (Table 1)
from databases for comparison. Sequences of the reference
strains PS-4 (AG-2), ST 11-6 (AG-3) and Rh 184 (AG-5)

were determined in this study. Direct sequencing of
the amplicons revealed 26 distinguishable genotypes
(Table 1). All except three belonged to AG-3 (Fig. 4). No
significant grouping of isolates was observed within
the AG-3 cluster. The AG-3 isolates from potato were
clearly distinguished from the sequence of a tobacco-
subgroup isolate of AG-3 retrieved from the EMBL/NCBI
database (AG-3 TB 1600, accession number AB000004)
(Kuninaga et al., 2000) (Fig. 4). One isolate (R25) was
closely related to AG-2-1 and one isolate (R96) to AG-5
(Fig. 4).

Five randomly selected isolates designated to AG-3
based on sequence analysis were tested for anastomosis
with the AG-3 reference strain. Fusion of the hyphae of
the AG-3 tester strain, but not the tester strains of AG-2-
1, AG4 or AG-5, with the hyphae of the Finnish isolates
confirmed their AG-3 designation. Isolates R25 and R96
were identified as AG-2-1 and AG-5, respectively (Fig. 4)
using the corresponding criteria. In contrast, isolate R92
was not related to R. solani, but the sequence showed the
highest identity (99%) to an unknown Rhizoctonia sp.
isolated from hops (sequence accession no. AY842391).
Staining of the nuclei with 4′-6-diamidino-2-phenylindole
(DAPI) (Martin, 1987) indicated that R92 was binucleate,
in contrast to other isolates that had multinucleate cells.

Symptom severity

Severity of symptoms caused by 98 isolates of R. solani,
including the AG-2-1 and AG-5 isolates, and isolate R92
(unknown Rhizoctonia sp.) was tested on potato sprouts.
The mean symptom severity value (SSV) was defined as
the proportion of the sprout surface area affected by
lesions, discoloration or death. It varied greatly between

Table 2 Concentration of flutolanil in potato dextrose agar (PDA) which caused 50% reduction in growth relative to fungicide-free control (Flutolanil 
EC50), and growth rate on unamended PDA, as tested with isolates of Rhizoctonia solani and an unknown binucleate Rhizoctonia sp. (isolate R92)

Isolateb Anastomosis group (AG)

Flutolanil EC50 (µg mL–1) (SD)a Growth rate (mm day–1) (SD)a

Expt I Expt II Expt I Expt II

R121 AG-3 0·69 (0·04) a 0·50 (0·04) a 12·1 (0·5) bc 8·5 (0·3) de
R77 AG-3 0·66 (0·05) ab 0·28 (0·02) c 13·8 (1·1) ab 10·0 (0·8) abc
R78 AG-3 0·63 (0·01) b 0·39 (0·01) b 14·8 (0·3) a 9·3 (0·2) dc
R38 AG-3 0·39 (0·05) c 0·24 (0·05) de 8·4 (1·5) e 7·5 (0·9) e
R51 AG-3 0·33 (0·01) cd 0·27 (0·01) cd 11·2 (0·3) cd 10·7 (0·1) ab
R25 AG-2-1 0·31 (0·03) de 0·18 (0·01) f 11·4 (0·7) cd 7·3 (0·6) e
R92 n.a.c 0·28 (0·05) def 0·37 (0·02) b 8·1 (0·3) e 7·5 (0·2) e
R96 AG-5 0·24 (0·03) ef 0·27 (0·01) cd 14·3 (1·3) a 9·7 (0·7) bcd
R14 AG-3 0·22 (0·03) f 0·21 (0·02) ef 10·0 (2·6) de 9·3 (1·7) cd
R114 AG-3 0·14 (0·02) g 0·26 (0·02) cd 10·8 (0·6) cd 11·0 (0·2) a

LSD (d.f.): 0·0618 (20) 0·0424 (20) 1·9591 (20) 1·2843 (20)
P < 0·0001 P < 0·0001 P < 0·0001 P < 0·0001

Experimental mean (SD) 0·39 (0·19) 0·30 (0·09) 11·5 (2·4) 9·1 (1·4)

aValues are means of three replicates. Standard deviation (SD) is in parentheses. Numbers in the column followed by the same letter(s) are not 
significantly different according to Fisher’s least-significant-difference test at P = 0·05. LSD, least significant difference; d.f., degrees of freedom.
bIsolates representing the three arbitrary fungicide sensitivity groups indicated in Fig. 3a.
cn.a., not applicable (unknown binucleate Rhizoctonia sp.).
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the isolates and ranged from 1·6 to 59·2 (Fig. 5a). Eleven
isolates caused symptoms covering more than 50% of
the sprout surface (SSV > 50), which was regarded as an
indication of a high expression of pathogenicity. Twenty-one
isolates expressed a low SSV (< 25), including isolate R96

of AG-5 (SSV = 12·3). Isolate R92 caused very mild
stem canker symptoms (SSV = 1·7), whereas isolate
R25 (AG-2-1) caused no lesions and was not pathogenic.
Differences between the ‘high’, ‘intermediate’ and ‘low’
symptom severity groups were statistically significant
(F2,96 = 196·33, P < 0·0001).

The test was repeated with seven isolates of AG-3 12
months after the first experiments. The selected AG-3 iso-
lates represented those with a high (R5, R11 and R12),
intermediate (R43 and R98) and low (R14, R114) SSV, as
defined based on the first experiment. The AG-5 and
AG-2-1 isolates and isolate R92 (unknown binucleate
Rhizoctonia sp.) were also included. For most isolates, the
severity of symptoms was somewhat reduced compared
to the first experiment. However, the experiments did not
significantly differ from each other (P > 0·05) (Fig. 5b).
Results were consistent with the first experiment. The
isolates previously designated to the high, intermediate or
low SSV groups did not significantly differ from each
other within those groups, whereas the respective groups
of isolates differed significantly from each other (Fig. 5b).

Isolation from lesions or sclerotia did not result in
groups of isolates with a distinctly different symptom
severity, growth rate or sensitivity to flutolanil. Two
isolates which caused severe symptoms showed low
sensitivity to the fungicide and rapid growth rates.
Additionally, one isolate caused severe symptoms and was
insensitive to the fungicide, and five isolates had high
growth rates and were fungicide-insensitive. While there
were a few isolates that combined high levels of expression
of two or three of these traits, in general, there was no
correlation in the expression levels of the three traits
measured (Fig. 6). Symptom severity was not correlated
with growth rate (Spearman correlation coefficient, SCC;
r s = 0·043, P = 0·676) or with the EC50 values reflecting
insensitivity to flutolanil (SCC, r s = 0·111, P = 0·277).
Growth rate was not correlated with insensitivity to
flutolanil (SCC, r s = 0·137, P = 0·138).

Discussion

In this study, a survey of R. solani was carried out on
potato crops grown in Finland. Occurrence of different
AGs, or variation in their ability to cause symptoms,
sensitivity to fungicides or growth rate, was characterized
for isolates of R. solani detected in potato fields and crops
in a few previous studies (e.g. Chand & Logan, 1983;
Bandy et al., 1984; Carling & Leiner, 1986, 1990a; Bains
& Bisht, 1995; Balali et al., 1995; Virgen-Calleros et al.,
2000; Campion et al., 2003; Ceresini et al., 2003).
However, the present work represents one of the most
comprehensive analyses of possibly the largest population
of R. solani to have been studied, including characteriza-
tion of both molecular and biological key properties.

Sequencing and phylogenetic analysis of the ITS region
has been confirmed to reliably divide isolates of R. solani
into distinct groups and subgroups which correspond to
the different anastomosis groups (AG) (Boysen et al.,
1996; Kuninaga et al., 1997, 2000; Carling et al., 2002a,

Figure 4 Phylogenetic analysis of the 26 different ITS sequences 
detected among the Finnish isolates of Rhizoctonia solani, with 
comparison to the anastomosis-group reference strains (in bold). The 
horizontal distances are proportional to the genetic distances (bar 
indicates 0·01 Kimura units; Kimura, 1980). Bootstrap support was 
estimated based on 100 pseudoreplicates. Bootstrap values greater 
than 60 are shown in support of the inferred branches.
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b; Woodhall et al., 2007). The same approach was used to
characterize the large collection of isolates in this study.
The conclusions were validated by carrying out the anas-
tomosis tests against references strains with a few isolates.
Sequence analysis of 106 isolates of Rhizoctonia from potato
revealed that 105 of them were R. solani and 103 of them
belonged to AG-3. Hence, AG-3 prevails as the pathogen
in potato crops in the extreme northern conditions in
Finland. The AG-3 isolates appeared to be genetically
relatively homogenous as a group, based on the phylo-
genetic analysis of ITS sequences. However, while the dif-
ferences in the ITS region were sufficiently large to reliably

differentiate the AGs, the region is limited in size for
detection of differences between isolates of the same AG.
For detection of genetic diversity or drift and gene flow
within AG-3, other methods will be required (Ceresini
et al., 2002, 2003).

Two isolates belonged to AGs other than AG-3, namely
AG-2-1 (Chand & Logan 1983; Carling & Leiner 1986;
Campion et al., 2003) and AG-5 (Bandy et al., 1984, 1988;
Carling & Leiner, 1990b; Bains & Bisht, 1995; Balali
et al., 1995; Campion et al., 2003) that can be pathogenic
on potato. Similarly, Woodhall et al. (2007) recently
found that the majority (93%) of isolates of R. solani

Figure 5 (a) Variation in the severity of disease caused by a population of 99 Finnish isolates of Rhizoctonia. Disease severity was estimated based 
on the percentage of potato sprouts affected by lesions, discoloration or death. Thick bars show the mean for sprouts of 10 potato minitubers (cv. 
Nicola). Thin bars indicate standard deviation. Isolates were divided into three groups based on threshold values of 25% and 50%. (b) Mean severity 
of disease caused by selected isolates of R. solani (AG-3) and one isolate each of AG-2-1, AG-5 and an unknown binucleate (BN) Rhizoctonia sp. 
in two experiments. Results of the experiments did not differ significantly from each other (P > 0·05). Isolates represent the three disease severity 
groups indicated in (a): mild symptoms: R25 (AG-2-1), R92 (BN), R96 (AG-5) and R114; medium disease severity: R12, R14, R43 and R98; and 
severe symptoms: R5 and R11. Means of isolates marked with the same letter do not differ significantly from each other according to the Tukey’s 
test at P = 0·05. Error bars represent the standard error of the mean.
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infecting potatoes in Great Britain belong to AG-3, but a
few isolates of AG-2-1 and AG-5 are also found. How-
ever, the isolate of AG-2-1 detected in this study appeared
non-pathogenic. A binucleate isolate of an unidentified
Rhizoctonia was obtained from a stem canker lesion.
It caused very mild lesions on potato sprouts. Mildly
pathogenic or non-pathogenic binucleate isolates of
Rhizoctonia have been found in soil in potato fields (Bandy
et al., 1984). Some of these isolates may induce stem
canker lesions or the teleomorphic stage on the stem
(Carling & Leiner, 1986).

No differences were detected in the severity of symptoms
caused by the group of isolates from stem canker lesions
or sclerotia (black scurf). In some studies, less severe
symptoms have been characteristic of isolates obtained
from sclerotia on tubers, as compared to isolates from
stem canker lesions (Carling & Leiner, 1986; Hill &
Anderson, 1989). However, other studies have shown that
the symptoms caused by sclerotial isolates are similar or
more severe than those of isolates obtained from other
parts of the potato plant (Hill & Anderson, 1989; Carling
& Leiner, 1990a).

Severity of symptoms was tested in this study with a test
tube method modified from Carling & Leiner (1990b).
The method enables screening of a large number of
isolates in minimal space and with low cost. Reliability
of the test method was verified since the results of
experiments repeated with selected isolates were con-
sistent. The experimental setup promotes infection and
development of lesions on sprouts. However, the test does
not include the possible competition taking place between
R. solani and other soil-inhabiting microbes, neither does
it undergo environmental changes often present in the
field. Therefore, while the data revealed the inherent
differences in the severity of symptoms caused by the
isolates tested, they may not have fully captured the com-
petitiveness of the isolates under soil conditions. Growth

rates of the isolates were tested because fast-growing
isolates may be better competitors. However, only two
isolates of AG-3 expressed high growth rates and caused
severe symptoms.

Local features of potato crop management, such as the
use of fungicides for seed-tuber treatment, soil fumigation
and postharvest control, may affect populations of R.
solani (Banville et al., 1996; Jeger et al., 1996). Isolates of
R. solani within and among different AGs vary in sensitivity
to various fungicides (Carling et al., 1990; Csinos &
Stephenson, 1999; Virgen-Calleros et al., 2000; Campion
et al., 2003), which poses a risk for development of
fungicide-insensitive isolates of R. solani in the field. This
possibility was previously studied with relatively limited
numbers of isolates of AG-3 (Carling et al., 1990; Csinos
& Stephenson, 1999; Campion et al., 2003). In Finland,
chemical control is limited to seed treatment, mostly
with flutolanil. Sensitivity to flutolanil (EC50 value) among
the Finnish isolates ranged from 0·14 to 0·75 µg mL–1,
which is of the same order as reported for AG-2-1,
AG-3 and AG-5 isolates from potato in France (EC50

0·05–0·5 µg mL–1; Campion et al., 2003), for an AG-3
isolate in the Netherlands (mean EC50 0·61 µg mL–1;
van den Boogert & Luttikholt, 2004), and for AG-3 isolates
in tobacco in Georgia, USA (EC50 0·02–2·63 µg mL–1;
Csinos & Stephenson, 1999). Hence, flutolanil seems
effective against the Finnish AG-3 isolates of R. solani.
However, variability in sensitivity to flutolanil suggested
that there may be a potential for fungicide-insensitive
field isolates of R. solani to emerge through continued
use of the same fungicide. This could be avoided by
alternate or combined use of two or several fungicides,
especially if the fungicides have different modes of action
(Jager et al., 1991).

No correlation was observed between symptom
severity, sensitivity to the fungicide and growth rate
among the isolates studied. Additionally, only two isolates
of R. solani caused severe symptoms, were insensitive to
the fungicide and had a high growth rate. It is often found
that fungicide-insensitive isolates are less fit and exhibit,
for example, reduced growth and/or poor formation of
sclerotia, or cause only mild symptoms, compared to their
fungicide-sensitive counterparts (van Bruggen & Arneson,
1984). Thus, increased insensitivity to fungicides detected
in the laboratory may not be of practical importance (van
Bruggen & Arneson, 1984) or fully reflect the disease
control achievable in the field.

Taken together, stem canker and black scurf seem to be
caused predominantly by AG-3 of R. solani in Finland,
perhaps more so than in other potato production areas.
No isolate of R. solani exhibiting unusually high levels of
insensitivity to flutolanil was detected in this study.
Indeed, the results suggest that R. solani can be effectively
controlled on potato by this fungicide in Finland, which
also agrees with unpublished data from seed dressing
experiments (recommended dosage 673·5 µg a.i. mL–1).
The results provide novel information on the independent
variability of different biological traits among the AG-3
isolates of R. solani on potato.

Figure 6 Variation in fungicide sensitivity, growth rate and disease 
severity among 96 isolates of Rhizoctonia solani AG-3. Isolates R5 and 
R11 causing the most severe symptoms are indicated (see also 
Fig. 5b). Open, grey and black circles indicate isolates causing mild 
symptoms, medium and high disease severity, respectively.
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