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Abstract

Amplified fragment length polymorphism (AFLP) was used to study the genetic structure of populations of the
willow leaf rust, Melampsora epitea, in Swedish willow plantations. In total, 197 isolates collected from Salix
viminalis clones in three locations in Sweden were analysed. AFLP profiles based on 83 markers were used to
compute genetic distances between pairs of individuals. High levels of gene and genotypic diversity were detected
in all populations, with 96% of the AFLP loci being polymorphic and with normalized Shannon’s diversity indices
ranging from 0.977 to 1.0. Analysis of molecular variance (AMOVA) showed small significant differences among
locations, although most of the molecular variability was found within locations (97.5%). Five isolates from one
willow clone in one location differed markedly from the common pattern. When these five exceptional isolates were
excluded, no significant differences among willow clones were found with AMOVA. Sexual reproduction and spore
migration appear to be important factors for the population genetic structure of this pathogen.

Introduction

Cultivation of willows as an energy crop started in
Sweden 20 years ago, and today around 18,000 hectares
are planted in the central and southern parts of the coun-
try, mostly with Salix viminalis L., the basket willow or
common osier. S. viminalis was introduced into Sweden
in the 18th century and was cultivated as a coppice
crop for basket production in the 19th century (Larsson
and Bremer, 1991). Since then, it has spread along
ditches and rivers. The willow leaf rust, caused by the
Melampsora epitea Thüm. complex (Pei et al., 1993),
is today the most serious disease of willows grown in
short-rotation coppice plantations. Melampsora infec-
tions cause premature defoliation and, when severe,
may result in shoot die-back and severe production
losses (Verwijst 1989; Dawson and McCracken 1994;
Parker et al., 1993).

Biomass willows are propagated from stem cut-
tings and usually large fields are planted with the

same willow clone. This puts a strong and uniform
selection pressure on the pathogen, with more vir-
ulent and aggressive genotypes as a possible out-
come. This occurred in the closely related poplar
leaf rust (Melampsora spp.), which has been a severe
problem in poplar cultivation in Europe for sev-
eral decades. The main effort to control the dis-
ease has been breeding for resistance. However, in
a number of poplar clones completely resistant to
Melampsora larici-populina, resistance was overcome
by the pathogen within a decade (e.g. Pinon et al.,
1987). In this perspective it seems unwise to rely pri-
marily on breeding for complete resistance in wil-
lows. Since the projected life of a willow plantation is
at least 20 years, control strategies that provide long
term stability are required. In order to make proper
predictions about how the willow rust will respond
to different control efforts, we need to increase our
knowledge about the genetic variability and epidemi-
ology of the pathogen and an important first step
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is to determine the population genetic structure of
M. epitea.

M. epitea is a complex of heteroecious rusts
with alternate hosts of different genera (Wilson and
Henderson, 1966). The predominant leaf rust on
S. viminalis belongs to formae speciales larici-epitea
typica Kleb., which alternates on Larix (Pei et al.,
1996). The life cycle of this biotrophic fungus is com-
plex, including five spore stages. The epidemic phase
takes place on willows in summer and includes sev-
eral cycles of asexually propagated wind-transported
urediniospores. In autumn, uredinia turn into telia and
the fungus survives the winter on dead willow leaves.
In spring, the telia produce basidiospores which infect
European larch (Larix decidua Mill.), the alternate
host, where the spermagonial stage with sexual repro-
duction occurs, followed by the formation of aecia.
When new willow leaves develop in early summer, they
are infected by aeciospores from larch, and the cycle is
completed with the uredinial stage.

The relative contribution of sexual and asexual
reproduction will affect the population structure. For
example, if sexually derived spores contribute mainly
to the primary inoculum in a field, greater genotypic
diversity is to be expected than if asexual spores
serve as the main inoculum. This was demonstrated
when comparing sexual and asexual populations of
Puccinia graminis populations in the United States,
using isozyme and virulence markers (Burdon and
Roelfs, 1985). Genotypic diversity was very high in the
sexual population, while in the asexual population there
was a restricted array of isozyme genotypes and the
genetic structure clearly diverged from that expected
under a random mating regime.

In the Swedish climate, the sexual phase on larch
is presumed to be necessary for overwintering of
M. epitea. Consequently, recombinant aeciospores
from the overwintering part of the population are
assumed to be the only source of inoculum in the
initial infections each growing season. In the suc-
ceeding epidemic phase, clonally propagated uredin-
iospores will serve as inoculum. The dispersal ability
of the different spore types is important in this con-
text. Urediniospores and possibly aeciospores from
other rust species are believed to be involved in long-
distance dispersal (Aylor, 1990; Nagarajan and Sing,
1990; Roelfs, 1986). The range of the drought- and
UV-sensitive basidiospores are limited, although under
favourable conditions they can move as far as 8 km
(van Arsdel, 1967). This implies, that in the case of
willow rust, the distance to the alternate host (larch)

may be critical in determining the proportion of the
actual population which will survive to the next gen-
eration. Dispersal capacity will also be important for
the genetic exchange between populations, where high
rates of gene flow would reduce the likelihood of popu-
lation differentiation caused by natural selection and/or
genetic drift.

Several investigations of genetic variability of wil-
low leaf rust (Melampsora spp.) based on morphology
and pathogenicity have been made (Pei et al., 1993; Pei
et al., 1996; Pei et al., 1999; Ramstedt, 1999; Spiers and
Hopcroft, 1996), who reported large host adaptation in
M. epitea. Eight distinct pathotypes were recognized in
rust from different Salix species, but little pathogenic
variation was found within rust on S. viminalis (Pei
et al., 1996). Molecular markers (RAPD and AFLP)
have been used to distinguish between stem- and leaf-
infecting forms of Melampsora rust on willows (Pei
et al., 1997; Pei and Ruiz, 2000). However, little atten-
tion has been paid to the population structure of the
willow rust.

The development of AFLP (Amplified Fragment
Length Polymorphism) (Vos et al., 1995), a PCR-based
DNA fingerprint technique, has provided a powerful
tool for the investigation of genetic diversity. AFLP
is a robust and reproducible technique (Hansen et al.,
1999), which requires only small amounts of template
DNA and therefore is suitable for biotrophic fungi
like M. epitea, where only small amounts of tissue are
available. Generally AFLP produces large numbers of
easily scored fragments, which makes differentiation
among individuals (i.e. multilocus phenotypes) possi-
ble, and thus enables assessment of genotypic diversity.
AFLPs are presumed to be selectively neutral, which
is advantageous when examining genetic structure.
A drawback, however, is the dominant nature of AFLP
markers, which do not distinguish between dominant
homozygotes and heterozygotes. Thus, allele frequen-
cies and basic population genetic parameters cannot
be estimated directly. Nevertheless, dominant markers
(RAPDs) were shown to be informative for describing
genetic structure when analysed with F -statistics and
related parameters (Aagaard et al., 1998; Ross et al.,
1999).

Our objectives in this investigation were (i) to
develop AFLP markers that can be used to measure
genetic diversity in M. epitea, (ii) to examine the
genetic structure of M. epitea both among and within
geographically distinct populations, and (iii) to com-
pare the rust populations on different S. viminalis
clones.
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Materials and methods

Rust isolates

Urediniospore isolates (197) were obtained from three
experimental plantations in Sweden (Figure 1, Table 1).
Sampling was done in September 1996 from the same
three S. viminalis clones in all locations. Two of the
willow clones, 780112 (clone 1) and 780183 (clone 2),
originate from earlier Swedish willow cultivations for
wickerwork, whereas SW870083 ‘Rapp’ (clone 3), is a
commercial clone in biomass production that has been
bred for rust resistance. The parents of ‘Rapp’ also orig-
inate from earlier Swedish willow cultivations. For the

Figure 1. Map showing the location of the three experimental
plantations.

Table 1. Melampsora epitea isolates

Location S. viminalis clone No. of isolates

Northern 67

1 (780112) 22
2 (780183) 26
3 (SW870083∗) 19

Central 63

1 (780112) 17
2 (780183) 26
3 (SW870083∗) 20

Southern 67

1 (780112) 17
2 (780183) 26
3 (SW870083∗) 24

∗Commercial clone ‘Rapp’ from Svalöf Weibull AB.

purpose of this study, rust isolates sampled from the
same willow clone in each location were considered to
be members of the same M. epitea population.

The experimental plantations were composed of
clone trials with acreages of one to two hectars. The
stands were 2–9-years-old. At all locations, rust sam-
ples were collected from monoclonal willow plots
(35–100 m2) arranged in randomized complete block
designs with three or four replications. About 30
infected leaves were collected from each clone and
location. Distances between samples were 1–2 meters
within plots and at least 15 m between replications.
An exception to this sampling scheme was made for
clone 3 in the southern location, where the sam-
ples were obtained from an adjacent experiment with
smaller plots (6 m2) and only two replications. The
leaves were kept separately in a cooled box until culti-
vation of the rust the following day.

Spores from one uredinium on each collected leaf
were placed on a greenhouse cultivated leaf of the
same willow clone. The leaf was kept in a Petri dish
on a water-soaked filter paper at 18 ◦C with 12-h light
period, until new uredinia developed about one week
later. This isolation procedure, inoculation of spores
from a single uredinium to a new leaf, was repeated
twice in order to ensure that each rust isolate consisted
of a single genotype. Urediniospores were then multi-
plied on several leaves. The spores were collected, by
gently tapping the leaf and letting the spores fall off on
a paper. After drying in a desiccator, the spore isolates
were stored at −20 ◦C.

DNA extraction

DNA was extracted from urediniospores using a CTAB
procedure (Chen et al., 1993) with a modification
in the spore homogenization procedure (Pei et al.,
1997). For each isolate, approximately 5 mg of spores
were shaken vigorously (40 Hz) in a shaker (Retsch
GmbH & Co. KG, Haan, Germany) for 10 min in an
1.5 ml Eppendorf tube together with three 3-mm glass
beads, twenty 2-mm glass beads and 200 µl of extrac-
tion buffer (50 mM Tris–HCl pH 8.0, 150 mM NaCl,
and 100 mM EDTA). After addition of 12µl of 20%
sodium dodecyl sulphate (SDS) the mixture was gen-
tly shaken for 1 h at room temp, mixed with 30 µl
of 5 M NaCl and 26 µl of CTAB/NaCl solution (10%
CTAB in 0.7 M NaCl) and kept at 65 ◦C for 20 min. The
mixture was extracted with chloroform/isoamylalcohol
(24 : 1). The top aqueous phase was transferred to a
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clean tube and 0.6 volumes (approximately 150 µl) of
ice-cold isopropanol was added. After 20 min of incu-
bation at −20 ◦C the solution was centrifuged 10 min
at 10,000 rpm to precipitate the nucleic acid. The pel-
let was rinsed twice with cold 70% ethanol, dried, and
dissolved in 100 µl of TE0.1 (10 mM Tris–HCl, 0.1 mM
EDTA). One µl of ribonuclease at 10 mg/ml was added
and the tube was kept at 4 ◦C overnight, or 2 h at room
temperature, to completely digest the RNA. The DNA
was re-precipitated, rinsed with cold ethanol, dried, dis-
solved in 30 µl of TE0.1, and stored at −20 ◦C. The DNA
extract was used undiluted in the AFLP reaction. Exact
DNA concentrations were not determined for all sam-
ples, but were estimated to range between 10–25 ng/µl.

AFLP analysis

AFLP reactions were performed principally as
described in the protocol from Perkin–Elmer/Applied
Biosystems AFLP™ plant mapping kit for small
genomes. It is based on the method of Vos et al. (1995)
but uses non-radioactive fluorescent dyes to label the
primers. Sequences of adaptors and primers used in this
study are listed in Table 2.

Restriction of DNA and ligation of adaptors
Double-stranded adaptors were made by mixing the
following in two Eppendorf tubes: (1) EcoRI adaptor
mix (1 µl per reaction): 0.05 µl of 10 × OnePhorAll
buffer (Pharmacia Biotechnology Inc.), 0.28 µl of
adaptor E-ad1 at 100 ng/µl, 0.25 µl of adaptor E-ad2
at 100 ng/µl, and 0.42 µl of water. (2) MseI adaptor
mix (1 µl per reaction): 0.05 µl of 10 × OnePhorAll
buffer, 0.52 µl of adaptor M-ad1 at 500 ng/µl, and
0.47 µl of adaptor M-ad2 at 500 ng/µl. The tubes were
kept in 95 ◦C waterbath for 5 min, then cooled slowly

Table 2. Sequences of AFLP adaptors and primers used in this study

EcoRI adaptors E-ad1 5′-CTC GTA GAC TGC GTA CC-3′

E-ad2 5′-AAT TGG TAC GCA GTC-3′

EcoRI preselective primer E-00 5′-AGA CTG CGT ACC AAT TC-3′

EcoRI selective primers E-TG 5′-AGA CTG CGT ACC AAT TCT G-3′ FAM∗

E-TA 5′-AGA CTG CGT ACC AAT TCT A-3′ HEX∗

MseI adaptors M-ad1 5′-GAC GAT GAG TCC TGA G-3′

M-ad2 5′-TAC TCA GGA CTC AT-3′

MseI preselective primer M-C00 5′-GAT GAG TCC TGA GTA A-3′

MseI selective primers M-CAA 5′-GAT GAG TCC TGA GTA ACA A-3′

M-CAG 5′-GAT GAG TCC TGA GTA ACA G-3′

∗Fluorescent label at 5′-end.

to room temperature (about 20 min). A restriction–
ligation mix (6.5 µl per reaction) was made combin-
ing the following: 1 × ligation buffer (MBI), 0.05 M
NaCl, 0.05 mg/ml BSA, 1 mM ATP, 1 µl of EcoRI
adaptor mix, 1 µl of MseI adaptor mix, and 1 µl of
Enzyme master mix (1 × ligation buffer, 0.05 M NaCl,
0.05 mg/ml BSA, 1 U of MseI (Biolabs), 5 U of EcoRI
(Amersham), and 1 U of T4 DNA ligase (MBI)).
Restriction of DNA and ligation of adaptors were per-
formed in the same reaction by mixing 4.5 µl of DNA
extract (10–25 ng/µl), and 6.5 µl of restriction–ligation
mix in an Eppendorf tube, which was incubated at room
temperature overnight, or at 37 ◦C for 2 h, and there-
after diluted with 189 µl TE0.1 .

Preselective amplification
Preselective PCR amplification was performed in a vol-
ume of 20 µl combining the following: 1 × buffer 1
(ELT; Boehringer GmbH), 0.7 U of Expand Long
Template polymerase (Boehringer GmbH), 0.2 mM of
each dNTPs (Pharmacia Biotechnology Inc.), 0.44 µM
primer E-00, 0.4 µM primer M-C00, and 4 µl of DNA
solution from the restriction and ligation reaction. The
thermocycle programme in the preselective PCR was
2 min at 94 ◦C; 32 cycles of 30 s at 94 ◦C, 1 min at 56 ◦C,
1 min at 72 ◦C; and finally 5 min at 72 ◦C. The amplifi-
cation product was diluted 1 : 20 with TE0.1.

Selective amplification
Selective PCR amplification was performed in a vol-
ume of 20 µl combining the following: 1× Dynazyme
buffer (Finnzymes Ltd, Finland), 0.4 U of Dynazyme
polymerase (Finnzymes Ltd.), 0.2 mM of each dNTPs,
0.05 µM EcoRI selective primer, 0.25 µM MseI selec-
tive primer, and 5 µl of diluted preselective amplifi-
cation product. The thermocycle programme in the



403

selective PCR was 2 min at 94 ◦C; 11 cycles of 30 s at
94 ◦C, 30 s at 65 ◦C (minus 0.7 ◦C per cycle), 2 min at
72 ◦C; then 23 cycles of 30 s at 94 ◦C, 30 s at 56 ◦C,
2 min at 72 ◦C; and finally 5 min at 72 ◦C. The two fol-
lowing combinations of selective primers were used
in this study: (i) E–TG and M–CAA, (ii) E–TA and
M–CAG.

Electrophoresis
Prior to electrophoresis, 1.0 µl of selective amplifi-
cation product was added to a loading buffer mix
(0.9 µl of deionized formamide, 0.35 µl of blue load-
ing dye, 0.25 µl of GeneScan 500 ROX internal size
standard), heated at 95 ◦C for 3 min, placed on ice, and
1.5 µl was immediately loaded on a 4% polyacrylamide
gel. Electrophoresis was performed at constant voltage
(3000 V) for 2.5 h at 51 ◦C using an automated DNA
sequencer (Model 377, PE Applied Biosystems).

Scoring procedure
GeneScan Analysis software (PE Applied Biosystems)
was used to visualize and score the digital profiles.
DNA fragments were accurately sized, by means of the
internal size standard included in each lane, using the
local southern size calling method. After inital anal-
ysis, sample files were imported into Genotyper ver-
sion 2.0 (PE Applied Biosystems), and all samples
were normalized to each other by scaling the sums of
signals. Initially, potential markers were generated by
the software, followed by a manual selection of loci
with clearly separated size ranges and overall high sig-
nals (fragments with scaled peak heights mainly above
100), that could be unambiguously scored for all sam-
ples. Scoring was done by the software, with presence
of a fragment (marker allele) in a sample denoted as 1
and absence (null allele) as 0, resulting in a binary data
matrix of the different AFLP multilocus phenotypes.

Data analysis

Considering urediniospores as dikaryons and AFLP
markers as dominant, the data were treated as dominant
markers in diploids.

Genotypic diversity was calculated by a normal-
ized Shannon’s diversity index (HS) as described by
Goodwin et al. (1992): HS = − ∑

Pi lnPi /lnN , where
Pi is the frequency of the ith multilocus genotype and
N is the sample size. This diversity index corrects for
differences in sample size (Sheldon, 1969). Values for

HS range from 0 (single genotype) to 1 (each isolate in
the sample is unique).

Pairwise distances between all isolates were calcu-
lated from the binary data matrix using Nei and Li
(1979) similarity coefficient: Sxy = 2nxy/(nx + ny),
where nxy is the number of fragments in common
between isolates x and y, and nx and ny are the total
numbers of fragments in isolates x and y, respec-
tively. Similarity values were converted to distances as
(1−Sxy). Calculations were done with the Rapdistance
package (Armstrong et al., 1996). Phenograms based
on the resulting distances were constructed using the
neighbour-joining method (Saitou and Nei, 1987) as
implemented in the program Neighbor from the Phylip
package (Felsenstein, 1993) and drawn with TreeView
(Page, 1996). We also conducted principal component
analysis (JMP software, SAS Institute Inc., Cary, North
Carolina) directly on the binary data matrix, to study
relationships among the isolates.

The genetic structure of M. epitea populations was
assessed in two ways. First we used analysis of molecu-
lar variance, AMOVA (Excoffier et al., 1992), based on
an Euclidean distance matrix between all pairs of mul-
tilocus phenotypes. The AMOVA was used to estimate
variance components for AFLP phenotypes and for par-
titioning the variation among populations and within
populations. Analyses were done both with regard to
geographical populations (locations) and populations
on different willow clones. The resulting parameters,
the so-called 
-statistics, are analogues to F -statistics.
Significance levels for variance component estimates
and 
ST are computed by non-parametric permutation
procedures. AMOVA analyses were conducted with
the Arlequin software (Schneider et al., 1997). Second,
differentiation was also examined using Lynch and
Milligan (1994) unbiased estimate of FST for domi-
nant markers with the program RapdFst (Apostol et al.,
1996). Because AFLP markers are dominant, frequen-
cies of null alleles were used to estimate allele frequen-
cies. Loci with low null allele frequencies (q2 < 3/N )
in one or more subpopulation were excluded.

Results

The two primer combinations used identified a total
of 83 AFLP fragments, that could be unambiguously
scored. Three of these fragments were monomorphic
for all 197 isolates in the data set. For most of the poly-
morphic loci (59 out of 80) the fragments were present
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in all populations, evenly distributed among popula-
tions. For 11 loci, fragments were exclusive to five
isolates, all sampled on willow clone 3 in the south-
ern location. These five exceptional isolates, hereafter
referred to as the B-isolates, also lacked 19 of the frag-
ments that were common in all the populations (those
fragments present in at least 50% of all isolates), and
in total they shared only 15 fragments with other iso-
lates. For the remaining 10 loci, fragments were infre-
quent (present in 0.5–7% of all isolates) and absent in,
or exclusive to, one location or willow clone.

The genotypic diversity, quantified by a normalized
Shannon’s diversity index (HS) was high in all popula-
tions, ranging from 0.977 to 1.0 with an overall value
of 0.996 for all isolates. Out of the 197 isolates, 191
unique AFLP multilocus phenotypes were identified.
Three pairs of identical phenotypes were found: two

Table 3. Analysis of molecular variance (AMOVA) and F -statistics

Source of variation AMOVA F -statisticsb

df Variance Percentage of 
-statistics Probabilitya FST Std
components total variance

Within willow clone 1:
Among locations 2 0.36 5.1 
ST = 0.051 P < 0.001 0.028 (0.051)
Within locations 53 6.68 94.9

Within willow clone 2:
Among locations 2 0.11 1.6 
ST = 0.016 P = 0.019 0.010 (0.024)
Within locations 75 6.58 98.4

Within willow clone 3:
Among locations 2 0.15 2.2 
ST = 0.022 P = 0.017 0.023 (0.047)
Within locations 55 6.58 97.8

All willow clonesc:
Among locations 2 0.17 2.5 
ST = 0.025 P < 0.001 0.015 (0.021)
Within locations 189 6.62 97.5

Within northern location:
Among willow clones 2 0.05 0.7 
ST = 0.007 P = 0.155 0.010 (0.027)
Within willow clones 64 6.25 99.3

Within central location:
Among willow clones 2 −0.04 −0.7 
ST = −0.007 P = 0.802 −0.004 (0.018)
Within willow clones 60 6.40 100.7

Within southern locationc:
Among willow clones 2 0.07 1.1 
ST = 0.011 P = 0.109 0.002 (0.037)
Within willow clones 59 7.21 98.9

All locationsc:
Among willow clones 2 0.00 0.1 
ST = 0.001 P = 0.410 0.000 (0.009)
Within willow clones 189 6.74 99.9

Hierarchicalc:
Among locations 2 0.16 2.4 
CT = 0.024 P = 0.027
Among willow clones 6 0.03 0.4 
SC = 0.004 P = 0.196
within location
Within willow clones 183 6.61 97.2

aProbability of a larger value obtained by chance, determined by 1000 randomizations of the data set.
bFST values calculated according to Lynch and Milligan (1994). Number in parenthesis is standard deviation.
cB-isolates were excluded from the analyses.

pairs on willow clone 3 (in the central and southern
location, respectively) and one pair on different clones
(clones 1 and 3 in the southern location). Distances
between twin phenotypes were 18–60 m.

Since the B-isolates appeared to be genetically sep-
arated from the other rust isolates, they were excluded
from the AMOVA and the analysis of FST. The
AMOVA revealed that most of the molecular vari-
ability was attributable to differences within locations
(94.9–98.4%) and within willow clones (98.9–100%)
(Table 3). Nevertheless, low but statistically signifi-
cant levels of genetic differentiation among locations
were found for all clones (
ST values of 0.051, 0.016,
and 0.022). In pairwise comparisons between locations
(with clones pooled) the southern location was signifi-
cantly different from both the northern location (
ST =
0.041; P < 0.001; data not shown in Table 3) and the
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central location (
ST = 0.035; P < 0.001), while the
northern and central locations did not differ (
ST =
−0.002; P = 0.713). No significant differences among
willow clones were found with the AMOVA (Table 3).

After excluding the loci with low frequency of null
alleles, 57 out of 80 polymorphic markers were retained
for the unbiased FST analysis. Estimates of FST aver-
aged over the 57 loci are shown in Table 3. They

Figure 2. Neighbour-joining phenograms showing two subsets of the Melampsora epitea isolates. Clusters are designated A and B.
Identical phenotypes are indicated with asterixs (∗). (a) Comparison of 63 isolates from the three locations on willow clone 3. Locations
are denoted with letters: N = northern, C = central, and S = southern. (b) Comparison of 67 isolates from the three willow clones in
the northern location. Willow clones are denoted with their numbers (1, 2, and 3). Remarks: Phenograms for willow clones 1 and 2 (not
shown) do not show any clustering with regard to locations. Phenogram for central location (not shown) does not show any clustering
with regard to willow clones (i.e. it looks similar to phenogram for northern location). In phenogram for southern location (not shown)
the B-isolates cluster in the same way as in phenogram for willow clone 3.

are of the same order of magnitude as estimates of

ST, though always somewhat lower (Table 3). As
with AMOVA, genetic differentiation among locations
was low and differentiation among willow clones was
negligible.

Most isolates, 192 out of 197, in the neighbour-
joining analysis form a large dispersed cluster (A) with
no apparent grouping, neither with regard to location
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Figure 3. Principal component analysis of Melampsora epitea isolates (B-isolates excluded). Locations are indicated with symbols.
Bivariate normal ellipses of P = 0.95 for the three locations (N, C, and S) are indicated.

(Figure 2a) nor with regard to willow clone (Figure 2b).
An exception are the five B-isolates, sampled from
clone 3 in the southern location, which form a small
cluster (B) distant from the A-cluster (Figure 2a). The
five B-isolates were excluded in the principal com-
ponent analysis, in order to visualize the relationship
among other isolates more clearly. The first two axes
explained only 8.9% of the total variation in the mate-
rial. Isolates from the northern and central locations
are scattered mainly within the same area, while iso-
lates from the southern location are more dispersed
(Figure 3). There was a significant difference between
the southern and northern location for the variation of
the first principal component. No clustering with regard
to willow clones was detected (not denoted in Figure 3).

Discussion

Our data shows high levels of genetic diversity within
M. epitea, 96% of the AFLP loci being polymor-
phic and a very high genotype diversity. Most of the
genetic variation was found within populations. In fact,
most isolates (97%) had unique multilocus pheno-
types and only a few clonemates were detected. These
results suggest that sexual reproduction is an important

mechanism to create and maintain genetic variation in
Swedish leaf rust populations.

As reported in other sexually reproducing rust
species – a GST of 0.0084 was calculated for DNA fin-
gerprints of Puccinia striiformis among provinces in
China (Shan et al., 1998) and a FST of 0.061 was deter-
mined for RAPD haplotypes of Cronartium ribicola
f.sp. fusiforme among regions in southern US (Hamelin
et al., 1994) – the level of geographic differentiation
was low.

Low values of FST-related measures can be a con-
sequence of extremely high genetic diversity values
since FST depends on the within-population variability
(Charlesworth, 1998) and/or gene flow between popu-
lations. This can be illustrated by assuming a Wright’s
infinite island model. Then FST is given by

FST = 1

1 + 4N(m + µ)
,

where N is the population size, m is the migration rate
and µ is the mutation rate. If the mutation rate is neg-
ligible compared to the migration rate, we have

FST = 1

1 + 4Nm
.
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In an equivalent way, FST will reflect the rate of muta-
tion if migration is neglible. Typically, however, rates
of migration are much greater than rates of mutation
(Hartl and Clark, 1989). In the case of M. epitea, there
is no information on mutation rates and hence we can-
not rule out completely that mutation contributes to the
low geographic differentiation.

Most likely, the low geographic differentiation
results from gene flow between populations, since long-
distance migration is well documented in rust species
(Aylor, 1990; Nagarajan and Singh, 1990; Roelfs,
1986). The migration needs not be restricted to Swedish
populations: occasional wind-transported immigration
of rust spores from more distant areas is also likely
as long-distance dispersion occuring along specific
routes, favoured by certain weather patterns, have been
documented in other species (Nagarajan and Singh,
1990). Immigration of willow rust might occur from
central and eastern Europe, where S. viminalis has its
natural (or naturalized) distribution, along river banks
(Larsson and Bremer, 1991), or from European coun-
tries where willows are grown in biomass plantations,
for instance the United Kingdom.

Although natural spore dispersal could explain high
levels of gene flow, it cannot be excluded that spores
have been introduced into new areas along with the wil-
low cuttings at planting. However, there is no obvious
way for stem cuttings to transmit spores, since harvest
of cuttings are done in winter, after leaf fall.

The small, but significant, differences among loca-
tions, with the southern population genetically dif-
ferentiated from the others and also with the largest
genetic variation, could have various explanations. One
possibility is that the differentiation is due to climatic
adaptation, since the climate is milder and the vege-
tation period is longer in southern Sweden. Another
explanation could be that the southern location is closer
to other European countries, from where spores might
migrate.

In general, rust populations on different S. viminalis
clones were similar. Willow clone 3 has been bred for
rust resistance and the rust infestation of this clone,
observed during a 7-year period, was 42% compared to
a standard clone (clone 2 in this study) (Larsson, 1998).
Thus, the rust infecting clone 3 could be expected
to differ in virulence genes. However, considering
the tremendous array of unique genotypes present
in M. epitea populations, created by sexual recom-
bination, differences in virulence alone may not be
detected unless the virulence alleles are closely linked

to AFLP loci. The only distinct difference among
clones detected in this investigation was the occurence
of B-isolates exclusively on clone 3. However, in
another study (Samils, unpublished) the B-type was
found on clone 1 and clone 2 in southern Sweden,
which suggests that this rust type is adapted to southern
Sweden rather than to a specific clone. Alternatively,
the B-type might be a recent migrant. At any rate, the
cultivation of willows in extensive monoclonal fields
is a recent system, and specialization to willow clones
may develop with time. In this context, it should be
noted that the sexual phase occurs on the alternate host
(larch), which facilitates mating of rust from different
willow hosts, and thus may slow down adaptation to
specific willow clones.

There are substantial differences in DNA-pattern
between the A- and the B-isolates. In fact, only 19%
of the AFLP fragments were shared between the two
groups. This suggest the presence of a reproduction
barrier between the two groups. Morphologically, the
B-isolates appear similar to other isolates in the ure-
dinial stage. No differences were detected in appear-
ance on inoculated leaves or when urediniospores were
examined under a light microscope. In addition to
M. epitea, two Melampsora rusts that occur on S. vim-
inalis in Europe are described. These are M. ribesii-
viminalis Kleb., which occasionally has been reported
in biomass willow plantations (Pei et al., 1993; Pei
et al., 1995) and an asexual ‘stem-infecting form’
(SIF) of uncertain taxonomic rank (Pei et al., 1995;
Pei and Ruiz, 2000). When the B-type was compared
to the AFLP-pattern of defined isolates of SIF (pro-
vided by Dr Pei), they appeared to be clearly different.
Regarding M. ribesii-viminalis, it cannot be determined
without further studies whether the B-type belongs to
this species, since M. epitea and M. ribesii-viminalis
are morphologically similar in the uredinial stage and
no AFLP characterization of M. ribesii-viminalis is
available.

In conclusion, the genetic structure observed in
M. epitea, i.e. high levels of both gene and genotypic
variation, most of which is found within populations,
is consistent with a sexually reproducing species with
the ability of long-distance dispersal. A few isolates
showed AFLP fingerprints that differed markedly from
the common pattern, and their relationship to M. epitea
needs further investigation. In general, the observed
genetic pattern suggests that this fungus, through high
rates of both genetic recombination and migration,
has the potential of rapid adaptation to changing
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environments, for instance to new resistances in the wil-
lows. This should be carefully considered in the devel-
opment of control strategies for the willow rust.
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